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Abstract
In this study, enzymatic [papain (P), bromelain (B), and A. oryzae-derived fungal protease (FP); enzyme ratios: 0.012 (v/v), 
38 °C, 50 min] and non-enzymatic [control (C; saline), mineral water (95%)–lemon juice (5%) (ML) (1/2:w/v), 38 °C, 
50 min)] tenderizing methods on European squid mantle (Loligo vulgaris Lamarck, 1798) were investigated. Scanning elec-
tron microscope (SEM) imaging, water holding capacity (WHC), cooking loss (CL), total free amino acids (TFAA), total 
soluble protein (TSP), hydroxyproline (Hyp), and Fourier-transform infrared spectroscopy (FTIR) analyses were performed 
on uncooked samples. pH, water activity (aw), color, nutritional changes, amino acids (AA), total volatile basic-nitrogen 
(TVB-N), Warner-Bratzler shear (WBS), texture profile analysis (TPA), and sensory evaluations were performed on both 
uncooked and cooked samples. A significant decrease in protein content was observed in group P (12.86%) compared to 
untreated (U) squid (15.16%). During frying, group P absorbed more cooking oil (8.37%) than the other groups. A higher 
degree of hydrolysis was observed in the enzymatically tenderized groups than in non-enzymatic groups, and a shift in 
secondary protein structures in favor of random coils. Hydrolysis was confirmed by Hyp and AA analyses. The total AA 
content order was found as B < P < FP < C < ML < U. ML and FP groups have relatively higher total bitter and umami AA 
compositions, especially in uncooked samples. FP and ML groups had more favorable results across all analyses, especially 
in terms of the sensory results, nutritional values, and TPA results of cooked samples. It is concluded that both methods are 
very convenient regarding industrial usage.
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Introduction

Squid, a species of cephalopod most commonly belonging to 
the Loliginidae family, is highly nutritious and particularly 
rich in protein, phosphorus, and iron, and also contains sig-
nificant amounts of copper, an essential mineral that plays 
a crucial role in absorbing, storing, and metabolizing the 
iron, as well as stimulating the formation of red blood cells 
(Moralia & Naelga, 2020).

Based on the Turkish Statistical Institute’s (TUIK) 2022 
data, squid and cuttlefish were determined to be the most 
caught species (1.275 tonnes) after mussels and sea snails 

among non-fish species. In 2021, the catch of squid and cut-
tlefish was observed to be at similar levels (1.328 tonnes). 
Between 2014 and 2022, the amount of catch has remained 
similar (1.150–1.450 tonnes), with only slight fluctuations 
(TUIK, 2023). According to FAO (Food and Agriculture 
Organization of the United Nations) statistics, from 2017 
to 2021, the average catches of squid and cuttlefish in the 
27 EU (European Union) countries were recorded at 2.481, 
2.148, 1.877, 2.104, and 2.111 tonnes per year, respectively 
(FAO, 2024). Over the last 5 years, squid and cuttlefish spe-
cies have comprised 5% to 7% of the per capita seafood con-
sumption in the EU, reflecting their steady presence in the 
dietary habits of EU citizens (FAO, 2024). This range sug-
gests a consistent and moderate preference for these types of 
gourmet seafood among consumers in the EU.

However, unlike other seafood, squid needs to be subjected 
to a tenderization process before consumption due to its 
hard texture (Gokoglu et al., 2017a). Because squid muscle 
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fibers consist of radial and circular fibers and contain long 
structures supported by connective tissue (Melendo et al., 
1997). In species such as fish and cephalopods, the muscles 
mainly consist of myostromin, sarcoplasmic, and myofibrillar 
proteins (Fu et al., 2022). Myostromin amount in connec-
tive tissue proteins is directly associated with hardness and 
cohesiveness (Sriket et al., 2007); therefore, the high amount 
of insoluble myostromin (11%) in squid muscle hardens the 
squid mantle (Jun-Hui et al., 2020). Myostromin differs from 
sarcoplasmic and myofibrillar proteins by its degradation and 
alteration as a function of storage time and/or conditions, and 
its structural alterations are more asymmetric than those of 
other connective tissue proteins (Hamoir, 1955; Wang et al., 
2019). To increase the preference for squid, it is crucial to 
implement commercial methods that will consistently satisfy 
all consumers and increase consumer loyalty to the product 
(Cheng et al., 2021).

Basically, meat tenderization processes can be listed 
under three main categories as physical (ultrasound, tum-
bling, mechanical impact, high hydrostatic pressure, and 
pulsed electric field) (Bekhit et al., 2014; Bhat et al., 2018; 
Chang et al., 2012; Gokoglu et al., 2017a; Li et al., 2010; 
Suwandy et  al., 2015), chemical (sodium tripolyphos-
phate) (Kolle et al., 2004) and enzymatic (Feng et al., 2017; 
Gokoglu et al., 2017b). Among these methods, enzymatic 
tenderization stands out in terms of energy efficiency and 
environmental sensitivity (Bekhit et al., 2014; Feng et al., 
2017), while non-enzymatic methods stand out in terms of 
cost, easy accessibility, and widespread reputation (Yunita 
et al., 2023).

Non-enzymatic tenderization techniques are based on 
taking advantage of the marinating properties of acidic 
fruits/substances (such as lemon juice, vinegar) and/
or the destructive effect of sodium hydrogen carbonate 
 (NaHCO3) (such as mineral water, milk, baking powder) 
on muscle structures (Tabe et al., 2013). Although non-
enzymatic tenderization methods for squid meat are also 
used in daily life, particularly in catering companies, res-
taurants, and small-scale traditional food processing facili-
ties, it has not been extensively researched at an advanced 
level and remains relatively limited in terms of existing 
studies. Despite there are some studies (Hussain et al., 
2021; Kaewthong et al., 2021) on marinating some types 
of meat with lemon juice and using sodium bicarbonate 
separately as a meat tenderizer, there is no research on the 
use of this lemon juice–mineral water solution. However, 
the synergistic use of mineral water and lemon juice is one 
of the most widely used and satisfying methods by those 
who buy fresh squid from the fish market, including local 
fishermen. Despite the widespread use of this method, 
there is no research on its effectiveness, which is the main 
reason to carry out this study. Lemon juice and mineral 
water are inexpensive, easy to apply, and have the potential 

to impart characteristic textural properties and add flavor 
to the meat. In addition, it is thought that the findings of 
applying this mixture to the squid mantle, which is quite 
different in structure and very tough compared to other 
meat types, will make an important contribution to the 
literature.

In the context of enzymes frequently employed for tender-
izing meat, the use of proteases derived from A. oryzae for 
this purpose is relatively newer compared to the long-stand-
ing application of papain and bromelain. A. oryzae–derived 
proteases are more versatile in comparison to the other two 
enzymes since the literature shows that fungal proteases 
are not only used for meat tenderization (Esmat, 2022) but 
also they are used for purposes such as lactose hydrolyz-
ing as β-galactosidase (Gürdaş et al., 2012) or sucrose bio-
transformation to fructooligosaccharides (Sánchez et al., 
2010). Concerning food safety, all of the enzymes used in 
the research have “generally recognized as safe (GRAS)” 
certification, meaning that there is no potential risk asso-
ciated with their use in terms of food safety (FDA, 1983; 
2013; 2018).

Enzymatic meat tenderization is not a new concept. 
However, further research will allow for more specific 
and detailed results. Various plant-based enzymatic ten-
derization techniques have been investigated on different 
meat types. A series of studies have been conducted on 
squid meat (Gokoglu et al., 2017b), fish balls (Feng et al., 
2017), yak meat (Ma et al., 2019), beef (Barekat & Solta-
nizadeh, 2018), and horse meat (Cheng et al., 2021). All 
these studies have significantly contributed to the field, and 
each researcher approaches the meat tenderization process 
from different angles. Both the analyses performed and the 
results obtained are quite diverse and have ultimately led 
to the development of products with desired textures, fla-
vors, and other high sensory properties. It is important to 
note that although the studies may appear similar in subject 
matter, markedly different results can be observed for vari-
ous types of meat (Mohd Azmi et al., 2023). The distinc-
tions in these findings could be more conclusive through 
the implementation of additional experiments focused on 
specific meat types and conditions. In other words, aug-
menting the number of targeted experiments may provide 
a more detailed understanding of the observed variations. 
Moreover, as new research emerges on the subject, addi-
tional analysis methods or alternative perspectives can be 
incorporated over time. This ongoing exploration may lead 
to more specific and nuanced findings. When specifically 
evaluating the tenderization of squid meat, it requires more 
research compared to other meat types because it is graded 
as one of the toughest meats, making it difficult to consume 
without proper processing (Gokoglu et al., 2017b).

In the study, three different enzymatic methods and one 
non-enzymatic method were evaluated together in terms of 
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many parameters in the squid mantle, aiming to shed light on 
the advantages and disadvantages of each method.

Materials and Methods

Materials

Squids (Loligo vulgaris Lamarck, 1798) (14  kg) were 
purchased from Birgül Öser Iskenderun Fishery Comp. 
(Ankara, TUR) (frozen, whole, U3 — commercial-size) in 
November, 2021. Mantle lengths and total lengths of squid 
were measured as 28.76 ± 0.69 and 63.36 ± 0.98 cm, respec-
tively. The mean weights of mantles and whole forms were 
determined as 182.02 ± 10.30 and 314.36 ± 18.55 g, respec-
tively (n = 15).

Papain (3 U/mg, 76220, Sigma — Aldrich, DE), bro-
melain (3 U/mg, B4882, Sigma — Aldrich, DE) and fungal 
protease (A. oryzae, P6110, ≥ 500 U/g, Sigma — Aldrich, 
DE) enzymes were used for enzymatic tenderization. Each 
of the enzymes was diluted with a physiological saline 
solution. In addition, only physiological saline solution 
was used for the control group. For non-enzymatic ten-
derization, Beypazarı© mineral water (pH 6.65) (Ankara, 
TR) and fresh lemon (Citrus limon) juice (pH 2.43) mix-
ture were used. The composition of mineral water is as fol-
lows: Ca, 205.87 mg/L; Mg, 124.59 mg/L; K, 26.01 mg/L; 
Fe, 0.01 mg/L; Na, 138.19 mg/L;  SO4

2−, 176.11 mg/L; 
 F−2, 0.64 mg/L;  SiO2, 48.21 mg/L; Cl − , 21.94 mg/L; and 
 HCO3−, 1433.50 mg/L.

Methods

Preparing the Squids and Formation of Groups

The thawing process of squid was carried out in the 
refrigerator (4 ± 1 °C), and it took 15 h until the center 
temperature reached 0 °C. After the thawing process was 
finished, the mantles were removed from whole squid 
bodies, and its thin skins peeled off. Afterward, all 
squid mantles were washed into iced water for 15 min, 
drained, and weighed. After these processes, 8.03 kg 
of squid mantle was found after weighing (due to 10% 
glaze shrink). In the first stage, 8.03 kg of squid was 
divided into five pieces (1.60 kg) to create 5 groups, and 
then each group was divided into two parts (0.80 kg) due 
to the generation of replicates. Temperature, time, and 
enzyme concentration parameters were determined by 
detailed preliminary studies and an extensive literature 
review before the research, and the most suitable combi-
nations were found according to textural characteristics 
as 38 °C, 50 min, and 0.012%, respectively. The groups 
were designed as follows:

In all groups except untreated (U) samples, 1.60 L (12 mL 
of each enzyme solution + 1588 mL physiological saline) 
of solutions or mineral water–lemon mixture (80 mL lemon 
juice + 1520 mL mineral water) was used for each 0.80 kg 
(1/2 w/v for each parallel) of squid mantle. The groups with-
out enzymes were constituted as follows:

Untreated (U): Thawed and cleaned squid mantles that 
have not been subjected to any other treatment.

Control (C): Squid mantles were immersed in physiologi-
cal saline solution for 50 min at 38 °C without any other 
treatment for tenderization.

Mineral Water–Lemon Juice (ML): The squid mantles 
were immersed in the mineral water and lemon juice mixture 
[80 mL of lemon juice (5%) + 1520 mL of mineral water 
(95%)] at 38 °C for 50 min.

The groups that contained enzymes were constituted as 
follows:

The squid mantles were immersed in the individual 
physiological saline solutions that each contained enzymes 
of papain (group P), bromelain (group B), and fungal pro-
tease (group FP) for 50 min. The enzyme concentrations 
in the solutions were 0.012% (v/v). The temperature was 
maintained consistently at 38 °C throughout the tenderiza-
tion period. The optimal enzyme concentration, application 
temperature, and duration parameters were determined by 
conducting 4 extensive preliminary tests before the research. 
After the tenderization processes, all the mantles were 
immersed in cold distilled water (4 °C) for 2 min to remove 
the solution or mixture residues and cool.

Cooking

The frying temperature and time were determined through 
preliminary experiments, and after it was confirmed that 
higher temperatures or more extended periods caused drying 
and discoloration, the sunflower oil temperature was delib-
erately set to 160 °C, and the cooking time was limited to 
300 s to avoid excessive influence on the analyses.

Analyses

All analyses were performed with two replicates and three 
parallels (n = 6) except amino acid analysis, which was per-
formed with two replicates and two parallels (n = 4). Sen-
sory analyses were conducted with 7 experienced panelists 
(n = 14).

pH and Water Activity

pH measurements were carried out using a Werkstatten 
82362 brand/model device (Weilheim, DE), and water activ-
ity (aw) measurements were performed with a Novasina 
LabSwift (Lachen, CH) brand/model device.
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Color

Color measurements were performed using a Konica Minolta/
CR-400 (light projection tube model: A33a) (Tokyo, JP) with the 
“Commission Internationale de l’Eclairage” (CIE) (CIE, 1976) 
coordinate system parameters. The L* parameter indicates the 
whiteness (100)/blackness (0) coordinate, a* indicates the red 
( +)/green (-) color coordinate, and b* indicates the yellow ( +)/
blue (-) color coordinate (Bekhit et al., 2019). The parameters 
such as chroma (C*), hue angle (h*), total color difference (ΔE), 
whitening index (WI), and yellowing index (YI) are determined 
by the L*, a*, and b*, which are the main components of the 
CIE color coordinate system (Bekhit et al., 2019; Pathare et al., 
2013). The h*, regarded as the qualitative attribute of color, is 
the characteristic by which colors are conventionally identified, 
such as redness or greenness. It defines the variation of a specific 
color in comparison to a grey color of the same lightness (Bekhit 
et al., 2019; O’Sullivan et al., 2003). This attribute correlates 
with differences in absorbance at various wavelengths. A higher 
h* value signifies a reduced yellow characteristic in the analysis, 
pointing towards the distinction in color perception as influenced 
by the wavelength of light reflected or absorbed by the object. 
The mathematical expression for the h* spectral range in color-
imeters corresponds to 0/360, 90, 180, and 270 degrees for red-
ness, yellowness, greenness, and blueness, respectively (Škrlep 
& Čandek‐Potokar, 2007). The C*, which represents the quan-
titative attribute of colorfulness, is utilized to measure the extent 
of deviation a h* has from a grey color of identical lightness. As 
C* values increase, the perceived color intensity of samples by 
humans also rises, indicating a greater degree of vividness and 
saturation in the color’s appearance (Pathare et al., 2013). The 
ΔE indicates the difference between the control samples (plate) 
and the samples stored or processed with different methods. In 
the research, untreated squid mantle (group U) was used as a 
plate (control sample). For this reason, ΔE data for group U 
cannot be obtained. The WI expresses the whiteness that attracts 
consumers’ preference by combining brightness and yellow-blue 
colors under a single component (Škrlep & Čandek‐Potokar, 
2007). One of the most characteristic functions of WI is that it 
presents the color change due to water loss/drying of the food in 
an excellent way, and the degree of whiteness is best represented 
by the WI parameter. YI indicates the degree of yellowness and is 
commonly used to measure such things as contamination, degra-
dation by many factors, with a single value (Pathare et al., 2013).

The L*, a*, b*, h*, C*, WI, YI, and ΔE parameters were 
obtained directly from the recently calibrated device. Since the 
h* parameter was measured directly from the colorimeter, ini-
tial results were obtained in radians (rad) (1 rad = 180/π). All h* 

data were converted to degrees for compatibility since degrees 
are commonly used in the literature. For each replicate, it was 
ensured that each measurement point was at least 5 cm away 
from the other measurement points (n = 6) in order to be repre-
sented as a whole squid mantle. These parameters can also be 
determined manually using the primary coordinates of the CIE 
color space, L*, a*, and b*, according to the formulas below:

Nutritional Analyses

Moisture, crude ash, crude protein, and crude lipid analyses 
were performed according to AOAC (2005) [ref: (925.04, 
938.08, 954.01, 991.36)]. Carbohydrate values were deter-
mined by the difference of other proximate parameters [100 
– (moisture + ash + protein + lipid)]. The energy of squid 
meat was calculated using the Atwater method after cal-
culating the moisture, fat, protein, and carbohydrate values 
(Sánchez-Peña et al., 2017).

Total Volatile Basic Nitrogen

Total volatile basic nitrogen (TVB-N) analyses were carried 
out according to Ludorff and Meyer (1973). Briefly, 10 g of 
homogenized mantle meat was weighed and placed in tubes. 
Then, approximately 0.5–0.7 g MgO and 100 mL distilled 
water were added into the tubes and prepared for distillation. 
In the distillate flask, 10 mL of 3%  H3BO3, 100 mL of water, 
and 6-8 drops of methyl red were added. Then 200 mL of 
distillate was collected, and the distillate was titrated with 
0.1 N HCl. Following the titration, the total HCl spent 
amount was recorded as soon as the color transformation 
was observed, and TVB-N was calculated according to the 
following formula:

(1)h ∗= tan−1(b ∗ ∕a ∗)

(2)C ∗=

√

a ∗2 + b ∗2

(3)

ΔE =

√

(a ∗sample − a ∗plate)
2 + (b ∗sample − b ∗plate)

2 + (L ∗sample − L ∗plate)
2

(4)WI =

√

(100 − L ∗)
2
+ a ∗2 + b ∗2

(5)YI = 142.86 × b ∗ ∕L ∗

(6)
TVB − N(mg∕100 g sample)=

titrated HCl (mL) × normality of HCl (0.1) × milli equivalent of nitrogen (N = 0.014)

weight of the sample (10 g)
× 100
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Amino Acids

Amino acid (AA) analyses were carried out at Sinop Univer-
sity Central Laboratory (SÜBİTAM, Sinop, TR) by liquid 
chromatography/mass spectrometry (LC-MS/MS) according 
to the high-performance liquid chromatography (HPLC) pre-
column derivatization method (Ishida et al., 1981).

Total Free Amino Acids

Total free amino acid (TFAA) analyses were carried out 
according to Yokoyama and Hiramatsu (2003). Briefly, 2 g 
of sample was combined with 17 mL of 0.2 mol/L  HClO4 
and placed in an ultrasonic bath for 20 min. After centrifu-
gation at 3500 rpm for 20 min, 1 mL of supernatant was 
transferred to a test tube. The extract was kept in a hot water 
bath (90 °C) for 15 min after adding 2 mL of 0.5 mol/L 
 C6H7NaO7 (pH 5.1) and 1 mL of  C9H6O4 reagent. After 
the mixture was cooled, 1 mL of 60%  C2H5OH was added. 
Absorbance was measured with a spectrophotometer (Ray-
leigh VIS 723G, Beifen-Ruili Analytical Instrument, Bei-
jing, CN) at 570 nm. Calculations were carried out based 
on standard curves generated using glutamic acid concen-
trations ranging from 0 to 30 mg/kg, and the results were 
expressed as milligrams of glutamic acid equivalents per 
kilogram of the sample.

Total Soluble Protein

Total soluble protein (TSP) was conducted according to 
Lowry et al. (1951). Briefly, using an Ultraturrax homog-
enizer (IKA Labortechnic, Staufen, DEU), 5 g of sample 
was mixed with 25 mL 5% of  C2HCl3O2 and filtered with 
Whatman No. 1 filtrate paper. Then, 1 mL of filtrate and 
1 mL of Lowry reagent were mixed thoroughly and incu-
bated for 20 min at 25 °C. Afterward, 2 N of Folinciocalteu 
reagent was added to the mixture and incubated at 25 °C 
for 30 min. A spectrophotometer (Rayleigh VIS 723G, 
Beifen-Ruili Analytical Instrument, Beijing, CN) was used 
to read the absorbance of all samples, standards, and blanks 
at 750 nm wavelength.

Hydroxyproline Analysis

Hydroxyproline (Hyp) analyses were performed according 
to Neuman and Logan (1950). Ten grams of homogenized 
mantle meat was placed into a 250 mL Erlenmeyer flask, 
adding 1.8 g of SnCl2 and 35 mL of 6N H2SO4. The flask 
was securely sealed to prevent evaporation or leakage and 
then hydrolyzed in a drying cabinet at 110 °C for 16 h. 
Then, once the hydrolysate was cooled to room temperature, 
the pH was adjusted to 8.0 with 33% NaOH and saturated 
 NaHCO3 solutions. The hydrolysate was transferred to a 

250 mL measuring flask, diluted to volume with distilled 
water, and filtrated to another flask. Ten milliliters of this fil-
trate was further diluted to 100 mL with distilled water, and 
2.5 mL of the dilution was pipetted into 25 mL measuring 
flasks. Following this procedure, 2.5 mL of 0.05 M  CuSO4, 
2.5 mL of 3.5N NaOH, and 2.5 mL of 6%  H2O2 solutions 
were added sequentially to each flask, stirring until foam-
ing ceased. The flasks were then placed in a 75 °C water 
bath for 10 min for degassing. Afterward, the flasks were 
cooled under tap water, and then 10 mL of 3N  H2SO4 was 
added. Finally, 5 mL of 5% p-dimethylaminobenzaldehyde 
solution was added, the flasks were returned to the 75 °C 
water bath for 20 min, cooled again, and the evaporated 
volume (approximately 2–3 mL) was completed to 25 mL 
with  C3H8O (99%). The absorbance of each solution was 
measured at 560 nm using a spectrophotometer (Rayleigh 
VIS 723G, Beifen-Ruili Analytical Instrument, Beijing, CN) 
to calculate the hydroxyproline content based on a standard 
curve.

Texture

A Brookfield CT3 Texture Analyzer (Middleboro, MA, 
US) brand/model device was used for mechanical analysis. 
Texture profile analyses (TPA) were conducted accord-
ing to Bourne (1978) with slight modifications. TPA and 
Warner–Bratzler Shear (WBS) analyses were carried out in 
uncooked and cooked squid mantles. To conduct TPA and 
WBS analyses, 1 × 1 cm and 1 × 2 cm samples were taken 
from three different positions (n = 6) of each squid mantle, 
respectively. TPA analyses were performed using a cylindri-
cal probe with a diameter of 12.20 mm. For TPA analysis, 
the triggering sensitivity, constant probe speed, compression 
rate, recovery time, and load parameters were set to 0.05 N, 
2 mm/s, 60%, 2-s and 5 kg, respectively. For WBS analyzes, 
shear tests were performed under 50 kg load (with 0.5 mm/s 
probe speed) by attaching the Shear-Force blade kit.

Scanning Electron Microscope

Scanning electron microscope (SEM) images are conducted 
at the Kastamonu University Central Laboratory (MERLAB, 
Kastamonu, TR). Initially, 1 cm × 1 cm of sections were 
taken (n = 6) from each group of squid mantles. Then, the 
sections were placed in drying cabinets at 45 °C for 12 h. 
The samples, which had significantly reduced moisture con-
tent, were dried using a Quorum E3100 critical point dryer 
(Quorum Technologies, Lewes, UK). After this procedure, 
samples were coated with 90% Au and 10% Pd using the 
Cressington Sputter Coater 108 Auto (Cressington Scien-
tific Instruments, Watford, UK). Scanning electron micro-
scope (SEM) of surface images were captured using the FEI 
Quanta FEG 250 (FEI Company, Eindhoven, NL) model 
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device (magnification ratios: 2500 and 5000) with applying 
a high level of vacuum.

Fourier‑Transform Infrared Spectroscopy

Attenuated total reflectance (ATR) headed Fourier-transform 
infrared spectroscopy (ATR-FTIR) analyses were performed 
using a Bruker Alpha II (Zurich, CH) brand/model device in 
MERLAB, Kastamonu, TR. In the 4000–500  cm−1 range, 
3 mg of lyophilized mantle proteins (MP) from all groups 
were scanned. Automatic signals were collected in 32 scans 
at a resolution of 4  cm−1. The Levenberg-Marquardt algo-
rithm was used to perform non-linear fitting of the peaks 
in the spectral data. The acquired spectra were subjected 
to deconvolution and Lorentz curve fitting using OriginPro 
Software (version 2022 for Windows, Northampton, MA, 
US) with 4-iterations to analyze alterations in protein sec-
ondary structure.

Centrifuge‑Based Water Holding Capacity and Cooking Loss

Centrifuge-based water-holding capacity (WHC) analyses 
were conducted according to Kocher and Foegeding (1993). 
In order to calculate cooking loss (CL), 10 g of uncooked 
(4 °C central-temperature) samples were fried in sunflower 
oil at 160 °C for 300 s. Then, the samples were placed on 
blotting sheets to remove excess oil. After the cooking stage, 
the samples were reweighed, and the final weights were 
recorded. The cooking (%) loss was calculated according to 
the formula below:

Sensory Analyzes

Sensory analyses were carried out on both cooked and 
uncooked squid mantle. In the sensory analysis form, assess-
ments were performed by the following parameters: Hard-
ness, stickiness, juiciness (only applicable for uncooked 
samples), taste (only applicable for cooked samples), appear-
ance, sensation of ease or difficulty to bite, and odor. Sen-
sory analyses were performed by 7 panelists (n = 14). Every 
stage of the sensory analysis was performed as a “blind 
evaluation” without exception. All panelists had at least 
10 years of experience in sensory analysis and had experi-
ence in developing or modifying sensory analysis methods. 
These panelists are also members of the faculty of Sinop 
University, Faculty of Fisheries, Department of Seafood 
Processing. The sensory analysis form was revised from 
Kagawa et al. (1999). The original 5-point scale assessing 
the intensity of sensory perception, which ranged from − 2 
to + 2, was replaced with a more detailed 7-point scale, 

(7)
CL(%) = 100 − [the final weight of the sample (g) × 100∕the initial weight of the sample (g)]

extending from − 3 to + 3. The grading and reference points 
used for sensory analysis are given in Table S1.

Statistical Analysis

Mean comparisons were analyzed using one-way analysis 
of variance (ANOVA) via Minitab Software (Version 21.4 
for Windows, Minitab Inc., State College, PA, USA). The 
data were presented as mean ± standard error (m ± se) and 
assessed for homogeneity of variances at a significance level 
of p < 0.05. Chi-square tests were performed using SPSS 
software (Version 27.0 for Windows, IBM Corp., Armonk, 
NY, US) to determine data normality. OriginPro Software 
(Version 2022 for Windows, Northampton, MA, US) was 
used for plotting, partial least squares (PLS) regression and 
Pearson-correlated polar heatmap with a dendrogram.

Results and Discussion

pH, aw, and Color

The lowest and the highest pH values of the solutions were 
determined in ML and B groups (Table 1), respectively 
(p < 0.05). Although slight differences were observed in the 
pH of the solutions (p < 0.05), both uncooked and cooked 
groups’ pH and aw values were not varied according to the 
tenderization process or cooking treatment, except for the 
uncooked ML group. Among the pH values, only the pH 
values of the ML group were slightly lower than those of 
the other groups. This difference in the ML group could 

be expected from the pH of the solution used. Regarding 
the pH changes due to cooking, no difference was observed 
in the P and B groups, while the pH of all other groups 
increased. Nevertheless, although the differences were sta-
tistically significant (p < 0.05), they were practically insig-
nificant. Various researchers reported the pH of untreated 
squid mantle to be between 6.00 and 6.60 (Ruiz-Capillas 
et al., 2002; Schmidt et al., 2020). Gokoglu et al. (2017b) 
noted that bromelain had a slightly reducing effect on pH 
in squid (L. vulgaris) mantles (p < 0.05). The reason for the 
difference in pH with our research is mainly related to the 
variations of application temperature (60 °C), enzyme con-
centrations in the stock/solution (> 10 U/mg; 0.004%), and 
the period of treatment (20 min). It is known that the activity 
of bromelain varies according to environmental conditions 
such as temperature, and it shows the optimum activity at 
pH 7.10 (Gokoglu et al., 2017b).

Akkaya (2019) used papain, bromelain, and A. ory-
zae–derived fungal protease enzymes to tenderize beef 
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and reported that none of the enzyme types had an effect 
on pH values. In terms of water activity (aw) (Table 1), 
neither uncooked nor cooked groups showed any change 
(p > 0.05). However, the uncooked squid mantles’ aw values 
decreased after cooking (p < 0.05). It is expected that aw 
would decrease slightly due to the effect of temperature. It 
is possible to conclude that tenderization methods do not 
have an impact on aw.

The L* parameter of the uncooked squid mantle was 
found to be the highest in the ML group (p < 0.05) (Table 1). 
L* values of all 3 uncooked groups treated with enzymes 
(P, B, and FP) were similar (p > 0.05); this indicates that 
the use of enzymes did not affect the brightness/whiteness 
of the European squid mantle. The only difference between 
the uncooked control group (C) and the uncooked untreated 
group (U) in terms of processing method was that the mantle 
was kept in warm saline for a certain period of time. How-
ever, this treatment alone increased the L* value (p < 0.05). 
In fact, the lowest L* value among all groups belonged 
to the U group, which was not exposed to any solution or 
temperature. It was expected that the L* parameter would 

be higher in the ML group due to the effect of the mineral 
water and, in particular, the brightening effect of lemon juice 
(Augustyńska-Prejsnar et al., 2023). Meanwhile, Geng et al. 
(2017) reported a decrease in the L* value and an increase in 
a* and b* values when protease inhibitors were used in raw 
Japanese squid (T. pacificus) mantle. After squid mantles 
were cooked, the brightness/whiteness parameters resulted 
in favor of the bromelain-contained group (B), and group B 
was followed by the ML group (p < 0.05). Due to its abun-
dance of free amino acids, squid is particularly susceptible 
to the Maillard reaction, and the b* value is an important 
indicator of identifying the Maillard browning (Geng et al., 
2017). Various researchers reported that bromelain is very 
effective in inhibiting heat-induced enzymatic browning 
reactions (Supapvanich et  al., 2016; Takeungwongtra-
kul et al., 2022). The groups with the lowest a* values in 
uncooked squid mantles were found as B and FP, while the 
highest a* values were observed in the ML and U groups 
(p < 0.05). With the effect of the cooking process, a* values 
were found to be highest in the ML group, as was deter-
mined in the results of uncooked groups. The b* values were 

Table 1  pH, aw, and color changes of uncooked and cooked squid mantles

U untreated squid mantle, C control, ML mineral water–lemon juice, P papain, B bromelain, FP fungal protease, L* brightness/whiteness, a* 
redness/greenness, b* yellowness/blueness, h* hue angle (°), C* Chroma, WI whiteness index, YI yellowness index, ΔE total color difference, aw 
water activity, pH potential hydrogen
a, b, c, d, e ( ↔): Superscripted lowercase letters represent the differences between groups for uncooked and untreated mantles (p < 0.05)
A, B, C, D, E ( ↔): Superscripted uppercase letters represent the differences in cooked mantles between groups (p < 0.05)
α, β, θ ( ↔): Superscripted lowercase letters represent the pH differences between solutions (p < 0.05)
1, 2 (↕): Superscripted lowercase numbers represent the differences between cooked and uncooked mantles within the same analysis (p < 0.05)

U C ML P B FP

L* Uncooked 74.75 ± 0.11d, 2 82.23 ± 0.24b, 1 84.58 ± 0.25a, 1 79.84 ± 0.27c, 1 79.57 ± 0.22c, 2 80.10 ± 0.31c, 1

Cooked 81.54 ± 0.25C, 1 80.88 ± 0.15D, 1 83.41 ± 0.12B, 1 79.14 ± 0.23E, 1 88.28 ± 0.09A, 1 81.77 ± 0.25C, 1

a* Uncooked 1.12 ± 0.03a, 2 0.52 ± 0.03b, 2 1.16 ± 0.02a, 2 0.30 ± 0.03c, 2 0.24 ± 0.02 cd, 2 0.18 ± 0.01d, 2

Cooked 1.97 ± 0.04B, 1 1.90 ± 0.02B, 1 2.84 ± 0.03A, 1 1.98 ± 0.06B, 1 0.51 ± 0.02C, 1 1.97 ± 0.04B, 1

b* Uncooked 2.55 ± 0.03a, 2 2.42 ± 0.01a, 2 2.54 ± 0.08a, 2 0.82 ± 0.03c, 2 0.83 ± 0.03c, 2 2.01 ± 0.04b, 2

Cooked 14.01 ± 0.04D, 1 17.56 ± 0.12A, 1 16.70 ± 0.08B, 1 15.02 ± 0.10C, 1 8.81 ± 0.07E, 1 14.01 ± 0.04D, 1

h* Uncooked 66.31 ± 0.49e, 2 77.89 ± 0.64b, 2 65.46 ± 0.59e, 2 69.94 ± 1.50d, 2 73.96 ± 1.45c, 2 84.95 ± 0.31a, 1

Cooked 82.01 ± 0.41C, 1 83.83 ± 0.82B, 1 80.33 ± 0.32D, 1 82.87 ± 1.05BC, 1 86.69 ± 0.56A, 1 81.97 ± 0.39C, 2

C* Uncooked 2.59 ± 0.04b, 2 2.48 ± 0.03b, 2 2.80 ± 0.08a, 2 0.98 ± 0.03d, 2 0.87 ± 0.03d, 2 2.02 ± 0.04c, 2

Cooked 12.14 ± 0.15D, 1 14.66 ± 0.22B, 1 15.94 ± 0.18A, 1 13.15 ± 0.19C, 1 7.82 ± 0.17E, 1 12.14 ± 0.15D, 1

WI Uncooked 74.59 ± 0.21d, 1 82.06 ± 0.34b, 1 84.33 ± 0.35a, 1 79.82 ± 0.37c, 1 79.55 ± 0.32c, 2 80.01 ± 0.42c, 1

Cooked 74.92 ± 0.28C, 1 73.97 ± 0.23D, 2 76.28 ± 0.20B, 2 73.21 ± 0.32D, 2 85.33 ± 0.17A, 1 76.92 ± 0.28B, 2

YI Uncooked 4.88 ± 0.06a, 2 4.20 ± 0.05b, 2 4.30 ± 0.15b, 2 1.47 ± 0.05d, 2 1.49 ± 0.05d, 2 3.58 ± 0.08c, 2

Cooked 24.47 ± 0.16D, 1 31.01 ± 0.31A, 1 28.61 ± 0.24B, 1 27.12 ± 0.34C, 1 14.25 ± 0.21E, 1 24.47 ± 0.16D, 1

ΔE Uncooked ————— 7.52 ± 0.25b 9.84 ± 0.27a 5.46 ± 0.31c 5.21 ± 0.26c 5.46 ± 0.29c

pH Solutions ————— 6.57 ± 0.02β 6.08 ± 0.06θ 6.82 ± 0.04αβ 7.17 ± 0.07α 6.85 ± 0.02αβ

Uncooked 6.46 ± 0.07ab, 2 6.55 ± 0.04a, 2 6.34 ± 0.05b, 2 6.60 ± 0.00a, 1 6.66 ± 0.03a, 1 6.54 ± 0.03a, 2

Cooked 6.78 ± 0.08A, 1 6.71 ± 0.05A, 1 6.71 ± 0.00A, 1 6.64 ± 0.04A, 1 6.70 ± 0.00A, 1 6.74 ± 0.00A, 1

aw Uncooked 0.974 ± 0.000a, 1 0.976 ± 0.000a, 1 0.980 ± 0.000a, 1 0.977 ± 0.000a, 1 0.976 ± 0.000a, 1 0.976 ± 0.000a, 1

Cooked 0.950 ± 0.000A, 2 0.955 ± 0.000A, 2 0.961 ± 0.000A, 2 0.959 ± 0.000A, 2 0.960 ± 0.000A, 2 0.962 ± 0.000A, 2
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found to be higher in all uncooked groups without enzymes 
(p < 0.05). After cooking, the lowest and highest b* values 
were determined in the B and control groups, respectively 
(p < 0.05). Xiao et al. (2021) reported that all other heat 
treatments increased the a* and b* values of purpleback 
flying squid (S. oualaniensis) except the sous vide cooking 
method, but it did not cause a significant change in the L* 
value. Among the uncooked squid mantles, the FP group 
had the highest h* value (p < 0.05); however, after cooking, 
the FP group showed no change (p > 0.05), while all other 
groups’ h* values were increased (p < 0.05). Upon compar-
ing the pre-and post-cooking changes in the h* parameter 
across the groups, the C group demonstrated the lowest 
increase after cooking (p < 0.05). In contrast, a decrease 
in the h* value was exclusively observed in the FP group 
(p < 0.05). For the U, ML, P, and B groups, there was an 
increase in h* values, indicating a shift towards yellowish 
hues, with changes ranging from 12 to 16 degrees (p < 0.05). 
However, increased yellowishness is to be expected in deep-
fried products. Interestingly, fungal protease significantly 
increased the h* value in the uncooked product compared 
to the other groups. The b* values also clearly confirmed 
the yellowness-increasing effect of FP. Increasing C* values 
indicates an increase in color intensity and vividness (Bekhit 
et al., 2019; Pathare et al., 2013). In terms of C*, the ML 
group found the highest values (p < 0.05), while group B 
was determined as the lowest (p < 0.05) both in uncooked 
and cooked groups. It can be clearly stated that squid man-
tles tenderized with bromelain (group B) had the lowest 
color attractiveness, falling behind the other groups regard-
ing consumer desirability. The untreated mantle (group U) 
was not affected by cooking and kept the same WI value 
(p > 0.05). WI values of groups C, ML, P, and FP decreased 
after cooking (p < 0.05), but group B increased its WI value 
after cooking (p < 0.05), contrasting with all other groups. YI 
results observed in both uncooked and cooked groups have 

quite similar movements with L* and b* results, which is 
expected. When the ΔE parameter, which shows the color 
difference between the untreated mantle (U group) and the 
other groups, is evaluated, it is seen that ML is by far the 
group with the highest color difference. The ΔE values of the 
enzyme tenderized groups (P, B, FP) were similar (p > 0.05) 
and lower than both ML and C groups (p < 0.05).

Cooking Loss and Water Holding Capacity

Cooking loss (CL) and water-holding capacity (WHC) are 
crucial parameters that indicate water retention from pro-
teins (Zhu et al., 2019). As shown in Fig. 1, the highest CL 
and the lowest WHC were observed in the group tenderized 
with papain (p < 0.05). Jun-Hui et al. (2020) reported that the 
control group had the lowest drip loss rate in jumbo squid 
(D. gigas). The researchers explained that this result was due 
to the well-organized structure of the squid’s muscle and 
its stable myofibrillar proteins. The researchers also noted 
that applying papain and bromelain on squid mantles led to 
a significant increase in drip loss (DL) and CL compared to 
the control group. Contrary to our WHC results (Fig. 1a), the 
researchers observed no significant difference between the 
two enzymes regarding DL and CL. The untreated group and 
ML group were found to be the best in terms of WHC and 
CL parameters. Interestingly, the control group could not 
show the same performance in the CL result as in the WHC.

Regarding WHC and CL (Fig. 1b), it is possible to say 
that the bromelain and fungal protease groups showed supe-
rior results to the papain group, although it was slightly infe-
rior to the ML group. Huff-Lonergan (2014) and Jun-Hui 
et al. (2020) attributed the decrease in WHC observed in 
squid mantle tenderized with proteolytic enzymes to myofi-
brillar disassembly and degradation, as well as the move-
ment of water molecules from myofibrillar proteins into 

Fig. 1  Water holding capacity 
(a) and cooking loss (b) results 
of squid mantles. WHC, water 
holding capacity; CL, cooking 
loss; U, untreated squid mantle; 
C, control; ML, mineral water–
lemon juice; P, papain; B, bro-
melain; FP, fungal protease. a, 
b, c ( ↔): Lowercase letters on 
the lines represent differences in 
cooking loss analysis (p < 0.05). 
A, B, C, D ( ↔): Upper case 
letters on the bars represent the 
differences in water holding 
capacity analysis (p < 0.05)

WHC: water holding capacity, CL: cooking loss.
U: untreated squid mantle, C: control, ML: mineral water – lemon juice, P: papain, B: bromelain, FP: fungal protease.
a, b, c (↔): Lowercase letters on the lines represent differences in cooking loss analysis (p<0.05). 
A, B, C, D (↔): Upper case letters on the bars represent the differences in water holding capacity analysis (p<0.05). 
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the extracellular space. It can be concluded that the lower 
WHC and higher CL results observed in the squid mantles 
treated with enzymatic tenderization methods in our study 
are mainly in line with the findings of those researchers.

DL generally occurs for many reasons, but a few main 
factors can cause a significant amount of drip loss. The 
most important of these is inappropriate freezing followed 
by thawing under inappropriate conditions that cause physi-
cal damage to the cells, and extracellular water cannot be 
absorbed by the cells again. However, since all squid used 
in our research were frozen and thawed under the same 
conditions, it is impossible to observe this effect. The most 
important reason for the WHC decrease in enzymatic groups 
is that enzymes generally hydrolyze proteins, forming small 
peptides or amino acids. Huff-Lonergan and Lonergan 
(2005) reported that the three most important factors in the 
shrinkage or swelling of myofibrils are the initial conditions 
of rigor mortis, rapid pH decreases, and protein degrada-
tion. By decreasing the WHC, myofibrils shrink, and water 
moves from the myofilament space to the extracellular space 
(Ketnawa & Rawdkuen, 2011). In Table 1, it was revealed 
that the pH of the ML group’s solution was lower than the 
others (p < 0.05).

According to Gökoğlu (2023), an increase in acidity is 
expected to increase the water-binding properties of pro-
teins below their isoelectric point, resulting in an increase 
in WHC. Moreover, the pH of the mineral water (6.65), 
which was decreased slightly to 6.08 with the lemon juice 
(2.43), also consisted of a high amount of minerals. In addi-
tion, it is thought that a small amount of water enters into 
the meat with the minerals from the mineral water and that 
the minerals in the meat slow down the movement of water 
from the meat. Yunita et al. (2023) reported that lemon juice 
significantly tenderized chicken satay, and its tenderizing 
effect increased with increasing concentration. Benjakul 
et al. (2000) studied the rehydration of dried squids using 
sodium carbonate and sodium hydroxide and found that 
sodium carbonate solution showed better results for myofi-
brillar swelling and textural parameters. Citric acid alters 
the protein structure of meat, resulting in increased water 
retention (Kalahrodi et al., 2021). Although there is some 
research on meat tenderization with lemon juice, no research 
has been found in the literature on using mineral water for 
meat tenderization purposes. Hence, it is suggested to use 
different combinations with mineral water. In this research, 
while some chemical parameters along with sensory and 
textural parameters are compared with different enzymes, 
only the mineral water—lemon juice ratio, which is most 
commonly used by small businesses, has been taken as the 
basis in the study. (Figs. 2, 3, 4, 5, and 6).

Nutritional Changes

A slight increase in the moisture amount in all uncooked 
groups was observed compared to the untreated squid man-
tle (Table 2). The reason for the slight increase in mois-
ture content is thought to be due to the fluid retention of 
squid meat during the time spent in enzymatic solutions, 
physiological saline solution, or mineral water–lemon juice 
solution. It can be seen that the moisture content of both 
the cooked and the uncooked groups was found to be very 
close to each other; only the moisture content of the ML 
group was found to be slightly lower than the other groups 
(p < 0.05). The ash amounts of the uncooked groups were 
decreased compared to untreated squid mantle. The propor-
tional increase in the moisture content of the squid mantles 
due to soaking in the solutions resulted in a slight decrease 
in ash amount in all groups. The protein amount is one 
of the most important criteria that determine meat qual-
ity. Especially in the seafood processing sector, the quality 
of a processed fishery product is measured by how much 
protein is lost during processing. Some protein loss was 
observed in all groups compared to untreated squid mantle; 
however, the lowest protein loss was observed in the ML 
group (p < 0.05). After cooking, the difference widened in 
favor of the ML group, which had by far the lowest protein 
loss (p < 0.05). Papain, bromelain, and fungal protease are 
proteolytic enzymes that can degrade muscle tissue peptide 
bonds. The presence of these enzymes is mainly responsible 
for forming all hydrolysis products, including free amino 
acids and small peptides (Melendo et al., 1997). Some pro-
tein losses are inevitable due to the nature of the enzymatic 
working principles of the other groups. The major differ-
ences in the tenderizing mechanisms may explain why the 
ML group achieved superior results in protein losses. The 
effect of surface-denaturing lemon juice and mineral water 
with a high content of sodium hydrogen carbonate reduced 
protein loss. The lipid amounts of uncooked squid man-
tles showed slight changes (p < 0.05), and the lowest lipid 
value was observed in the ML group. With the cooking 
process, the group P absorbed more cooking oil than the 
other groups (p < 0.05). SEM images (Fig. 7) show that the 
tissue of the groups treated with papain and bromelain is 
slightly more rough-textured; this may be due to the fact 
that these groups absorb slightly more oil after cooking. 
In terms of carbohydrates, the uncooked groups varied 
between 0.52 and 0.92. After cooking, the carbohydrate 
values were increased in all groups due to the oil-frying 
process (p > 0.05). The highest energy (kcal) amounts were 
found in the ML group both in cooked and uncooked man-
tles due to the highest protein contents (p < 0.05).
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Amino Acids

The total amino acid (AA) contents in uncooked mantles for 
groups U, C, ML, P, B, and FP were determined as 14.70 ± 0.16, 
14.09 ± 0.11, 14.63 ± 0.14, 11.32 ± 0.05, 13.15 ± 0.08, and 
13.47 ± 0.05 g/100 g, respectively. After cooking the man-
tles, the amino acid contents for groups C, ML, P, B, and FP 
were found to be 28.64 ± 0.10, 32.59 ± 0.04, 26.03 ± 0.08, 
26.06 ± 0.03, and 29.87 ± 0.06 g/100 g, respectively. There is 
a slight decrease of amino acids in all treated uncooked squid 
mantles, as also confirmed by the protein results (Table 2). This 
is due to the fact that the groups were kept in a solution for 

some time and were exposed to heat, even at a low tempera-
ture. Therefore, these treatments have slightly increased protein 
solubility compared to untreated squid mantle. The nutritional 
quality of protein is determined by its amino acid composition 
(Iqbal et al., 2006). Various researchers reported the amino acid 
amounts of different squid species’ mantles as 10.75 g/100 g 
(B. magister), 11.48 g/100 g (L. forbesii), 12.46 g/100 g (U. 
duvauceli), and 14.96 g/100 g (L. vulgaris) (D’Aniello et al., 
2011; Lee et al., 2012; Faxholm et al., 2018; Remyakumari 
et al., 2018).

The essential amino acids to non-essential amino acids 
ratios (EAA/NEAA) of untreated and uncooked squid 

U: untreated squid mantle, C: control, ML: mineral water – lemon juice, P: papain, B: bromelain, FP: fungal protease. The 
uppercase letters (A, B, C, D, E) on the bars represent the difference (p<0.05) of cooked analysis in each amino acid parameter, 
while the lowercase letters (a, b, c, d, e) represents the difference (p<0.05) of untreated mantle and uncooked groups in each 
amino acid parameters.

Fig. 2  Amino acid changes of untreated, uncooked, and cooked squid 
mantles treated with different tenderization methods (a umami AA, 
b sweet AA, c total sweet, bitter and, umami AA, d bitter AA). U, 
untreated squid mantle; C, control; ML, mineral water–lemon juice; 
P, papain; B, bromelain; FP, fungal protease. The uppercase let-

ters (A, B, C, D, E) on the bars represent the difference (p < 0.05) of 
cooked analysis in each amino acid parameter, while the lowercase 
letters (a, b, c, d, e) represents the difference (p < 0.05) of untreated 
mantle and uncooked groups in each amino acid parameters
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mantles were determined in the groups U, C, ML, P, B, 
and FP as 0.66, 0.64, 0.66, 0,63, 0.65, and 0.66, respec-
tively. After cooking, the EAA/NEAA ratios were changed 
to 0.69, 0.73, 0.63, 0.65, and 0.71 in the C, ML, P, B, and 
FP groups, respectively. In summary, within the uncooked 
groups, the order of EAA/NEAA was determined as 
U = ML = FP > B > C > P, while after cooking, it was 

determined as ML > FP > C > B > P. After cooking, no con-
siderable changes were observed in the EAA/NEAA ratios 
of the groups tenderized with papain and bromelain. How-
ever, the C, ML, and FP groups’ EAA/NEAA ratios were 
increased. Lee et al. (2012) reported the EAA/NEAA ratio 
of untreated magister armhook squid (B. magister) mantle 
as 0.70.

TFAAs: total free amino acids, TSP: total soluble protein amount. U: untreated squid mantle, C: control, ML: mineral water–lemon 
juice, P: papain, B: bromelain, FP: fungal protease.
The uppercase letters (A, B, C, D) on the bars represent the difference (p<0.05) in total free amino acids, while the lowercase 
letters (a, b, c, d, e) on the lines represent the difference (p<0.05) in total soluble protein amounts.

Fig. 3  Total free amino acids (a) and total soluble protein (b) con-
tents of uncooked mantles. TFAAs, total free amino acids; TSP, total 
soluble protein amount; U, untreated squid mantle; C, control; ML, 
mineral water–lemon juice; P, papain; B, bromelain; FP, fungal pro-

tease. The uppercase letters (A, B, C, D) on the bars represent the 
difference (p < 0.05) in total free amino acids, while the lowercase let-
ters (a, b, c, d, e) on the lines represent the difference (p < 0.05) in 
total soluble protein amounts

 
TVB-N: total volatile basic nitrogen.  
U: untreated squid mantle, C: control, ML: mineral water – lemon juice, P: papain, B: bromelain, FP: fungal protease. 
The uppercase letters (A, B, C, D, E) on the bars represent the difference (p<0.05) of TVB-N parameters in cooked analysis, while 
the lowercase (a, b, c, d) letters on the bars represent the difference (p<0.05) of TVB-N results in the untreated mantle and the 
uncooked groups. 

Fig. 4  Total Volatile Basic Nitrogen contents of uncooked and 
cooked squid mantles. TVB-N: total volatile basic nitrogen. U, 
untreated squid mantle; C, control; ML, mineral water–lemon juice; 
P, papain; B, bromelain; FP, fungal protease. The uppercase let-

ters (A, B, C, D, E) on the bars represent the difference (p < 0.05) 
of TVB-N parameters in cooked analysis, while the lowercase (a, b, 
c, d) letters on the bars represent the difference (p < 0.05) of TVB-N 
results in the untreated mantle and the uncooked groups
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U: untreated squid mantle, C: control, ML: mineral water – lemon juice, P: papain, B: bromelain, FP: fungal protease.
The different lowercase letters (a, b, c, d, e) in each color represent the difference (p<0.05) in the groups.
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Glutamic acid (Glu) and aspartic acid (Asp) are mainly 
responsible for the umami taste. While the umami taste 
responsible (Glu + Asp) amino acids’ sequence in uncooked 
squid mantle was determined as ML > C > FP > B > P, the 
order subsequently changed to ML > C > P > B > FP after 
the mantles were cooked (p < 0.05) (Fig. 2a). The sweet 
and bitter amino acids’ detailed distributions are shown in 
Fig. 2b, c, and d. It can be said that glycine is found in a 
slightly higher ratio among the sweet amino acids, and lysine 
is found in a slightly higher ratio among the bitter amino 
acids. Various researchers reported that lysine supports chil-
dren’s growth, and glycine accelerates wound healing and 
collagen production (de Paz-Lugo et al., 2018; Sun et al., 
2023). The squid is known to be a valuable product because 
of its richness in essential amino acids. Among the tender-
ized uncooked squid mantles, the highest amounts of lysine 
and glycine were found in the ML and FP groups. In the 
cooked groups, the highest amounts of lysine and glycine 
were found in the ML group (p < 0.05).

Total Free Amino Acids and Total Soluble Protein 
Changes

Total free amino acid (TFAA) contents and total soluble pro-
tein (TSP) changes of uncooked squid mantles were shown 
in Fig. 3. Various researchers reported the TFAA amounts 
of uncooked squid mantle as 166.90 and 298.43 mg/100 g 
(Lee et al., 2012; Rosas-Romero et al., 2010). Enzymati-
cally-treated groups’ TFAA amounts were found to be lower 
than control and ML groups (Fig. 3a), even untreated (U) 
squid mantle (p < 0.05). Compared to fungal protease and 
bromelain, papain showed less activity on polypeptide frac-
tions of squid mantle. In contrast to the findings suggesting 
the opposite in beef, papain lowered the accumulation of 
TFAA (Ionescu et al., 2008). Papain’s intense action on pep-
tide bonds between arginine, lysine, and glycine residues in 
beef is not as effective in squid muscle tissue or even in meat 
with high actomyosin content (Rattrie & Regenstein, 1977), 
which is actually beneficial in squid tissue to avoid forming 
high levels of TFAA. Umami is described as a pleasing, 
savory taste (Faxholm et al., 2018; Mouritsen & Styrbæk, 
2014). Umami-responsible amino acids are associated with 
the presence of free amino acids (Zhang et al., 2008). The 
distribution of the TFAAs and the amino acids responsible 
for umami (Fig. 2a) in the uncooked groups was observed 

to be similar. Jun-Hui et al. (2020) tenderized the jumbo 
squid (D. gigas) mantles by papain and bromelain enzymes 
and reported the total free amino acids amounts in control, 
water, papain, and bromelain groups as 59.57, 58.94, 75.57, 
and 74.97 mg/g, respectively, whereas the researchers’ find-
ings are relatively high compared to our results. Differences 
in squid species and quality changes during storage, ten-
derizing the squid mantle in small pieces, application time/
temperature differences, and, most importantly, the concen-
tration of the stock enzyme used (210 U/mg) have a role in 
the occurrence of such high variations.

The lowest and the highest total soluble protein (TSP) 
amounts were determined in the groups of U and P, respec-
tively (p < 0.05) (Fig. 3b). The order of TSP was found as 
U < ML < C < B = FP < P. It was observed that the total amino 
acid contents in the groups correlated with TSP amounts. 
Besides, the enzymatically-tenderized groups’ TSP levels 
were found to be higher than the other groups. The fact that 
group ML had lower TSP values than group C indicates that 
the mineral water–lemon juice solution effectively decreases 
protein solubility. It was reported that marinating with lemon 
juice increased WHC and that TSP loss was decreased as a 
consequence (Yunita et al., 2023). Bromelain and fungal pro-
tease showed similar performance (p > 0.05) regarding TSP 
and showed more promising results than papain (p < 0.05). The 
fact that TSP was detected at a higher rate in the enzymatically-
tenderized squid mantles suggests that it is due to the prote-
olysis mechanism of enzymes. This is because all other vari-
ables that could directly affect TSP were constant except for 
the tenderization conditions. Gokoglu et al. (2017b) reported 
similar results for the tenderizing squid mantle with papain and 
bromelain enzymes.

Hydroxyproline Contents

The lowest and the highest amounts of hydroxyproline 
were found in the groups U–ML and group P (p < 0.05), 
respectively (Table  3). Raman and Mathew (2014) 
reported the Hyp and collagen amount in untreated Indian 
squid (L. duvauceli) mantles as 0.140 ± 0.048 g/100 g and 
12.10 ± 0.10% of total protein amount, respectively. Limi-
tations on the alteration of proline and hydroxyproline 
in the secondary structure of the polypeptide chain are 
enforced by pyrrolidine rings that preserve the molecular 
structure of collagen (Engel & Bächinger, 2005). Thus, 
the hydroxyl group’s hydroxyproline’s hydrogen-bond-
ing ability also partially maintains this mechanism. The 
amount of aspartic acid found in the mantles also includes 
hydroxyproline, as the imino group of hydroxyproline is 
transformed into the amino group, and the number of 
imino acid residues limits the collagen stability (Ikoma 
et al., 2003; Raman & Mathew, 2014). Various research-
ers reported that the lower the imino acid content, the 

Fig. 5  Fourier-transform infrared spectroscopy results of uncooked 
squid mantles (a ATR-FTIR spectra, b–g deconvoluted Lorentz-
distribution fitting curves of amide I bands of U, C, ML, P, B, and 
FP, respectively, h distribution of protein secondary structure com-
ponents). U, untreated squid mantle; C, control; ML, mineral water–
lemon juice; P, papain; B, bromelain; FP, fungal protease. The dif-
ferent lowercase letters (a, b, c, d, e) in each color represent the 
difference (p < 0.05) in the groups

◂
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lower the denaturation temperature of their hydroxylation 
(Nagai et al., 2008; Raman & Mathew, 2014). One of the 
main reasons that the collagen structure of the ML group 
was maintained relatively better compared to the other 
groups might be that the acidic structure of lemon juice 
denatures the protein structures due to pH-dependent 
denaturation before heat-induced denaturation. The col-
lagen-degrading activity of fungal proteases was found to 
be slightly lower than that of papain and bromelain (Yeh 
et al., 2002). In our study, it was observed that a similar 
order in terms of the strength of the collagen degradation 
activity. The FP group exhibited the lowest amount of 
Hyp among the enzyme-treated groups. This difference 

can be attributed to the nature of fungal proteases used 
in the FP group, which are self-limiting enzymes, as 
opposed to plant-based enzymes. As a result, they do 
not continuously soften the muscle tissue. Thus, colla-
gen hydrolysis is also limited. Different species of squid 
or processing methods may have an effect on the degree 
of collagen cross-linking, which is determined by their 
solubility in salt solutions and buffers and the number of 
hydroxylamine-susceptible bonds (Sadowska & Sikorski, 
1987). The possibility that the physiological saline used 
may have affected the collagen structure in the control 
group should not be ignored.

(a): hardness (N), (b): springiness (mm), (c): cohesiveness, (d): chewiness (N x mm), (e): shear force (N), and (f): work of shear 
(N x s). U: untreated squid mantle, C: control, ML: mineral water – lemon juice, P: papain, B: bromelain, FP: fungal protease. The 
uppercase letters (A, B, C, D, E) in each graph represent the difference (p<0.05) in cooked analyses, while the lowercase (a, b, 
c, d, e) letters in each graph represent the difference (p<0.05) in the untreated mantle and the uncooked groups.

Fig. 6  Texture profile analysis and Warner–Bratzler shear force anal-
ysis results of uncooked and cooked squid mantles. a hardness (N), 
b springiness (mm), c cohesiveness, d chewiness (N × mm), e shear 
force (N), and f work of shear (N × s). U, untreated squid mantle; C, 
control; ML, mineral water–lemon juice; P, papain; B, bromelain; FP, 

fungal protease. The uppercase letters (A, B, C, D, E) in each graph 
represent the difference (p < 0.05) in cooked analyses, while the low-
ercase (a, b, c, d, e) letters in each graph represent the difference 
(p < 0.05) in the untreated mantle and the uncooked groups
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TVB‑N Changes

The total volatile basic nitrogen (TVB-N) changes were 

shown in Fig. 4. The lowest TVB-N found in untreated 
squid mantle (5.87 ± 0.21 mg N/100 g) (p < 0.05). Various 
researchers reported the TVB-N values of untreated squid 

Table 2  Proximate results of untreated, uncooked, and cooked squid mantles

U untreated squid mantle, C control, ML mineral water–lemon juice, P papain, B bromelain, FP fungal protease
a, b, c, d, e ( ↔): Superscripted lowercase letters represent the differences between groups of uncooked and untreated mantles (p < 0.05)
A, B, C, D, E ( ↔): Superscripted uppercase letters represent the differences in cooked mantles between groups (p < 0.05)
1, 2 (↕): Superscripted lowercase numbers represent the differences between cooked and uncooked mantles within the same analysis (p < 0.05)

U C ML P B FP

Moisture (%) Uncooked 80.85 ± 0.12b, 1 82.95 ± 0.10a, 1 81.72 ± 0.15b, 1 82.71 ± 0.09a, 1 82.26 ± 0.07ab, 1 82.20 ± 0.08ab, 1

Cooked 56.05 ± 0.03C, 2 60.52 ± 0.22AB, 2 55.75 ± 0.02C, 2 60.84 ± 0.20AB, 2 60.08 ± 0.03B, 2 61.09 ± 0.07A, 2

Ash (%) Uncooked 1.83 ± 0.08a, 2 1.38 ± 0.13b, 2 1.82 ± 0.02a, 2 1.10 ± 0.04c, 2 1.72 ± 0.18a, 2 1.30 ± 0.14bc, 2

Cooked 2.61 ± 0.15A, 1 1.78 ± 0.17CD, 1 2.78 ± 0.36A, 1 1.22 ± 0.02D, 1 2.21 ± 0.22B, 1 2.11 ± 0.21BC, 1

Protein (%) Uncooked 15.16 ± 0.13a, 2 14.02 ± 0.11b, 2 14.87 ± 0.13a, 2 12.86 ± 0.08e, 2 13.39 ± 0.03d, 2 13.91 ± 0.06c, 2

Cooked 29.86 ± 0.22A, 1 26.76 ± 0.05B, 1 30.27 ± 0.04A, 1 25.45 ± 0.04D, 1 26.17 ± 0.05C, 1 26.78 ± 0.07B, 1

Lipid (%) Uncooked 1.93 ± 0.06a, 2 1.76 ± 0.02b, 2 1.35 ± 0.02e, 2 1.57 ± 0.01d, 2 1.65 ± 0.02c, 2 1.70 ± 0.02bc, 2

Cooked 6.05 ± 0.03E, 1 6.41 ± 0.08D, 1 6.71 ± 0.06C, 1 8.37 ± 0.04A, 1 7.39 ± 0.01B, 1 6.46 ± 0.06CD, 1

Carbohydrate (%) Uncooked 0.28 ± 0.08d, 2 0.52 ± 0.09c, 2 0.71 ± 0.04b, 2 0.88 ± 0.16a, 2 0.92 ± 0.18a, 2 0.84 ± 0.11a, 2

Cooked 4.23 ± 0.18A, 1 4.49 ± 0.04A, 1 4.40 ± 0.04A, 1 4.02 ± 0.18A, 1 3.98 ± 0.11A, 1 3.91 ± 0.22A, 1

Energy (kcal) Uncooked 74.67 ± 0.87a, 2 71.42 ± 0.63c, 2 74.91 ± 0.61a, 2 71.92 ± 0.37bc, 2 72.16 ± 0.68abc, 2 74.36 ± 0.66ab, 2

Cooked 196.86 ± 1.22A, 1 182.31 ± 0.44D, 1 197.26 ± 0.37A, 1 193.61 ± 0.82B, 1 187.06 ± 0.11C, 1 180.76 ± 0.76D, 1

U: untreated squid mantle, C: control, ML: mineral water – lemon juice, P: papain, B: bromelain, FP: fungal protease. 2.50-kx and 
5.00-kx terms represent the 2500- and 5000-times magnification, respectively.

Fig. 7  Scanning electron microscope images of uncooked squid 
mantles’ surface. U, untreated squid mantle; C, control; ML, min-
eral water–lemon juice; P, papain; B, bromelain; FP, fungal protease. 

2.50-kx and 5.00-kx terms represent the 2500- and 5000-times mag-
nification, respectively
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mantles as 13.09 and 7.18 mg N/100 g (Gökoğlu et al., 
1999; Zhang et al., 2020). It was observed that the non-
enzymatically tenderized uncooked groups (C, ML) had 
lower levels of TVB-N than the enzymatically tenderized 
(P, B, FP) uncooked groups (p < 0.05). Enzymatic activi-
ties are predominantly associated with TVB-N (Zhang et al., 
2023). During enzymatic tenderization, protein compounds 
are expected to be broken down, resulting in a slightly higher 
concentration of TVB-N. The changes in TVB-N showed 
that the lowest TVB-N amounts in the uncooked groups 
became the highest after cooking. In other words, the dif-
ference in TVB-N levels between cooked and uncooked 
groups is widened in the opposite direction; the uncooked P 
group had the highest TVB-N value between the uncooked 
mantles, while the same group had the lowest TVB-N value 
among the cooked mantles (p < 0.05).

FTIR Results

Fourier Transform Infrared Spectroscopy (FTIR) results 
were given in Fig. 5. Five primary amide regions typi-
cal in a protein molecule were identified (Fig. 5a). Each 
group displayed prominent peaks in all amide regions, 
except for differences in amplitude. The band peaks 
and distributions identified in the squid mantle proteins 
were consistent with those reported in the existing lit-
erature (Byler & Susi, 1986; Cozza et al., 2016; Payne 
& Veis, 1988). However, FTIR spectra showed some 
additional minor bands and lower-level fractions in the 
mantle protein of the untreated group due to the freez-
ing and thawing process (Lv & Xie, 2022). The peak of 
the amide I range that assigned to stretching vibrations 
of the carbonyl group (C = O) or hydrogen bond coupled 
with COO–, which is the most useful range to determine 
the secondary structure of the protein (Byler & Susi, 
1986; Shanmugam et al., 2012). The peak assignments 
for the deconvolved amide I bands were located within 
the range of 1700–1600  cm−1 (Fig. 5b–g) (Byler & Susi, 
1986; Farrell et al., 2001; Zhang et al., 2017). When the 

collagen in meat is exposed to heat, especially amide 
I peak undergoes a decrease in absorbance, becomes 
broader, and presents additional shoulders (Bryan et al., 
2007; Cozza et al., 2016). In comparison to the untreated 
group (U), all other groups exhibited a slight decrease in 
the amide I peaks and a minor asymmetric shouldering 
(Fig. 5a–g), even though the mantle meat was not exposed 
to extreme heat (38 °C). During the enzymatic hydrolysis, 
the existing α-helical structures are disrupted and trans-
formed into random coils (Fig. 5h). This transformation 
leads to disorder in the molecular structure and, conse-
quently, the denaturation of collagen into gelatin. These 
changes have been linked to the loss of the triple helix 
state in collagen, which is a result of this denaturation 
process (Abdelmalek et al., 2016; Muyonga et al., 2004; 
Sarabia-Sainz et al., 2017). The α-helix structures were 
relatively consistent across the groups, while the β-sheet 
structures exhibited more distinct variations, as has been 
consistently reported by several researchers (Cozza et al., 
2016; Kaiden et al., 1987; Max & Chapados, 2013; Miller 
et al., 2013; Payne & Veis, 1988). The content of α-helix 
was found to be lower (p < 0.05) in all groups exposed 
to heat during tenderization (Fig. 5b–h). The ranking 
of β-sheet amounts in protein secondary structures was 
B = FP > U > P > ML > C. An increase in absorbance of 
the amide I band was associated with a lower β-sheet 
molecular density (Álvarez-Armenta et al., 2019; Max 
& Chapados, 2013; Zhao et al., 2018). In this regard, 
the proportional distribution of β-sheet structures identi-
fied in the groups (Fig. 5h) corresponds identically to 
the absorbances of the amide I peaks (Fig. 5a). The con-
formation zones of polypeptides are directly associated 
with the regions of amide I, II, and III (Abe & Krimm, 
1972; Guzzi Plepis et al., 1996; Pati et al., 2010; Susi, 
1972). The absorbance alterations of amides I, II, and 
III to lower wavenumbers are linked to increased inter-
molecular interactions, typically through hydrogen bond-
ing, especially in collagen structures (Guzzi Plepis et al., 
1996; Kittiphattanabawon et al., 2015; Muyonga et al., 

Table 3  Hydroxyproline amounts of uncooked squid mantles

Hyp hydroxyproline, U untreated squid mantle, C control, ML mineral water–lemon juice, P papain, B bromelain, FP fungal protease
a, b, c, d (↕): Superscripted lowercase letters represent the differences between groups for uncooked squid mantles (p < 0.05)

Groups/
Analysis

Hyp (g/100 g) Hyp in protein (%) Collagen connective tis-
sue in protein (%)

Collagen protein (%) Muscle protein (%)

U 0.120 ± 0.015d 0.761 ± 0.040c 6.144 ± 0.241c 1.516 ± 0.083c 13.851 ± 0.093a

C 0.131 ± 0.002c 1.019 ± 0.020b 8.148 ± 0.150b 1.636 ± 0.032bc 11.172 ± 0.032e

ML 0.122 ± 0.004d 0.786 ± 0.025c 6.208 ± 0.198c 1.591 ± 0.047c 13.689 ± 0.047a

P 0.152 ± 0.002a 1.141 ± 0.013a 9.127 ± 0.104a 1.972 ± 0.027a 11.388 ± 0.027d

B 0.142 ± 0.003b 1.042 ± 0.023b 8.169 ± 0.184b 1.821 ± 0.042b 12.090 ± 0.042b

FP 0.136 ± 0.007bc 1.014 ± 0.019b 8.113 ± 0.148b 1.754 ± 0.032bc 11.636 ± 0.032c
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2004). Amide II corresponds to the bending vibration of 
the N–H groups and the stretching vibration of the C–N 
groups (Byler & Susi, 1986; Farrell et al., 2001; Shan-
mugam et al., 2012). A low wavenumber for the amide II 
band indicates that gelatin has a higher structural order 
due to the formation of more hydrogen bonding through 
N-H groups (Zhao et  al., 2018). The lowest amide II 
wavenumber was observed in the untreated squid mantle, 
followed by the C and ML groups. In the enzymatically 
tenderized groups, gelatin has a lower structural order. 
The amide III band combines the peaks from C–N stretch-
ing and N–H deformation of amide linkages, with minor 
collaborations from CO in-plane bending and CC stretch-
ing (Farrell et al., 2001; Kavipriya & Ravitchandirane, 
2021). The presence of absorption peaks that appear 
in both the amide III (⁓1235  cm−1) and at ⁓1450  cm−1 
indicates the existence of a helical structure (Kaiden 
et al., 1987; Liu et al., 2007; Muyonga et al., 2004; Shan-
mugam et al., 2012; Surewicz & Mantsch, 1988). When 
the index ratio (IR) between the helical structure of the 
amide III peak and the peak identified at ⁓1450  cm−1 
deviates from ⁓1.00, it signifies protein denaturation, par-
ticularly in the collagen form (Cozza et al., 2016; Guzzi 
Plepis et al., 1996; Kaiden et al., 1987; Muyonga et al., 
2004). The IRs of amide III peak to the wavenumber of 
⁓1450  cm−1 band peak observed in the U, C, ML, P, B, 
and FP groups were determined as 0.992, 0.984, 0.986, 
0.946, 0.957, and 0.969, respectively. The determined 
IRs indicated a very low degree of protein denaturation 
that was observed in the enzymatically tenderized groups. 
Nonetheless, our FTIR analysis results confirm the pres-
ence of helical structures in L. vulgaris mantle proteins. 
Sarabia-Sainz et al. (2017) reported a strong correlation 
between the pyridinoline (Pyr) content and IR results. 
They found that the Pyr amount increased significantly 
as the IR deviated from 1.00. Li et al. (2007) reported 
that Hyp amounts can be measured from the amount of 
hydroxylysyl pyridinoline (Pyr), which are highly corre-
lated. A strong correlation was found (r ≥ 0.96) between 
the amount of Hyp detected in each group (Table 3) and 
the degree of deviation of the IRs from 1.00. Regarding 
the similarity in the shape and amplitude of the amide 
peaks, it is observed that the groups that were not sub-
jected to enzymatic treatments (U, C, and ML) exhibit 
a more consistent pattern. However, it is noticeable that 
all amide peaks are slightly smoothed, and the absorb-
ances have fluctuated in all enzymatically-treated groups. 
It was particularly detected in the papain-treated group, 
indicating a decrease in molecular order degree (Payne 
& Veis, 1988; Sarabia-Sainz et al., 2017). The amide A 
band is associated with the stretching frequency of the 
N-H bond (⁓3400–3440  cm−1). However, if the NH group 
is hydrogen-bonded, the amide A peak may be shifted to 

a lower frequency (Abe & Krimm, 1972; Payne & Veis, 
1988). In addition, the N-H stretching in the amide A 
band allows us to determine the amount of bound water. 
The more symmetrical the amide A peaks are, the lower 
the amount of bound water (Guzzi Plepis et al., 1996). 
The most symmetrical amide A band was observed in the 
untreated mantle (Fig. 5a). However, drawing a conclu-
sion about bound water at the molecular level with such 
limited data would be inaccurate. The determined amide 
B peaks in the groups represent the asymmetrical stretch 
of –NH3 and  CH2 (Abe & Krimm, 1972). A higher wave-
number of the amide B band indicates an increase in free 
–NH3 groups (Qui et al., 2019). Amide B wave numbers 
in group ML (⁓2920  cm−1) were lower than in group B 
(⁓2928  cm−1). The data indicates that the ML group has 
a higher presence of free –NH3 groups compared to group 
B, indicating that it formed fewer H bonds than group B.

TPA and WBS Results

Texture analysis can be useful in identifying the altera-
tions in the physical structure of meat. Furthermore, pro-
tein breakdowns or connective tissue disruptions can be 
detected by considering of other analytical results. There-
fore, the effects of different enzymatic and non-enzymatic 
tenderization treatments on the parameters of TPA and WBS 
were investigated (Fig. 6). The adhesiveness (mJ) values of 
uncooked squid were determined in U, C, ML, P, B, and FP 
groups as 0.40, 0.90, 0.30, 0.60, 0.26, and 0.28, respectively. 
In general, changes in adhesiveness values are typically 
associated with increased or decreased surface stickiness 
(Del Pulgar et al., 2012). It can be inferred that only immer-
sion in physiological saline at 38 °C (C) and papain-treated 
group (P) led to a notable increase in the adhesiveness value 
(p < 0.05) in uncooked samples. No adhesiveness value was 
obtained in any group of cooked squid. The reason is known 
to be that the surface tension between the machine probe and 
the meat is reduced to nearly zero due to the denaturing of 
the surface by the cooking process (Del Pulgar et al., 2012).

In both uncooked and cooked groups, the highest and 
the lowest hardness (N) values were found in the groups 
U and P, respectively (Fig. 6a). The order of hardness 
values among the groups in both uncooked and cooked 
analyses was determined as U > C > ML = FP > B > P 
and U > C = FP > ML > B > P, respectively. Interestingly, 
the hardness level of the untreated mantle (U) signifi-
cantly increased after the cooking process, in contrast to 
the behavior observed in the other groups. Jun-Hui et al. 
(2020) reported no difference in hardness values between 
papain and bromelain in squid mantle (D. gigas). However, 
our hardness results align with those of other researchers 
(Gokoglu et al., 2017b; Grygier et al., 2020) in indicating 
that papain was more effective in terms of tenderization. 
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The analysis of the texture of squid shows significant differ-
ences even within the same species and sizes. The amount 
of force required for texture analysis can vary widely, with 
significantly more force required to press or cut squid mus-
cle fibers parallel to direction than transverse (Kugino & 
Kugino, 1995). In research of Akkaya (2019), beef (M. lon-
gissimus dorsi) was tenderized using papain, bromelain, and 
A.oryzae-derived fungal protease enzymes, and the findings 
indicated that the papain group had the lowest level of hard-
ness, followed by the fungal protease, and then the bro-
melain groups. Textural profile changes are directly related 
to the WHC of the muscle (Pietrasik & Shand, 2011).

It can be seen that the results of WHC (Fig. 1a) and TSP 
(Fig. 3b) are mostly in line with the hardness changes. There 
is a limited number of studies on the enzymatic tenderization 
of squid, and as of now, there is no research on the use of 
fungal protease in squid. While there are numerous studies 
on enzymatic tenderization in various meat species other 
than squid, it is important to note that comparisons with 
other meat species may not be suitable due to the distinct 
characteristics of squid tissue, which differs significantly 
from that of other species, particularly mammals (Jun-Hui 
et al., 2020).

In uncooked squid, the springiness (mm) values of groups 
U and C were observed to be both similar (p > 0.05) and the 
highest (p < 0.05), while a significant decrease in springi-
ness was determined in all groups subjected to tenderiza-
tion process (Fig. 6b). Furthermore, the lowest springiness 
value was observed in the group B (p < 0.05), whereas the 
ML, P, and FP groups’ springiness values did not show 
differences from each other (p > 0.05). Gokoglu et  al. 
(2017b) reported that papain and bromelain enzymes did 
not significantly affect the springiness values of uncooked 
squid mantles compared to the control group. Except for 
the control group, which showed no difference compared 
to the uncooked form, the springiness values observed in 
the uncooked squid groups exhibited a significant increase 
after cooking. Xiao et al. (2021) reported that all cooking 
processes in squid (S. oualaniensis) mantle increased the 
springiness, except for the sous-vide treatment. It can be 
said that the springiness values of both the enzymatic and 
non-enzymatic groups were considered quite satisfactory. 
After cooking, the springiness values were found to be much 
more favorable.

Cohesiveness is defined as the measure of the strength or 
durability of the internal bonds that constitute the internal 
structure of the foods (Bourne, 1978). Cohesiveness val-
ues were increased in all groups (Fig. 6c) after the cook-
ing process (p < 0.05). The highest cohesiveness values in 
uncooked and cooked groups were found in ML and FP 
groups, respectively. Gokoglu et al. (2017b) reported that 

no significant difference was observed in groups tenderized 
with papain and bromelain enzymes compared to the con-
trol group in uncooked squid mantles. Sutikno et al. (2019) 
did not observe any change in cohesiveness in the common 
squid (T. pacificus) mantle after cooking (p > 0.05), whereas 
Xiao et al. (2021) reported a cohesiveness increase in squid 
(S. oualaniensis) mantles through the cooking process.

All groups showed a significant increase in chewiness 
(N × mm) after cooking (Fig. 6d), with the highest increase 
observed in group U. Groups B and P showed the lowest 
chewiness levels in uncooked and cooked squid mantles. If 
a comparison is made between the uncooked and the cooked 
squids regarding chewiness, the lowest and highest propor-
tional changes were found in the C and ML groups, respec-
tively, excluding the untreated (U) group. In contrast to our 
chewiness results, Sutikno et al. (2019) noted that cooking 
reduced the chewiness in common squid. However, Xiao 
et al. (2021) found that cooking squid mantles with steaming 
or boiling methods led to a significant increase in chewi-
ness values (p < 0.05), whereas only the sous-vide cooking 
method was found affectless in increasing chewiness when 
compared to the raw group (p > 0.05). As Erdem et al. (2022) 
reported, the sous-vide cooking method had a similar effect 
on the chewiness parameter of European squid (L. vulgaris). 
It was reported that the application of papain and bromelain 
in raw European squid mantles led to a reduction in chewi-
ness values, while papain was identified as more effective 
(Gokoglu et al., 2017b). Based on the uncooked chewiness 
results, it was observed that papain and bromelain enzymes 
were found to be quite similar, only the papain group show-
ing slightly higher chewiness values.

The shear force (N) values were decreased for all the 
groups after cooking (Fig. 6e), except for the untreated group, 
which showed an increase (p < 0.05). While the lowest shear 
force value in the uncooked mantle was determined in group 
P, after cooking, the lowest shear force value was determined 
in group B. The ML group was identified as the group where 
the shear force values in both the cooked and uncooked states 
were closest to each other, indicating that the change in shear 
force was minimal in this group. Several researchers also 
reported that papain and bromelain enzymes in squid mantle 
led to a decrease in the level of shear force (Gokoglu et al., 
2017b; Jun-Hui et al., 2020; Melendo et al., 1997).

In the work of shear (N × s) analyses (Fig. 6f), the results 
of both cooked and uncooked papain groups were found to 
be similar. As previously seen in other texture parameters, 
the work of shear value of the untreated group increased sig-
nificantly due to the effect of the cooking process. However, 
group B had the lowest work of shear value after cooking. 
The ML group, on the other hand, showed a slight increase 
after cooking.
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SEM Findings

When the SEM images were examined, the differences 
between the applied temperature and the different ten-
derization methods were clearly seen (Fig. 7). When the 
untreated group was examined, the porous and relatively 
spongy structure could be easily identified since it did not 
treat any solution. Nevertheless, the adverse effects of freez-
ing and thawing are also clearly visible in the images. The 
effects of the temperature reaching 40 °C appeared as het-
erogenization of tissues in the groups, including the control 
group. Li et al. (2022) researched the freezing and thawing 
cycle in squid, and they reported that the holes or dense 

pores observed in SEM images were caused by ice crystals. 
The relatively small, round, or oval holes detected in our 
groups indicated that the freezing and thawing process did 
not occur under unfavorable conditions, as more asymmetri-
cal, pointed, and large-sized cracks are typically observed 
in improperly frozen meat. Some researchers reported that 
ice crystals could compromise the integrity of muscle fibers 
and the structure of muscle proteins, leading to a decrease in 
the WHC of the tissue (Li et al., 2022; Zhang et al., 2015). 
However, it is possible to say that the myofibrillar proteins 
swell after the groups are treated by solutions, and con-
sequently, these holes and spongy structures are reduced. 
Otwell and Hamann (1979) reported in their SEM images 
of the Loligo genus’ mantles that the density of the muscle 

□: Untreated (U) squid mantle ‡: Control (C) group; ∆: Mineral water – lemon (ML) group; ●: Bromelain (B) group; ♦♦: Papain (P) 
group; ◘: Fungal protease (FP) group. 
a, b, c, d, e (↔): Means with different letters are significantly different in the same number line (p<0.05). Letters are used in 
overlapping group symbols only once due to the same statistical results (n=14).

Fig. 8  Sensory characteristics of uncooked and cooked squid man-
tles. □: Untreated (U) squid mantle; ‡: Control (C) group; ∆: Min-
eral water–lemon (ML) group; ●: Bromelain (B) group; ♦: Papain (P) 
group; ◘: Fungal protease (FP) group. a, b, c, d, e ( ↔): Means with 

different letters are significantly different in the same number line 
(p < 0.05). Letters are used in overlapping group symbols only once 
due to the same statistical results (n = 14)
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matrix increased due to protein denaturation and aggregation 
caused by a rise in temperature. Furthermore, the researchers 
noted the presence of structures on the tissue surfaces that 
could be attributed to sarcoplasmic proteins or other low 
molecular weight proteins in granular form. It is notewor-
thy that these granular structures appear more prominent in 
Group B.

Sensorial Findings

Sensory evaluations of cooked and uncooked squid mantles 
are shown in Fig. 8. While the B and ML groups were the 
most preferred regarding the hardness of uncooked squid 
mantles, after cooking, the FP and ML groups were deter-
mined to be the most popular. Group C was ranked as the 
third most favorable group following these groups. The U 
and P groups exhibited the lowest scores in terms of hard-
ness for both uncooked and cooked squid. In a study con-
ducted by Gökoğlu (2023), marinating squid (L. vulgaris) 
mantle in citric and lactic acid at concentrations of 1% and 
2% for 24 h at 4 °C showed no significant effect on the senso-
rial hardness. These findings indicate that using lemon juice 
or other organic acids alone for tenderizing squid mantle 
may be unsatisfactory or insufficient to produce the desired 
results. It is clearly confirmed that lemon juice and mineral 

water, which is the preferred combination in our research, 
have a very good synergistic effect on the tenderization of 
the squid’s mantle.

Regarding stickiness, it was observed that groups without 
enzymes were slightly more favorable in uncooked squid 
mantles. However, after the mantles were cooked, it was 
determined that the FP group preserved structural stability 
much better. Regarding juiciness, the C group received the 
highest rating in uncooked mantles. Additionally, group U 
was found to be drier compared to the other groups. Group 
C was identified as the tastiest group, whereas group U 
received the lowest score in terms of taste. Bromelain gen-
erally provides a more favorable taste in meat products than 
papain (Kim & Taub, 1991). Sénchez-Brambila et al. (2004) 
investigated the effects of commercial marinating methods 
on the flavor components of cooked jumbo squid (D. gigas) 
mantle and achieved significant improvements in bitter, 
sour, and astringent parameters. In uncooked mantles, the 
FP group was found to be opaquer, while the groups U and B 
had a relatively glossy appearance. However, despite the ini-
tial superiority of the uncooked U and B groups’ appearance, 
it ended up with the lowest appearance scores after cooking. 
On the other hand, groups C and ML, which were not treated 
with the enzyme, got the highest scores. For the sensation of 
ease or difficulty of biting, groups U and C scored the lowest 

U: untreated squid mantle, C: control, ML: mineral water – lemon juice, P: papain, B: bromelain, FP: fungal protease.
[(a): The analysis of untreated and uncooked mantles’ comparisons, (b): The analysis of cooked mantles’ comparisons. The 
bolded analysis names represent the sensory parameters. “E/D to bite” means “sensation of ease or difficulty to bite.” Data 
transformation was done by multi-scattering correction (MSC) prior to the Pearson correlation coefficient. All other abbreviations 
have been previously mentioned in the text.]

Fig. 9  Pearson-correlated polar heatmap with dendrogram of 
uncooked (a) and cooked (b) squid mantles. U, untreated squid 
mantle; C, control; ML, mineral water–lemon juice; P, papain; B, 
bromelain; FP, fungal protease. (a The analysis of untreated and 
uncooked mantles’ comparisons. b The analysis of cooked man-

tles’ comparisons. The bolded analysis names represent the sensory 
parameters. “E/D to bite” means “sensation of ease or difficulty to 
bite.” Data transformation was done by multi-scattering correction 
(MSC) prior to the Pearson correlation coefficient. All other abbrevia-
tions have been previously mentioned in the text.)
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for both uncooked and cooked mantles. In both cooked and 
uncooked mantles, the enzyme-treated groups stood out 
regarding bite sensation, with the P and FP groups being 
particularly favored in cooked samples. Regarding odor, the 
U and ML groups were most preferred in uncooked groups. 
However, after cooking, group U got the lowest scores while 
the ML group was still most preferred. The most popular 
group was identified to be ML. At this point, the panelists 
noted that the ML group had an appetizing sensation due 
to the lemon content, while the enzyme-treated groups had 
a more artificial/chemical odor. Nevertheless, none of the 
enzyme-treated groups were deemed worthy of low scores, 
and it was noted that this odor could only be detected in 
very detailed and comparative examinations. Grygier et al. 
(2020) found no major changes in color, odor, appearance, 
and general acceptability parameters of autoclave sterilized 
squid mantle, which was tenderized by  NaHCO3, papain, 
and bromelain compared to the control group. Similarly, 
Gokoglu et al. (2017b) reported that using papain and bro-
melain in the squid mantle did not directly affect the senso-
rial parameters.

Correlation Findings

As shown in Fig.  9a, a strong similarity was observed 
between the moisture content and the juiciness parameter 
conducted in the sensory analysis. In addition to that, it 
is observed that the total protein amount and WHC have 
a strong positive correlation. Tantasuttikul et al. (2011) 
reported a similar correlation in the mantle of squid (P. 
duvaucelii). A relatively strong positive correlation was also 
found between TSP and Hyp, as it is known that hydroxypro-
line generally has a tendency to increase with protein solu-
bility. It is interesting to note that there is a weak positive 
correlation between pH and CL. A correlation was observed 
between odor and a* parameter, whereas the odor scores 
increased, and the amount of redness identified in the groups 
also increased. Changes in texture parameters were gener-
ally found to be closely correlated among the groups and 
exhibited a strong similarity with the stickiness test in the 
sensory parameters.

When the cooked groups are evaluated (Fig. 9b), it is 
observed that the textural and sensory analyses showed 
more consistency among the groups. Ash and total protein 
amounts were shown to be significantly positively corre-
lated. As another unique result, the movements of the L* 
parameter and TVB-N were found to be quite similar. The 
variations of a* and b* parameters in the cooked samples 
showed a high positive correlation except for group C. 
When evaluating the correlation results for both uncooked 
and cooked groups as a whole, it was found that the texture 
profile analyses displayed particularly strong correlations 

in the cooked groups, while the sensory analyses revealed 
very similar variations. In the uncooked groups, correlations 
were observed among TSP, Hyp, and TVB-N changes. Fur-
thermore, changes in WHC, total protein content, and amino 
acid exhibited very similar trends in the uncooked groups.

Conclusions

Each tenderization method has its advantages and disad-
vantages. From a nutritional perspective, there was a slight 
decrease in protein content in the enzymatically tenderized 
groups. The ML group showed satisfactory protein levels in 
both cooked and uncooked forms. Regarding umami amino 
acids, the ML group stood out in both the uncooked and 
cooked samples. Additionally, the ML group had the high-
est EAA/NEAA ratio. The enzymatically tenderized groups 
yielded better results in terms of TFAA content. However, it 
is interesting to note that the non-enzymatic groups lagged 
behind regarding TSP. The results of Hyp and FTIR analy-
ses closely matched, indicating that the enzymatically-treated 
groups underwent significant hydrolysis. Texture change 
trends in the cooked and uncooked groups were generally 
consistent, with a few exceptions. Notably, the P group exhib-
ited excessive softening, easy disintegration, and an over-
reduction in hardness and shear force. Group B showed unfa-
vorable texture changes after cooking. However, all groups, 
except for group P and the untreated group, were found to 
have appropriate texture. SEM images revealed that the sur-
face of group B displayed intense coarsening more than other 
groups due to hydrolysis. Regarding sensory evaluation, the 
FP group was the most preferred among the enzymatically 
tenderized groups, while the ML group was the most popular 
among the non-enzymatically tenderized groups. Consider-
ing all analyses collectively, it can be concluded that the ML 
and FP groups are superior to the other groups.
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