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Abstract The chemical structure, thermal denaturation and
nanostructure of collagen, obtained from a cation-exchange
separation of the mantle, fins and tentacles of jumbo squid
(Dosidicus gigas), were comparatively studied. The main idea
of this work, was to provide an in-depth understanding of the
interdependence between pyridinoline (Pyr) content, helix
chemical structure and nanostructure of squid collagen with
squid tissue firmness. The tentacles required more shear force
and its collagen presented the higher temperature and enthalpy
of transition, than the mantle and fins. The tentacle firmness
may be explained by the relatively higher imino amino acid
content, proline and lysine hydroxylation degrees and Pyr
content of its collagen. Moreover, among the regions studied,
the collagen from the tentacles had a more intense (3 band
chain. Also, the Fourier transform infrared analysis and
Raman spectra, implied that the collagen in the tentacles,
was more intermolecularly ordered than the mantle and fins.
Consistent with these results, a comparative evaluation of the
surface morphology of the three regions, with atomic force
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microscopy, suggested a more ordered collagen structure in
the tentacles (lower roughness values). Based on the above,
collagen from tentacles has a higher degree of molecular order
that sustains a higher muscle firmness compared to that of
other anatomical regions.

Keywords Chemical structure - Firmness - Nanostructure -
Squid collagen - Thermal denaturation

Introduction

Squid is considered as an important fishery resource in many
countries’ fishing industries, due to its high popularity among
consumers [1]. The edible body-regions of this organism that
are marketed are the mantle, fins, and tentacles. However, as
with any seafood products, one of the challenges is to inhibit
the changes in toughness and texture that happen during squid
processing. Regarding the association between texture and
proteins, numerous studies have shown that properties of jum-
bo squid connective tissue proteins can be used as benchmarks
of squid muscle quality during freezing or cooking processes
[2-9].

Squid muscle connective tissue is stronger than that of fish
[10] though, the major component of the connective tissues of
both organisms is collagen [11]. Collagen is a complex protein
that helps to maintain the union between cells [12]. Several
types of collagen have been identified and the primary char-
acteristic of all types are amino acid arrangements that are rich
in proline and glycine. These arrays, form three chains that
intertwine to create a triple helix that varies with composition
and size [13]. Few studies about seafood muscle texture, have
reported the interdependence of fillet firmness with the major
cross-linking molecule, pyridinoline (Pyr), present in collagen
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structure. Li et al. [14] detected a significant correlation be-
tween Atlantic salmon fillet texture and Pyr concentration.
Furthermore, Ramirez-Guerra et al. [9] proved that the textural
behavior of squid mantle during ice storage, is related to Pyr
concentration.

In cephalopods, the chemical composition of the muscle
tissue depends, among other factors, on the anatomical region
[15] due to the distinctive function muscles have in the live
organism [16]. Accordingly, differences in collagen properties
have been detected in the edible and non-edible anatomical
regions of squid species [16—19]. Moreover, in the Japanese
pufferfish (Fugu rubripes), the Pyr concentration has been
shown to differ between the muscular and skin collagen [20].

The main focus of this study was to compare the thermal
denaturation, Pyr concentration, chemical structure and nano-
structure of the collagen extracted from various anatomical
regions of jumbo squid (Dosidicus gigas). The possible cor-
relation between the chemical structure and nanostructure of
collagen, with tissue firmness, was discussed. This work pro-
vides an in-depth understanding of the interdependence be-
tween squid firmness, and collagen chemical structure and
nanostructure, and may be useful for future technological de-
velopments, such as squid-based convenience products. To
our knowledge, a comparative study of the thermal denatur-
ation of collagen, Pyr content, collagen chemical structure,
collagen nanostructure, and muscle firmness properties,
among the edible anatomical regions of squid species, has
not been carried out before.

Materials and Methods
Samples and Sample Preparation

Ten jumbo squid specimens were hand-captured, by jigging,
and were purchased from local fisherman (Bahia Kino in the
Gulf of California, Mexico; 28.75° N, 112.25° W; water tem-
perature 15-18 °C), during fall 2015. The squid were
transported on ice to the laboratory, within 8 h of capture.
The organisms were gutted, and the mantles were separated
from the fins and tentacles. Each anatomical region was
skinned, and the firmness was immediately measured.
Approximately 250-g portions of each anatomical region,
were packed in polyethylene bags and stored frozen
(=25 °C), for no more than 7 days, until collagen extraction.
All reagents used in this work were reagent grade (Sigma
Chemical Co., St. Louis, MO, USA). The solvents used in the
amino acid analysis, were liquid chromatographic grade.

Muscle Firmness Analysis

Muscle portions (1 cm x 1 cm % 1 ¢cm) from each fresh ana-
tomical region (mantle, fins and tentacles), obtained from 10
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jumbo squid specimens, were subjected to firmness analysis.
The shear force required to cut the muscle sample was mea-
sured using a TA-XT2 Plus Texturometer (Food Technology
Corp., Sterling, VA, USA), equipped with a Warner-Bratzler
shearing device, attached to a load cell (100 N), at a crosshead
speed of 200 mm/min [9].

Extraction of Collagen

The connective tissue was extracted at 4 °C, by removing the
myofibrillar and proteoglycan proteins from fresh muscle,
using a 6 M urea solution containing 0.5 M sodium acetate
(pH 6.8). Samples were stirred for 60 min and centrifuged at
39200xg for 40 min. The pellets were sequentially treated
with 1 M Tris (pH 7.2, containing 0.05 M NaCl), 0.5 M acetic
acid (1:5 w/v) and pepsin (10 mg/g tissue in 0.5 M acetic acid,
1:5 w/v). At each step, after stirring for 24 h, the samples were
centrifuged at 39200xg for 40 min. Then, the collagen solu-
tions were precipitated with 2 M NaCl and collected by cen-
trifugation (39,200xg for 40 min). The precipitates were dis-
solved in 0.05 M acetic acid and dialyzed at 4 °C against
water, using a cellulose membrane with a 10 kDa molecular
weight cut-off. The collected samples were frozen at —40 °C
and lyophilized [19].

The collagen was then purified by cation exchange column
chromatography, using HiTrap CM Sepharose FF (GE
Healthcare, Uppsala, Sweden) assisted by AKTApurifier
chromatographic equipment (GE Healthcare, Uppsala,
Sweden). Collagen samples (50 mg) were dissolved in
15 mL of 50 mM sodium acetate, pH 4.8, containing 6 M urea
and, then, applied to a HiTrap CM FF column (5 X 1 mL),
equilibrated with the same buffer. Fractions were eluted with
a linear gradient of 0-0.5 M NaCl, in a total volume of 20 mL,
at a flow rate of | mL/min. The effluent was monitored at
280 nm. The appropriate fractions were pooled and dialyzed
against 0.05 M acetic acid, to prevent precipitation [21].
Finally, the sample was lyophilized and stored at —40 °C, for
further analysis.

Amino Acid Profile

The amino acid composition of collagen was determined,
using reverse-phase high-performance liquid chromatography
(HPLC). The samples were hydrolyzed under reduced pres-
sure in 6 M HCI, containing sodium thioglycolate (1:1 v/v), at
150 °C for 60 min. The hydrolyzed samples were derivatized
at 60 °C for 5 min in the presence of 0.5 M citrate, containing
2 mg/mL 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-CI)
in methanol and applied to an HPLC system (Agilent
Technologies Inc., Palo Alto, CA) [22]. Analyses were per-
formed in triplicate and the results were expressed as the num-
ber of residues per 1000 residues.
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Determination of Purified Collagen Content

The hydroxyproline (Hyp) content, calculated by HPLC [22],
was used as an index of collagen. The mass of Hyp was con-
verted to collagen using the eq. 1 [23].

H
yp X 8 }x

Coll =
oragen [crudeprotien

100 (1)

Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

In order to establish the purity of the obtained collagen, pro-
teins were analyzed by SDS-PAGE [24] using a 5.5% acryl-
amide separating gel. Samples for electrophoresis were pre-
pared homogenizing 10 mg of purified collagen in one mL of
cold 0.05 M Tris, pH 7.4, containing 1% SDS. The homoge-
nate was diluted 1:1 (w/v) in the sample buffer (0.5 M Tris-
HCI pH 6.8, glycerol, 10% SDS, {3-mercaptoethanol, 0.05%
bromophenol blue), and a 20 pL aliquot of 12-pg protein was
loaded onto a vertical electrophoresis gel, which was devel-
oped using a Mini Protean® III, Bio-Rad electrophoretic
equipment (Hercules, CA). The electrophoretic separation
was carried out according to manufacturer’s procedure
(120 V for 90 min). After electrophoresis, the gels were
stained with Coomassie Blue R-250. Five electrophoresis
gel images, for each extracted collagen were analyzed, using
a densitometer (Bio-Rad Model GS-700, Hercules, CA), to
obtain representative and statistically valid results.

Determination of Pyridinoline (Pyr)

Fluorescence spectrophotometry (Cary Eclipse G9800A
Agilent Technologies, USA) was performed to determine the
Pyr content in the collagen samples. Collagen was dissolved
(0.5 absorbance units at 280 nm) with 50 mM sodium acetate,
containing 6 M urea, pH 4.8. The excitation wavelength was
295 nm and the emission signal was measured from 300—450
nm. The Pyr content was established from a standard Pyr (5
—40 pmol) curve [25]. The Pyr content was estimated as moles
per mole of collagen. The assays were performed in triplicate.

Differential Scanning Calorimetry (DSC)

The thermal profile of the collagen was analyzed using DSC,
from 25—180 °C [19]. Thermal denaturation of collagen, was
characterized by the enthalpy change (AH), estimated from
the denaturation endotherm of collagen and maximum tem-
perature of denaturation (7,.x), Which were measured, using a
1020 Series DSC thermal analysis system (Perkin Elmer,
Norwalk, CN). Collagen samples (4—5 mg) were placed in
DSC hermetic cells, and an empty capsule was used as a

reference. Data acquisition was performed on a PE Nelson
model 1022 (Perkin Elmer). Determinations were performed
in triplicate.

Fourier Transform Infrared (FTIR) Analysis

FTIR spectra of extracted collagen, were obtained from pel-
lets, prepared with 0.2 mg lyophilized sample and 10 mg po-
tassium bromide [26]. The spectra were recorded using an
infrared spectrophotometer (Perkin Elmer FT-IR Spectrum
GX), with an average of 16 scans, over a spectral range of
4000 to 400 cmﬁl, ataresolution of4 cm™'. Four FTIR spectra
for each extracted collagen were analyzed, to acquire reliable,
characteristic and statistically valid results.

Raman Spectroscopy

The purified collagen was analyzed by Raman spectrometry,
using a Perkin Elmer GX instrument [27]. The excitation was
performed at 1064 nm, using a Nd:YAG laser. The backscattered
light was collected at 180 °C. The equipment was adjusted to
100 mW and 128 scans at 4 cm ', to avoid potential damage to
the samples, due to the laser power. The bands of the Raman
spectra were analyzed using the program equipment’s analysis.
Three Raman spectra for each extracted collagen were analyzed,
to acquire reliable, characteristic and statistically valid results.

Atomic Force Microscopy (AFM)

The morphological characteristics of each collagen obtained
from the mantle, fins and tentacles, were visualized by AFM.
Each fraction was solubilized in 50 mM sodium acetate, con-
taining 6 M urea, pH 4.8, at 5 mg/mL, then, placed on a glass
slide and dried at room temperature (20—25 °C) for 30 min.
Subsequently, the samples were washed with about 10-20 mL
of water and allowed to dry again. The AFM images were
obtained, with an alpha300 RA (WITec), in non-contact mode
and under atmospheric conditions. The field scans were 5 %
5 um for each sample, with 65,536 points per image. The
images were processed with the program ProjectFour v4.1.
Atleast 10 samples of each extracted collagen were examined,
to acquire trusty, characteristic and statistically valid results.

Statistical Analyses

Data were analyzed by one-way analysis of variance (ANOVA),
to explore differences among the samples. Differences between
least-squares means were examined by Tukey-Kramer’s honestly
significant difference (HSD) test (p <0.05, in all cases).
Correlation values among firmness, proline and lysine hydroxyl-
ation degrees’ data, (3-component (SDS-PAGE), Pyr content,
maximum temperature, ratio of bands 1240/ 1451 (FTIR), ratio
of bands 1270/1450 (RAMAN), and surface roughness (AFM)
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were also calculated. All analyses were carried out using PC-
SAS version 6.08 (SAS Institute Inc., 1994). The results were
presented as mean =+ standard deviation.

Results and Discussion
Firmness

Muscle firmness was measured by recording the force re-
quired to penetrate the muscles of the mantle, fins and tenta-
cles, respectively. The highest firmness (p < 0.05), was detect-
ed in the tentacles (86.5 N), followed by the fins (33.6 N) and
mantles (29.6 N). The higher firmness detected in tentacles
could be attributed to their specific functions during swim-
ming mechanisms [16]. The firmness detected in mantle mus-
cle concurred with that previously reported for fresh mantle of
the same squid species [9].

Concentration of Collagen

The extracted collagen (expressed as grams of dry connective
tissue per 100 g of each anatomical region), varied significant-
ly (p <0.05) among the evaluated anatomical regions. The
greatest yield was obtained from the tentacles (20.3%),
followed by the fins (12.7%) and mantle (7.7%). These results
concurred with those previously obtained from the same squid
species [19] and Todaropsis eblanae [16] but were higher than
those found in Loligo patagonica, Illex argentinus and Illex
coindetii [16, 28]. Several exogenous factors including the
time of year, water temperature, pressure and diet, may influ-
ence the connective tissue extracted [16]. Concerning the per-
centage of collagen, the tentacles had a significantly higher
concentration (p <0.05) (91.3%) than the fins (85.5%) and
mantle (83.1%). This trend agrees with previous works, which
found that the muscle collagen content varies, depending on
the anatomical region [11, 16, 19, 29, 30].

Amino Acid Analysis

The amino acid compositions of the purified collagen from the
mantle, fins and tentacles (Table 1), revealed a high prevalence of
glycine (Gly), representing around 28% of the total collagen
residues in all fractions. These Gly contents are typical for colla-
gen. In addition, low proportions of leucine (Leu), Lysine (Lys)
and serine (Ser) and high proportions of alanine (Ala) and hy-
droxyproline (Hyp) were detected. Morales et al. [16] observed
the same amino acid distribution patterns, in the collagen isolated
from the mantle and arms of some cephalopods.

Comparing the total imino amino acid [Proline (Pro) + Hyp]
content among the anatomical regions, the collagen from the
tentacles showed the highest value. This sample also showed
the highest degree of Pro and Lys hydroxylation. Therefore,

@ Springer

Table 1 Amino acid composition (number of residues/1000 amino
acids) of collagen purified from the mantle, fins and tentacles of jumbo
squid*

Amino acid Mantle Fins Tentacles
Hyp 92+1.1 89+1.3 114+14
Asp 40+1.1 50+1.3 50+1.2
Thr 29+04 29+0.1 30+0.4
Ser 38+0.3 39+04 20+0.4
Glu 70+£1.1 90+1.3 70+0.3
Pro 140+1.2 100£1.2 130+1.3
Gly 280+1.2 290+1.3 290+1.2
Ala 130+1.3 140+2.4 130+1.3
Val 30+04 26+0.2 24+0.2
Met 10+£0.2 10+£0.1 10+0.4
Ile 10+0.2 15+03 10+0.4
Leu 10+0.1 10£0.1 10+0.2
Tyr 3+0.2 3+£04 2+0.3
Phe 20+0.4 20+0.2 20+0.2
His 10+0.1 9+0.1 11+£0.2
Hyl 15+£0.5 16+£0.6 18+£0.8
Lys 16+0.8 20+0.3 15£0.6
Arg 59+0.7 58+0.5 50+£0.9
Imino acid (Pro + Hyp) 230+1.1° 180+1.7¢ 240+1.2%
Pro hydroxylation (%) 39+0.6° 44+03° 46+0.3*
Lys hydroxylation (%) 48+0.2° 46+£0.3° 55+0.3
Collagen content ** (%) 83+0.6¢ 85+ 1.3b 91+2.4a

*Values are the mean of triplicates + standard deviation (n=3).**
Collagen content = [hydroxyproline x 8/crude protein] x 100 (AOAC,
Method 990.26, 2000). Different letters in imino acid (Pro + Hyp), Pro
hydroxylation, Lys hydroxylation and true collagen denote significant
difference (p < 0.05)

under the conditions of this study, this result demonstrated that
the tissue collagen derived from the tentacles possessed a higher
degree of crosslinkage than that of mantle and fins.

SDS-PAGE Electrophoresis

According to the electrophoretic patterns of the purified col-
lagen samples obtained from each anatomical region (Fig. 1),
the collagen comprised o-chains and inter- and intramolecular
crosslinked components: 3 (dimer) and y (trimer), indicating
that lysine-derived crosslinks were present [31]. Comparable
electrophoretic patterns of the mantle, fins and tentacles, have
been reported for collagen type I of lllex coindetii, Todaropsis
eblanae and Todarodes pacificus [16, 32]. The similarity in
the electrophoretic migration and amino acid composition,
suggested the presence of type I collagen in the ana-
lyzed tissues. The band optical intensity (OD) of the
crosslinked chain (3 dimer) was significantly higher in
collagen (p<0.05) from the tentacles (2128 OD) than
fins (1851 OD) and mantle (1701 OD).
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Fig. 1 Gel electrophoretic profile of collagens, purified from jumbo
squid (Dosidicus gigas). Lane a mantle; b fins; ¢ tentacles

Pyr Content

Another considerable difference between the mantle, fins and
tentacles, was detected in the Pyr content (p <0.05).
Consistent with the above-mentioned results, the collagen of
the tentacles had a significantly higher Pyr content (» < 0.05)
(2.09 mmol/mol collagen) compared to the fins (1.22 mmol/
mol collagen) and mantle (0.91 mmol/mol collagen). These
differences indicated that the collagen from each anatomical
region, differs in crosslinking degree, which is controlled by
the number of bonds prone to form hydroxylamine (and like-
wise their solubility in salt solutions and buffers) [29]. The
tentacles perform a grasping function in the live organism
[16]. Therefore, its muscular collagen might require more
Pyr than the mantle and fins.

As documented previously in fish and squid muscles [9, 14]
the Pyr content is closely associated with squid muscle firm-
ness. Pyr is formed through the oxidation of hydroxylysine
(Hyl) by lysyl oxidase (LOX), and the activity of this enzyme
has been shown to affect the physical strength of tissue fibers
[3]. Our results showed the collagen derived from the tentacles
had a higher Hyl content than that from the mantle and fins
(Table 1). However, it is also possible that the LOX activity
may vary in each body anatomical region studied, affecting its
firmness and thermal stability. Therefore, further research on
LOX, in squid tissue is needed.

DSC

DSC analysis of the collagen, produced one endothermic
transition peak, with a denaturation temperature above
100 °C, in all instances, in concurrence with other reports

495
Table2 Thermal profile of collagen from the mantle, fins and tentacles
of jumbo squid
Anatomical region T, Tnax AH
°O) Q) /)
Mantle 133 +£1.4° 150.4 £1.4° 21.8+1.5°
Fins 129 +1.7¢ 142.8 £1.7° 16.5 +1.4°
Tentacles 131 £1.6" 1599 +1.7° 258 +1.7°

T, =Onset temperature; 7p,,x = Temperature at maximum heat flow;
AH = Total enthalpy change in melting/gelation of collagen. Values are
mean of triplicates + standard deviation (n=3). Different letter for each
column are statistically different (p < 0.05)

[7, 19, 33]. The peak temperature (7T.y) is indicative of
the stability of collagen during heating [34], whereas the
AH is due to endothermic processes, such as the breaking
of bonds [35]. The collagen with the highest 7}, and AH
was derived from the tentacles (Table 2). Similarly, Torres-
Arreola et al. [19] also reported that collagen from the
tentacles showed both the highest T,,,x and AH. These
results imply that collagen from the tentacles has a more
stable helix structure than the fin and mantle collagens [3,
26]. Unlike Pro, the Hyl content is closely correlated with
the thermal stability of collagen [36]. However, the differ-
ences in hydroxylation (%) of Lys (Table 1), might suggest
that Pyr itself contributed partially to the collagen thermal
stability. Several factors that dictate the collagen thermal
stability, such as LOX activity [3], are intertwined in a
complex manner [37], requiring more studies to decipher
the exact intercorrelations.

MAN

Transmittance (%)

A

A Amide B Amide Il
Amide A Amidel s UV« Amiden
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 2 Fourier transform infrared spectra of collagen purified from the
mantle (MAN), fins (FIN) and tentacles (TEN) of jumbo squid
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Fig. 3 Raman spectra of collagen from the mantle (MAN), fins (FIN)
and tentacles (TEN) of jumbo squid, in 1700-600 cm " region

FTIR Analysis of Collagen

The FT-IR (3500—400 cm ") spectra of the three collagen
specimens (Fig. 2), represented those reported for other ma-
rine collagens [26, 38, 39]. The spectra of the collagens de-
rived from jumbo squid mantle, fins, and tentacles, differed in
the amide I and amide II peaks, which in the mantle, appeared
at a lower frequency. A shift of these peaks to lower

frequencies, implies a lower degree of molecular order [40].
Moreover, the ratio between amide III and the region near
1440-1460 cm™ ", is associated with a helical structure (index
ratio (IR) = % transmittance at 1240 cm™ /% transmittance at
1451 cm ') [41, 42]. The IR values detected in the collagen of
each anatomical region were 1.35 (mantle), 1.28 (fins) and
1.05 (tentacles). The IR values close to 1.0, detected in the
collagen of the tentacles, confirmed that a considerable extent
of intermolecular structure exists in this region [41]. This be-
havior coincides with the Pyr content, which was lower in the
collagen samples derived from the mantle than the fins and
tentacles. Therefore, it appears that there are fewer intermo-
lecular cross-links in mantle collagen compared to that from
tentacles and fins. In the present study, the IR values positively
correlated with the squid muscle firmness. Thus, the ratio
between amide 111 and 1440—-1460 cmﬁl, should be considered
as one of the explanatory variables, contributing to squid firm-
ness in addition to the Pyr content.

Raman Spectroscopy Analysis of Collagen

Raman analysis was also applied to analyze the structure of
the purified collagens. In general, relatively neutral bonds
(CC, CH, C=C) are strong Raman scatterers. The differences
in the shape and intensity of the bands, observed between the
1700-800 cm ' regions of the Raman spectra of the obtained
collagens (Fig. 3), were associated with the differences in the
imino acid (Hyp and Pro) concentrations detected.

The Raman spectra indicated structural differences in the
collagen from jumbo squid mantle, fins and tentacles. In all
purified collagens a very intense band at 1670 cm ™' was pres-
ent and attributed to amide I. The peak detected at 1270 cm '
is assigned to amide III [27, 43]. Fewer intense bands were

Table 3  Correlation analysis between collagen chemical structure and thermal properties and nanostructure and muscle firmness of jumbo squid

SF Hyp Hyl Pro + Hyp SDS Pyr DSC IR RAMAN
Hyp 0.76*
Hyl 0.92%* 0.56
Pro + Hyp 0.58 ND ND
SDS 0.91%%* 0.84* 0.71* 0.32
Pyr 0.96%* 0.76* 0.79* 0.41 0.997#:*
Tmax 0.75% 0.33 0.94#* 0.91%%* 0.94+* 0.75%
FTIR —0.97+* 0.73%* 0.82%* —0.44 0.98#* 0.99%%* —0.77*
RAMAN 0.82%* 0.43 0.97%#%* 0.86* 0.75% 0.81* 0.99%* —0.83*
AFM —0.59 0.95%* 0.36 0.31 0.80* 0.74* 0.12 0.72% —0.21

*Significant correlation values (p < 0.05)
**Significant correlation values (p <0.01)

Observations 9

SF, firmness; Hyp, % proline hydroxylation; Hyl, % lysine hydroxylation; SDS, [3-component intensity band; Pyr, pyridnoline content; DSC, maximum
temperature; IR, ratio of bands 1240/1451; RAM, ratio of bands 1270/1450; AFM, surface roughness

ND Not determined
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observed in the fin collagen than the mantle and tentacles. The
absorption between the amide III and 1452 cm™ ' bands dem-
onstrates the existence of the helical structure [44]. As in
FTIR, the ratio between the 1270/1450 cm ™' bands intensity,
which is also associated with the helical structure [44] was
0.96, 0.64 and 0.46, for the tentacles, mantle and fin collagen,
respectively. Lower values imply a less stable molecule [44].
Other considerable differences were in the Pro residue activity
(830-910 cm ') and the Hyp (845 cm™'). Among the three
collagen specimens, these bands were more prominent in the
collagen from the tentacles, in accordance with the amino acid
profile. The thermal stability of collagen has been directly
correlated with the content of imino amino acids (Pro + Hyp)
[45]. In the present study, the Pro + Hyp content and the ratio
of 1270/1450 cm™ ' bands intensity ratio were strongly asso-
ciated with the collagen thermal stability (Table 3). Thus, it is

1 3
ym

possible to suggest that due to the chemical structure charac-
teristics of collagen from squid fins, its flesh in this region has
a lower heat resistance than the mantle and tentacles, which is
among the consumers and seafood producers’ concerns.

AFM of Collagen

The AFM results could lead to a more detailed understanding
of the structure of collagen fibers and provide insightful
knowledge of flesh firmness [46]. The collagen molecules
contain many fibers that overlap, represented in the AFM
images, as a surface roughness (SR) (Fig. 4). The apparent
wide aggregated structure, indicated that the collagen was
not completely hydrolyzed during the purification process.
Sionkowska et al. [47] noted similar SR images in collagen
from the tail tendon of rats. The SR values estimated, were

|
00 2000

111111%

<
=
LAJ
c
>
LAJ
S

1 v ' v ' v ' v l L
° 0ol 2000 30 400
nm

|
2000

Fig. 4 Atomic force microscopy images of collagen from the mantle (MAN), fins (FIN) and tentacles (TEN) of jumbo squid
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significantly much larger in the collagen (p < 0.05) from the
mantle (2701.1 nm) than fins (455.9 nm) and tentacles
(304.5 nm). Roughness is often described as closely spaced
irregularities [48]. Then, the highest irregular separate aggre-
gates in the mantle collagen, indicated a weaker organization
in this tissue and the results are consistent with the degree of
molecular order, detected by FTIR. It was anticipated that a
lower collagen order, would mean the fibers would be more
likely to disassociate, resulting in less shear force required to
cut the muscle. Nonetheless, squid texture has profound ef-
fects on customer acceptance of the seafood products and the
collagen chemical structure usually contributes to the texture
of seafood products [14, 28, 49].

This work attempted to compare the nanostructure of col-
lagen with flesh firmness. Important micro-properties of the
cell fibers, like contour length, height and radius of the colla-
gen monomer, were omitted in the analysis. Thus, such pa-
rameters must be included in future studies, to provide a more
comprehensive analysis of squid collagen structural factors
that determine the firmness of squid muscle. Presumably, an
important part of data variability, would explain the thermal
properties, chemical structure and nanostructure differences,
among the main jumbo squid edible anatomical regions.
Nevertheless, this experiment showed that the significant dif-
ferences evident in the nanostructure of collagen fibers, must
be considered in future works of the firmness properties of
squid tissue, during cold management and thermal processing,
including sensory analysis. The research has shown an asso-
ciation between the collagen chemical structure, nanostructure
and firmness (Table 3) of squid tissue but a more detailed
study on the properties of processing squid muscle, is still
needed.

Conclusion

Under the conditions of this work, it was proven that each
anatomic region from jumbo squid has different firmness.
The T« and AH, indicated that the fibers of tentacle collagen,
are stronger than that of the mantle and fins. The differences
detected, are due to the different crosslinked helix structure
among the collagens derived from the mantle, fins and tenta-
cles. The surface morphology, examined with AFM, indicated
a higher degree of molecular order in the tentacle collagen
molecules, compared to the other anatomical regions, which
was consistent with the results of muscle firmness and colla-
gen thermodynamic values. These results may serve as a fun-
damental basis for the proper management and processing
aspects, of jumbo squid tissues.
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