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1. Introduction

Biomass resources, such as carbohydrates and proteins, should ideally be used as a whole. Chitin
is normally present combined with proteins and inorganics, so to obtain a specific part of chitin,
the other part of the protein must be removed. Because proteins are traditionally removed by
alkaline aqueous solution treatment, the protein changes to an alkaline mixture, which is discarded.
From a perspective of the sustainable utilization of biomass, using only a specific part and
discarding the other is not desirable. However, the purification of other parts, such as proteins from
the mixture solution, is not cost- or energy-effective. Additionally, it is difficult to treat wastewater
after separation. Therefore, it is important to develop a method for the complete utilization of
biomass components. High-temperature water treatment is a promising technique for the entire use

of biomass.[1]

To obtain a-chitin from crab shells using traditional methods, the protein needs to be
removed by alkaline aqueous treatment, and the ash is then removed by acid aqueous treatment.[2—
4] There are two types of chitin, a-chitin and B-chitin, which have different crystalline
structures[5,6] and it is difficult to use, except for a-chitin components such as protein and ash.
However, various studies have promoted the application of high-temperature water treatment for
the hydrolysis of proteins without acid and alkaline conditions.[7-9] In a previous study, we
demonstrated that the protein in the crab shell could be removed by high-temperature water
treatment at 300 °C within 30 min because it can be hydrolyzed into water-soluble peptides.[1]
We obtained a solid residue containing a-chitin and ash, namely calcium carbonate, from the crab
shell and confirmed that the chemical structure of a-chitin was relatively stable after treatment at

300 °C. It is important to note that the decomposition conditions (i.e., temperature and time) are



different for a-chitin and protein.[10] However, residues of ash from crab shells remain mixed

with a-chitin.

The squid pen contains 30%-50% B-chitin, 50%—70% protein, and less than 1% ash.[11]
Therefore, pure B-chitin may be obtained from the squid pen as a solid residue and the protein
converted to a water-soluble peptide by controlling the temperature and treatment time. In
general, to obtain B-chitin from a squid pen, the protein is removed by alkaline aqueous
treatment.[11] In contrast, for the high-temperature water treatment, the water-soluble protein
can be obtained using only water. However, there are no reports on applying high-temperature
water treatment for the separation of B-chitin and protein to date. In addition, the properties of
products such as B-chitin and protein obtained from the high-temperature water are not clear in

comparison with those obtained by traditional methods.

In this work, the properties of B-chitin obtained by high-temperature water treatments as
its nanofibers (NFs) are also evaluated. We uses wet pulverization using a water jet to convert it
into B-chitin NFs (ChNFs). This system uses only water with no additional acids and achieves the
environment-friendly production of ChNFs. B-Chitin comprises parallel molecular chains without
significant hydrogen bonding between intermolecular sheets[12-14]; therefore, B-chitin powder
can be easily disintegrated into NFs.[15,16] Therefore, the physicochemical properties, such as
transmittance and viscosity, of B-ChNF dispersions can vary as much as those of a-ChNF
dispersions.[17-20] ChNFs are characterized by a high modulus,[21] high relative surface area

(i.e., exposure of many hydrophilic functional groups),[22] and an excellent biocompatibility.[23]



In this study, the function of the peptide for lowering blood pressure, namely the inhibition
of Angiotensin-1 converting enzyme (ACE) is evaluated. ACE inhibition is a promising
application of peptides.[24,25] If the peptide obtained from the squid pen by high-temperature
water treatment has the activity of ACE inhibition, the protein component in the squid pen could

also be converted as a functional food instead of waste.

Therefore, a new method of squid pen into solid B-chitin and water-soluble peptides using
only water at high temperatures is proposed. The physicochemical properties of B-chitin when
converted into NFs using only water were studied. Because this method uses only water, the
protein in the squid pen could also be a functional peptide for lowering blood pressure, namely the

inhibition of ACE.

2. Experimental Section

Materials. Squid pen (Todarodes pacificus) was obtained from Marutatsu Kamasui Co., Ltd.,
(Iwate, Japan) and stored as never-dried chitins at 4 °C before use. Pure B-chitin was obtained
from Seikagaku Corporation (Tokyo, Japan). Bovine serum albumin (BSA) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Angiotensin-1 converting enzyme (ACE) from bovine

lungs was obtained from Life Laboratory (Yamagata, Japan).

High-temperature water treatment. Treatment of squid pen in high-temperature water was

conducted in a stainless steel 316 (SS-316) tube reactor with an inner volume of 6 cm?.[26,27]



Squid pen (0.2 g) and water (3 g) were loaded into the reactor, and submerged in a molten-salt
bath (KNO3—NaNO3) at reaction temperatures of 150, 200, 250, and 300 °C. The internal reactor
temperature was measured by inserting a thermocouple directly into the reactor. Approximately
4 min was required to heat the reactor to the reaction temperature, which was added to treatment
times. The saturated vapor pressures in the reactor at150, 200, 250, and 300 °C are calculated to
be 0.48, 1.6, 4.0, and 8.6 MPa, respectively [28]. After a pre-defined treatment time, the reactor
was removed from the bath and rapidly quenched in a water bath to cool to 25 °C. After cooling,
the products were collected from the reactor and divided into water-soluble and solid fractions

using a 0.20 um membrane filter, after which the latter was dried at 90 °C for 24 h.

Amino acid analysis. Squid pen (5 mg) was hydrolyzed with 1 mL of 6 mol/L hydrochloric acid
in hydrolysis vials at 105 °C for 16 h. The sample was diluted with a 0.2 mol/L sodium citrate
loading buffer (pH 2.2) to a final volume of 2 mL with water and filtered through a 0.45 um
membrane filter. The amino acid content of the reaction products was determined using a
Shimadzu analyzer (Shimadzu Corp., Kyoto, Japan), equipped with an ion-exclusion column
(ShimPack Amino-Na, Shimadzu Corp., Kyoto, Japan), and post-column labeling methods using

a spectrophotometer (RF-10A, Shimadzu Corp., Kyoto, Japan).

Weight change. We evaluated the weight change of the squid pen after high-temperature water

treatment using equation 1:



Weiaht ch [%] = Weight of squid pen recovered |] x 100 (1)
CLGRt CRANGE L1 = Y eight of squid pen loaded (0.2 [g])

X-ray diffraction (XRD). Equatorial diffraction profiles were obtained with Cu-Ko radiation
from a powder X-ray generator (Japan Electronic Organization Co. Ltd., JDX-3530) operating at
30 kV and 30 mA. The crystallinity index was calculated from normalized diffractograms using
the intensities of the peaks at the [1-10] lattice (l1-10, at 26 = 20 corresponding to the maximum
intensity of chitin) and l.m at 260 = 16 (amorphous diffraction), used to calculate the crystallinity

index (2):[29]

_hiqo

—1
Crystallinity index [%] = I—am x 100 (2)
1-10

The d-spacing of the peaks at the [1-10] lattice was calculated using Bragg's equation:

2dsinf = 1 (3)
where d is the spacing between the planes in the lattice, € is the Bragg angle, and A is the X-ray

wavelength.

The crystallite size of chitin in the [1-10] lattice was calculated using the Scherrer equation:

L - 0.91
" Hcos#6

(4)

where L is the crystallite size perpendicular to the plane, and H is the full width at half maximum

in radians.



Fourier transform infrared (FTIR) spectroscopy. The FTIR spectra of the squid pen were

measured using a Nicolet iS10 spectrometer (Thermo Fisher Scientific Inc.).

Preparation of chitin nanofibers (ChNFs). The solid residue of the squid pen after high-
temperature water treatment was used to prepare the ChNF dispersions. After suspension of the
solid residue in distilled water, disintegration into NFs was performed using a Star Burst system
(Star Burst Mini, Sugino Machine Co., Ltd., Uozu, Japan). The solid residue can be converted to
NFs by the Star Burst system, and the details of the disintegration process were described in our
previous study.[11] The suspension was pressurized at approximately 235 MPa and the number

of collisions with the ceramic ball was set to 10 times (i.e., 10 passes).

Field-emission scanning electron microscopy (FE-SEM). To prepare the FE-SEM samples,
the squid pen dispersion after high-temperature water treatment was diluted with tert-butyl
alcohol and precipitated by centrifugation at 20,000 xg at 25 °C for 5 min. After repeating this
process several times, the water supernatant was replaced with tert-butyl alcohol. The
precipitated sample was frozen in a glass bottle and dried under vacuum conditions (0.02 MPa)
for 3 h. The dried samples were coated with an osmium layer (~2 nm thick) using an osmium
coater (Neoc-STP, Meiwafosis Co., Ltd., Tokyo, Japan). The sample was observed using a FE-
SEM (S-5000, Hitachi Co., Ltd., Tokyo, Japan) operated at 5.0 kV. A histogram of the ChNF
widths was constructed from several FE-SEM images using ImageJ software (NIH, Bethesda,

MD, USA).



Optical transmittance. The ChNF dispersions (1 wt%) were loaded into quartz cuvettes. The
transmittance was measured in the range of 200—700 nm at 25 °C using a spectrophotometer
(V530, Jasco Co., Ltd., Tokyo, Japan) with distilled water as the blank. Transmittance at 600 nm

was used to compare the different conditions.

Protein measurement. The protein content of the hydrolysate was analyzed according to the

Lowry assay using BSA as the standard.[30]

Molecular weight (MW) distribution of proteins. The MW distribution of the protein obtained
was measured using a size-exclusion high-performance liquid chromatography (SEC-HPLC),
which was equipped with a UV detector (SPD-20AV, Shimadzu Corp., Kyoto, Japan) at a
wavelength of 215 nm, and a size-exclusion column (Superdex Peptide10/300GL, GE
Healthcare, IL, USA). The standards used were Ala (98 Da), D-Ala-Gly-Gly (203 Da), aprotinin
(6,500 Da), ribonuclease A (13,700 Da), and carbonic anhydrase (29,000 Da). The mobile phase
was 0.05 mol/L phosphate buffer, 0.15 mol/L sodium chloride, pH 6.8 at a flow rate of 0.7
mL/min. A calibration curve was plotted for the elution time vs. the absolute MW of the

standards, from which the relative mean MW of the protein samples was estimated.

Measurement of ACE inhibitory activity. ACE inhibitory activity was assessed according to
the method described by Cushman and Cheung with some modifications.[31] A sample solution
(25 pL) was mixed with 25 pL of ACE (50 U/L), BSA (0.2 g/L) and sodium borate buffer (100

mmol/L), and then pre-incubated for 5 min at 37 °C. Separately, 8.3 mmol/L of N-Hippuryl-His-



Leu tetrahydrate (HHL) (Sigma-Aldrich, MO, USA) solution was prepared by dissolving 0.1 mol
/L sodium borate buffer, pH 8.3, containing 0.5 mol/L sodium chloride. The reaction was
initiated by adding 75 pL of HHL solution to 50 pL of the sample and ACE solution, which was
incubated for 60 min at 37 °C. The reaction was stopped by adding of 250 uL of captopril
solution 10 mg/L in a mixture of acetonitrile-methanol- acetic acid (5:5:1). The sample was
separated by centrifugation (10,000 xg, 5 min, 4 °C). The hippuric acid liberated by the ACE
reaction in the supernatant was analyzed by HPLC on a J’sphere-ODS-M80 (4.6 mm x 250 mm)
column (YMC, Kyoto, Japan). The flow rate was 1 mL/minwith a mobile phase of 20%
methanol and 80% ammonium phosphate buffer (20 mmol/L, pH 3.2) and monitored by UV at

228 nm. ACE inhibition was calculated using the following equation:

) _ (Absno sample — Abssample)

ACE inhibition (%
Absno sample

x 100 (5)

where Absno sample IS the absorbance of the enzyme-substrate mixture in the absence of squid pen
proteins, whereas Abssample iS the absorbance of the enzyme-substrate mixture in the presence of
proteins. The protein concentration effecting a 50% reduction of ACE activity was defined as the

50% inhibitory concentration (ICsp) value.

3. Results and Discussion

Composition of squid pen. The inorganic component of the squid pen was determined by weight
difference after burning, which was less than 1%. The protein composition of the squid pen is 61
wt% (Table 1). High ratio amino acids are alanine, glycine, proline, and histidine. Furthermore,

the protein composition was also evaluated from the remaining weight after deproteinization, in



which the squid pen (2 g) was soaked in an aqueous sodium hydroxide solution (1 mol/L) for 2 h
at 70 °C with stirring and we obtained 61 wt% of the protein composition. Therefore, the B-chitin
composition was evaluated as 39 wt% by subtracting the weight ratio of the protein from the squid

pen.

Table 1. Amino acid composition of squid pen.

Total amino acids

mg/g mol%

Asp 276 45
Thr 17.6 2.9
Ser 17.5 2.9
Glu 28.3 4.6
Pro 76.2 12.5
Gly 82.3 135
Ala 89.4 14.6
Cys 4.1 0.7
Val 39.9 6.5
Met 6.8 11
lleu 14.5 24
Leu 38.6 6.3
Tyr 598 9.8
Phe 19.3 3.2
His 63.3 10.4
Lys 221 36

10



Try ND ND
Arg 3.5 0.6

Total 610.8 100

Weight change of squid pen. Figure 1 shows the weight change of the high-temperature water-
treated squid pen at (a) 150 °C, (b) 200 °C, (c) 250 °C, and (d) 300 °C. At 150°C, the weight
change of the squid pen decreases slowly. At 200 °C, the weight change of the squid pen decreases
gradually, and plateaus at approximately around 30%—40%. At 250 °C, the weight change of the
squid pen decreases to 30%-40% at 30 min, which was faster than that at 150 and 200 °C. Whereas
at 300 °C, the weight change of the squid pen decreases drastically and reaches 0% at 30 min. The
weight change of squid pen is due to the progress of protein hydrolysis as described later. The rate
of weight change increases with increasing treatment temperature. Additionally, the final values
of weight change after treatment with high-temperature water at 200 and 250 °C were

approximately 30%-40%.
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Figure 1. Effect of high-temperature water treatment on the weight of squid pen at (a) 150 °C, (b)

200 °C, (c) 250 °C, and (d) 300 °C.

Crystallographic parameters of the solid residue. Figure 2 shows the XRD patterns of untreated

and 250 °C water treated squid pen. The crystallographic parameters of the squid pen are listed in

Table 2. For the untreated squid pen, we observed a peak derived from B-chitin which has two

diffraction peaks at 8.5 and 19.7° corresponding to the [010] and [1-10] mixed planes,

respectively.[12] The crystallinity index (Cl) and the crystal size (CS) of the squid pen increase

with high-temperature water treatments, although the d-spacing remains unchanged. Previously,

we reported the effect of high-temperature water

treatment on the crystallographic parameters of

pure B-chitin and observed the same tendency of squid pen in this work.[27]

12
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Figure 2. Effect of high-temperature water treatment at 250 °C on the X-ray diffraction pattern of

squid pen.
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Table 2. Crystallinity index (CI), d-spacing, and crystal size (CS) values determined for squid pen

before and after the high-temperature water treatment.

Heating Heating CI[%] d-spacing[A]  CS[nm]

temperature [°C]  time [min] [1-10] [010] [1-10] [1-10]

No treatment 76 108 45 5.7
150 30 79 10.1 4.5 6.2
60 79 101 45 6.0
120 81 10.0 4.5 6.2
180 84 10.3 4.4 6.5
200 10 85 11.3 4.6 94
20 89 106 46 7.2
40 83 10.1 4.5 7.2
60 89 105 44 7.0
250 3 87 10.7 4.5 6.6
5 88 10.5 4.5 7.4
7 91 10.3 4.4 7.5
10 89 9.9 4.7 8.1
20 86 9.7 4.4 7.0
30 78 101 45 6.6
40 82 10.3 4.5 6.6
Reagent B-chitin 85 108 45 5.8

Chemical structure of the solid residue. Figure 3 shows the FTIR spectra of untreated and at
250 °C high-temperature water treated squid pen. The peaks of the untreated squid pen are like

those of reagent B-chitin. The peaks at 3400 and 3300 cm™* are derived from O—H and N-H

14



stretching, the peaks at 1655 and 1630 cm ™ are amide | bands and the peak at 1550 cm™ is an
amide 1l band.[32] Even after the high-temperature water treatment, the peaks did not change
notably. These results indicate that the chemical structure and the intra- and inter-molecular

hydrogen bonds of B-chitin are relatively stable for up to 40 min below 250 °C.

Reagent

W B-chitin

TN e | 40 Min
TN e | 20

10 min

~———————\ 3 min
Untreated
squid pen

4000 3000 2000 1000
Wave number [cm™]

Figure 3. Effect of high-temperature water treatment at 250 °C on the Fourier transformed infrared

spectra of squid pen.

Properties of B-chitin nanofibers (B-ChNFs). The solid residue obtained by high-temperature
water treatment was disintegrated into NF by wet pulverization with 10 passes. FE-SEM images
of the squid pen after high-temperature water treatment and wet pulverization are shown in Figure
4. NF structures observed for the squid pen treated with high-temperature water. However, lumps
are observed even after 10 passes (Figure 4 (h)), indicating that the untreated squid pen is not
converted to NFs. Therefore, it may be difficult to disintegrate into NFs from protein and -chitin

structures.
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Figure 4. Field-emission scanning electron microscopy micrographs of the -chitin nanofibers at
(a-b) 150 °C for 120 and 180 min, (c-d) 200 °C for 60 and 120 min, (e-f) 250 °C for 10 and 30 min,

respectively; (g) Reagent B-chitin; and (h) squid pen (untreated).

The width distributions of the B-ChNFs are shown in Figure 5. The histogram of the reagent j3-
ChNFs after 10 passes shows a narrow distribution with a 22.2 nm average. Squid pens treated at
150 °C for 120 min and 180 min show wide distributions, and thick fibers above 80 nm in width

are often observed. For the squid pen treated at 200 °C, the distribution becomes narrower with

16



increasing treatment time from 60 to 120 min. Distributing the squid pen treated at 250 °C for 10
min is the narrowest, and the distribution is like the reagent 3-ChNFs. However, for the squid pen

treated at 250 °C for 30 min, the distribution becomes wider again.
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Figure 5. Width distributions of the B-chitin nanofibers at (a-b) 150 °C for 120 and 180 min, (c-d)
200 °C for 60 and 120 min, (e-f) 250 °C for 10 and 30 min, respectively, and with (g) B-chitin

reagent.

18



Photographs of the squid pen and B-ChNFs (1 w/v%) after 10 passes and the transmittance are
shown in Figure 6. The transmittance of the samples separated into two phases was measured
during one temporary phase after shaking. The reagent B-ChNFs are clear and homogeneous. -
ChNFs obtained at 150 °C for 120 and 180 min become turbid, and two phases can be observed.
The B-ChNFs obtained at 200 °C for 60 min also show two phases. The B-ChNFs from the 200 °C
treatment for 120 min become clear and one phase. The B-ChNFs obtained at 250 °C for 60 and
120 min separate the two phases again, and the color changes to brown. The transmittance at
200 °C for 120 min is like the reagent B-ChNFs and the appearance of both samples did not change

for a week.

Reagent | Squid pen after high-temperature water

Samples B-chitin treatment
Temp. [°C] - 150 | 150 | 200 | 200 | 250 | 250
Time [min] - 120 | 180 60 120 10 30
Transparent [%)] 82 16 26 21 69 19 8
Photographs

| of

Figure 6. Transmittance and photographs of the B-chitin nanofiber dispersions.

Protein measurements in the liquid product. Figure 7 shows the effect of high-temperature
water treatment on the protein yield in the aqueous liquid phase. At 150 °C, the protein yield slowly
increases and plateaus at approximately 60%. At 200 °C and 250 °C, the protein yield gradually
increases to 50%-60% at 40 min and 15 min, respectively, and subsequently decreases. At 300 °C,
the protein yield quickly increases to 50% within 5 min and then decreases gradually. Therefore,

the rate of protein yield increases with increasing temperature. Additionally, the maximum value
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of the protein yields after high-temperature water treatments is approximately 60%, which is like

the protein composition of the raw squid pen.
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Figure 7. Effect of high-temperature water treatment on the protein yield of squid pen at (a) 150

°C, (b) 200 °C, (c) 250 °C, and (d) 300 °C.

Molecular weight (MW) of the liquid product. Figure 8 shows the effect of high-temperature
water treatment on the MW distribution of the liquid products. Table 3 shows the area ratio of each
MW presented in Figure 8. For the 200 °C treatment for 10 min, the main MW is in the range of
1x10% ~ 5x10%. The MW decreases with increasing treatment time, and the main MW is in the
range of 2x102 ~ 5x10? at 200 °C for 60 min. At 250 °C for 3 min, the MW distribution is like that

at 200 °C for 10 min. The main MW decreases to 2x10? ~ 5x10? with the 250 °C treatment for 15

20



min. Therefore, the rate of MW change increases with increasing treatment temperature. Further,

the MW of the liquid products can be controlled by changing the treatment temperature and time.

Figure 8. Molecular weight (MW) distribution of the liquid products from squid pen after high-

temperature water treatment at (a) 200 °C and (b) 250 °C.
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Table 3. Molecular weight (MW) distribution of the liquid products from squid pen after high-

temperature water treatment.

Temperature [°C] 200 250

Treatment time [min] 10 20 30 40 60 3 7 10 15
5x10%~ 1x10° 02 04 02 06 04 14 04 01 06
1x10*~ 5x10* 133 112 65 65 79 129 59 42 43
5x10° ~ 1x10* 98 87 81 69 64 112 60 52 46

MW 1x10°~5x10° 311 275 245 244 206 309 220 178 10.2
5x10%~ 1x10° 139 146 158 154 15.0 132 156 150 115
2x10? ~ 5x102 184 214 241 239 25.2 165 249 278 308
1x10% ~ 2x10? 13.2 162 208 222 246 141 251 298 38.0

ACE inhibitory activity of the liquid product. Figure 9 shows the effect of high-temperature

water treatment on the ACE inhibitory activity of the liquid products. At 150 °C, the ACE

inhibitory activity remains at approximately 40% regardless of treatment time. At 200 °C, the ACE

inhibitory activity peaks at approximately 40 min. At 250 °C, the ACE inhibitory activity is higher

at shorter treatment times, and it gradually decreases to approximately 10% at 40 min.
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Figure 9. Effect of high-temperature water treatment on the angiotensin 1-converting enzyme
(ACE) inhibitory activity of liquid product from squid pen at (a) 150 °C, (b) 200 °C, and (c) 250

°C.

Figure 10 shows the ACE inhibitory activity of the squid pen treated at 200 °C for 40 min and at
250 °C for 3 min in a dose-dependent manner, with half maximal inhibitory concentration (I1Cso)
values of 0.15 mg/mL and 0.2 mg/mL, respectively. These ICso values are comparable with those
of reported peptides from marine sources derived from enzymatic hydrolysis such as cobia head
and dwarf gulper shark,[24] sea bream scales,[33] and Wakame (Undaria pinnatifida).[34]
However, unlike these marine peptides, we did not use an expensive enzyme, which is an

advantage of this method.
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Figure 10. Half maximal inhibitory concentration (ICso) of the liquid product from squid pen.

Conversion of squid pen into solid p-chitin and water-soluble peptides. The final weight
change after treatment with high-temperature water below 250 °C was at approximately 30%—40%,
which corresponds to the composition of B-chitin in the squid pen. The protein yields in aqueous
medium after treatment with high-temperature water were approximately 50%-60%, which is
close to the protein composition in the squid pen. From the XRD and IR analyses (Fig. 2, 3, and
Table 2), the solid residue is mainly B-chitin. The chemical structure of B-chitin is relatively stable
up to 40 min at 250 °C. These results indicate that after high-temperature water treatment, p-chitin

and protein can be obtained as a solid residue and liquid-based solution, respectively.

Relationship between B-ChNFs properties and the weight change and protein yield. The

weight change of the squid pen and amount of remaining protein were strongly related to the
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physicochemical properties of B-ChNFs such as their distribution and transmittance. At 150 °C for
120 and 180 min, the weight change (Fig. 1 (a)) and the protein yield (Fig. 7 (a)) are 60% and 30%,
respectively, indicating that 30%-40% of protein remained in the solid residue. The average NF
width at 150 °C for 120 and 180 min is greater than reagent B-ChNF (Fig. 5), which is probably
because of the remaining protein. At 200 °C for 60 min, the weight change (Fig. 1 (b)) and the
protein yield (Fig. 7 (b)) were 40% and 50%, respectively, indicating that 0%—10% of the protein
remains in the solid residue. The NF width at 200 °C for 60 min is slightly greater than reagent p-
ChNF (Fig. 5), which is probably related to the low amount of remaining protein. At 200 °C for
120 min, the weight change is 40% with a 40% protein yield, which is observed after the peak of
protein yield. In high-temperature water, the protein is hydrolyzed to amino acids, and thereafter,
the amino acid is decomposed.[7-9] In this work, the protein yield was estimated by the Lowry
method, and the amino acid and decomposition products could not be detected. Therefore, the
protein yield showed a peak relative to the treatment time. Thus, there is no remaining protein was
after treatment at 200 °C for 120 min. The width of the correspondent NF is like that of reagent -
ChNF (Fig. 7), which is probably due to the complete removal of the protein. The weight change
(Fig. 1 (c)) and protein yield (Fig. 7 (c)) at 250 °C for 10 min are both 50%, indicating that 10%
of the protein remains in the solid residue. However, the average NF width at 250 °C for 10 min
is smaller than reagent B-ChNF (Fig. 5), which is probably due to the partial decomposition of -
chitin.[35-37] At 250 °C for 30 min, the weight change and protein yield are 30% and 60%,
respectively, indicating that 0% of the protein remains in the solid residue. However, distributing
the NF width at 250 °C for 30 min differs from that of reagent B-ChNF (Fig. 5), which is probably

due to the partial decomposition of B-chitin. From the XRD and IR data, the crystallite structure
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and chemical bonds do not change significantly; however, they are slightly decomposed, and the

properties of B-ChNF are changed at 250 °C for 30 min.

Relationship between ACE inhibitory activity and molecular weight (MW) of protein. The
MW of the protein decreased through hydrolysis in high-temperature water; however, it occurred
at lower temperatures than B-chitin. Proteins with a high MW may change a peptide with a low
MW. The function of peptides, such as ACE inhibitory activity, is affected by the MW.[24] High-
temperature water treatment can achieve not only extraction of peptides but also control the MW

by treatment temperature and time.

As shown in Figure 9, the ACE inhibitory activities peak at 200 °C for 40 min and at 250 °C for
3 min. The MW distribution at 200 °C for 40 min was between 30 min and 60 min. Peptides with
a higher MW within 30 min and those with a lower MW over 60 min are not effective for ACE
inhibitory activities. At 250 °C, the MW distribution at 3 min was higher than that at 7 min, and
the maximum ACE inhibitory activity was also observed at 3 min. These results indicate that there
is an appropriate MW for the ACE inhibitory activity, and higher and lower MW are not effective.
However, the MW distributions at 200 °C for 40 min and at 250 °C for 3 min were different.
Previous studies have demonstrated how peptides with a specific sequence of amino acid are
effective for ACE inhibitory activity.[24,25] The high ACE inhibitory activity at 200 °C for 40
min and at 250 °C for 3 min is probably related to the amount of the specific peptide; however, it

is not clear which peptide was effective in this work.
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High-temperature water treatment for complete utilization of squid pen. The non-catalytic
hydrolysis of the protein in high-temperature water is due to the higher concentration of OH" ions
at 150-250 °C than that at ambient temperature. The concentration of OH ion at 25 °C is 1.0 x 10
" 'mol/kg, which increases with temperatures up to approximately 250 °C. For example, the
concentrations of OH" ions at saturated vapor pressures of 150 °C, 200 °C, and 250 °C are 1.8 x
10 mol/kg, 2.3 x 10° mol/kg, and 2.5 x 10 mol/kg, respectively. The dissociation of water
molecules into H and OH" ions is an endothermic process; therefore, the equilibrium constant for
this process increases with temperature. The combined effects of high OH" concentrations and
temperatures are responsible for the non-catalytic hydrolysis of proteins observed in the absence

of added alkali.

An alkaline aqueous solution is needed for the hydrolysis of proteins, which yields a
mixture of protein and an alkaline solution. To use this protein, the alkaline must be neutralized
and removed. Therefore, the utilization of the protein obtained from the B-chitin production was
not achieved commercially. The process should be optimized to use most of this natural resource,
as retaining a limited portion while discarding the residue is not sustainable. A solution to this
problem is the use of high-temperature water treatment. The complete utilization of squid pen (i.e.,

B-chitin and protein) can be achieved using only water.
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4. Conclusions

(1) The squid pen was treated with high-temperature water (150-250 °C, 30-120 min), obtaining

B-chitin as a solid residue and protein as a water-soluble peptide.

(2) The properties of the B-chitin obtained were like those of the reagent p-chitin.

(3) The physicochemical properties of the B-ChNFs obtained were almost the same as those of the

reagent B-ChNFs. B-ChNFs can apply for medical supplies, cosmetics, and food.

(4) The molecular weight of the water-soluble peptide could be controlled by changing the

treatment conditions, such as temperature and reaction time.

(5) The water-soluble peptide can be used for lowering blood pressure, which may augment

circulation levels.

(6) These results indicate that high-temperature water treatment is an effective method for the

complete utilization of squid pen.

(7) In the future, high-temperature water treatment will be used for not only squid pen but also

various biomass resources containing carbohydrates and proteins.
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