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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Quancai Sun The effects of tissue sources on gelatin’s physicochemical and functional properties remain unclear. This work
aimed to analyze the effects of five tissue sources on the properties of fish gelatins. Five gelatins were extracted
from different silver carp by-products (skin, scale, fin, head, and bone) and the effects of tissue sources on the
gelatin’s properties were studied. The gelatin’s fB-sheet percentages and total sodium dodecyl sulfate-
polyacrylamide gel electrophoresis band intensities (B, a1, and a2 chains) showed similar dependence to the
tissue sources: skin = scale > fin ~ head > bone. Bone-related gelatins (from head and bone) showed lower
water-holding capacity and fat-binding capacity values than the other gelatins. Tissue sources significantly
affected the gelatin’s gel strength values: skin ~ fin > scale > bone ~ head. Scale and bone gelatin solutions had
significantly lower rheological apparent viscosities than other by-product gelatin solutions. The interfacial
tension and rheological apparent viscosity values of the fish oil-loaded gelatin-stabilized emulsions depended on
the gelatin tissue sources and gelatin concentrations. In particular, skin, scale, and fin gelatins induced no
obvious emulsion creaming at the gelatin concentration of 10 g/L during the emulsion storage. Bone-related
gelatins induced higher emulsion creaming index values for the emulsions with 10 g/L of gelatins during the
emulsion storage. This work confirmed tissue sources could significantly affect the properties of gelatins. Five
tissue sources had different effects on the structural, physicochemical, and emulsifying properties of silver carp
by-product gelatins. Especially, the gelatins from different silver carp by-products showed different water-
holding and fat-binding capacities, gel strengths, interfacial tension, rheological apparent viscosities, and
emulsion stabilization abilities. These properties are important considerations for the application of silver carp
by-product gelatins in food and other industries.
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1. Introduction

Gelatins have been widely explored as emulsifiers to stabilize fish oil-
in-water emulsions (Zhang et al., 2020; Chen et al., 2024). Fish oils are
enriched with omega-3 polyunsaturated fatty acids and have many
physiological and therapeutic functions (Du et al., 2022). The applica-
tion of fish oil emulsions can encapsulate fish oil for protection, convert
fish oil into water-soluble systems, and isolate the fishy taste of fish oil

(Ding et al., 2019). Until now, both mammalian and fish gelatins have
been applied as emulsifiers to stabilize fish oil emulsions (Xu et al.,
2021; Zhang et al., 2020).

Fish gelatin has attracted much attention among the gelatins from
different animals. Fish gelatin is a partial hydrolysis polymer from
native collagen in collagen-enriched sources of many fish species. It has
already been considered as a promising alternative to mammalian
gelatin. It was due to the several significant advantages of fish gelatin
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such as low human-animal infectious risks and acceptance for some
religious people (e.g., Jews, Hindus, and Muslims) compared with
mammalian gelatins (Lv et al., 2019; Le and Yang, 2022; Nie et al.,
2022). In the field of food science, it has been widely explored as ad-
ditives (Feng et al., 2017), emulsifiers (Ding et al., 2020b), packaging
materials (Chen et al., 2022), etc.

The effect of the extraction factors on the properties of fish gelatin is
an important issue for the development and application of fish gelatin.
Fish species (e.g., two freshwater and two marine fishes) could affect the
physicochemical and functional properties of gelatins (Yang et al.,
2022a). Extraction methods (e.g., acetic acid-, hot water-, and
enzyme-pretreated methods) also could affect the properties of gelatins
from tilapia skin (Zhang et al., 2020), tilapia fish scales (Peng et al.,
2022), silver carp scale (Xu et al., 2021), and silver carp fin (Yang et al.,
2022b). In addition, the enzyme amounts in the extraction process could
affect the properties of gelatin from silver carp bone (Wu et al., 2022).
However, the effects of tissue sources on the physicochemical and
functional properties of fish gelatins have not been systematically and
comprehensively explored until now.

Silver carp (Hypophthalmichthys molitrix) by products are good tissue
sources for the extraction of gelatins. Silver carp is one of the most
widely cultured and traded fish species in the world (Jawdhari et al.,
2022). It is a good fish source for surimi production and is widely used
for surimi-based food production in China (Wang et al., 2023). After
surimi production, fish by-products (e.g., skin, scale, fin, bone, and head;
60-70% of fish weight) are usually discarded as wastes, which might
cause potential environmental issues (Zhang et al., 2020). Some silver
carp by-products could be processed into value-added ingredients for
novel food development. Typical ingredients include scale gelatin
emulsifiers (Xu et al., 2021) and fish frames/heads hydrolysates nitro-
gen source (Zhang et al., 2023). Therefore, high value-added utilization
of silver carp by-products is an important aquatic industry requirement.

Herein, the effects of five tissue sources of silver carp by-products on
the structural, physicochemical, and emulsifying properties of gelatins
were studied to analyze how their structures affect their function. The
structure and function of biomolecules remain one of the major chal-
lenges in biology. First, an acetic acid-pretreated method was used to
extract five silver carp by-product gelatins: skin gelatin (SKG), scale
gelatin (SCG), fin gelatin (FIG), head gelatin (HEG), and bone gelatin
(BOG). Second, the structural properties of the gelatins were studied.
Third, the physicochemical properties of the gelatins were discussed.
Fourth, the formation and stability of the fish oil emulsions stabilized by
the gelatins were investigated. Finally, the emulsion-related parameters
of the gelatins were studied. The results would provide useful infor-
mation to understand the relationships among tissue sources, structural
characteristics, physicochemical properties, and emulsifying properties
of silver carp by-products gelatins. In addition, it also could guide the
application of fish by-product gelatins in food and other industries.

2. Materials and methods
2.1. Materials

Frozen silver carp by-products (skins with scales, fins, heads, or
bones) were bought from Hubei Boao Food Co. Ltd. (Danjiangkou City,
Hubei Province, China). The skins with scales were separated to obtain
skins and scales. All the by-products were washed, subpackaged in
polyethylene sealing bags, and stored at —20 °C in a refrigerator. Fish oil
with a DHA + EPA mass ratio of >70% (Xi’an Qianyecao Biological
Technology Co., Ltd., Xi’an City, Shaanxi Province, China) was stored at
4 °C in a refrigerator.

2.2. Gelatin extraction from silver carp by-products

Five fish gelatins were extracted from silver carp by-products using
an acetic acid-pretreated method (Xu et al., 2021; Peng et al., 2022;
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Yang et al., 2022a). The extraction process is shown in Fig. 1. The
extraction process was conducted with a by-product: liquid ratio of 1:10
(w/v) and continuous stirring (Speed indicated in parentheses) using a
magnetic stirrer. The fish skins and fins were cut into small pieces. The
muscles, eyes, gills, and other contents of the fish head were removed.
Then the fish head was washed and cut into small pieces (cartilage, hard
bones, and skins). The spine bones were obtained by removing muscles
and spikes. The spine bones were cut into vertebrae pieces. All the tissue
pieces were cleaned with water. Then, fish by-products were mixed
(300 rpm) with 0.1 mol/L of NaOH for 1 h to remove fats and
non-collagenous proteins. After rinsing with water to pH 7, the scale, fin,
head, and bone samples were mixed (300 rpm) with 0.2 mol/L ethylene
diamine tetraacetic acid (Beijing Suolaibao Technology Co., Ltd., China)
solution for 2 h to remove minerals. After rinsing with water to pH 7, the
samples were pretreated (200 rpm, no magnetic stirring for fish skin
sample) with 0.05 mol/L of acetic acid solution for 3 h. After rinsing
with water to pH 7, the samples were mixed with water. The samples
were heated (120 rpm) with water at 55 °C for 6 h to extract the gelatins
into the water. Then, the solutions were filtered with four layers of gauze
and centrifuged at a speed of 10000xg for 10 min. The obtained solu-
tions were freeze-dried to obtain solid silver carp by-product gelation
samples. The gelatin production yield (Y) was obtained by dividing the
obtained gelatin mass by the used silver carp by-product mass and
multiplying by 100.

2.3. Attenuated total reflectance Fourier transform infrared spectrometry

The attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectrometer (Spotlight 400, PerkinElmer, Waltham, Massachu-
setts, USA) was used to analyze the absorbance spectra of the obtained
silver carp by-product gelatins with 16 scans. The resolution was 1 cm ™.
SeaSolve PeakFit software (v4.12, San Jose, USA) was used for the
secondary structure percentages analyses by fitting the amide I band (Xu

et al., 2021).
2.4. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Gelatin solution (2 g/L, pH 7.0) was mixed with 5 x sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample loading
buffer (GenScript, Nanjing, China) (Zhang et al., 2020). After boiling,
10 pL of the mixture was put in SurePAGE Bis-Tris 4-20% gel (Gen-
Script). Protein Standard (GenScript) was also loaded into the SurePAGE
gel. The electrophoresis was achieved at 120 V for 80 min in a mini-slab
AE-6500 electrophoresis system (ATTO Corporation, Tokyo, Japan).
After staining by a Coomassie Blue Staining Solution (Labgic Technology
Co. Ltd., Beijing, China) for 3 h, the gel was destained by an aqueous
mixture of ethanol/acetic acid/water (2:1:7, v/v/v) for 8 h. The gel was
photographed using a digital camera.

2.5. Scanning electron microscopy

The freeze-dried silver carp by-product gelatins were observed using
a S-3400 scanning electron microscope (SEM, Hitachi, Tokyo, Japan)
(Yang et al., 2022b). The samples were prepared by attaching them to a
conductive adhesive and then sputtering platinum for 50 s before SEM
observation. The acceleration voltage was 5.00 kV.

2.6. Atomic force microscopy

Silver carp by-product gelatin solutions (2.5 g/L) were obtained by
dissolving them in ultrapure water. Subsequently, 10 pL of the samples
were put on the mica surfaces and dried overnight. A Bioscope Resolve
atomic force microscope (AFM, Bruker Corporation, Signal Hill, CA,
USA) with the ScanAsyst in Air mode was applied to observe the mor-
phologies of the samples (Shi et al., 2019). The scanning rate was 1.0 Hz.
The spring constant of the SNL-series silicon cantilevers was 0.35 N/m.
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Fig. 1. Extraction process of silver carp by-product gelatins from different tissue sources (skin, scale, fin, head, and bone).

Some tissue sources were shown on the black backgrounds. The extraction processes were performed in the glass beakers. During the extraction process, some
samples were put on the plastic Petri dishes to show the sample statuses. The obtained filtered solutions were put into the plastic Petri dishes and freeze-dried to
obtain the dried gelatins. Some gelatins were put in the glass vials to show the sample statuses.

The obtained images were treated with a “flatten” function in the
commercial software before the subsequent analyses.

2.7. Gelatin gel strength

Briefly, 0.667 g of gelatin samples were dissolved in 10 mL of water
in glass beakers with 25 mL specification at 45 °C for 2 h. The pH was
5.0-7.0 for these samples. The height and diameter of cylindrical gelatin
gels were 12 and 33 mm, respectively. After cooling at 10 °C for 16 h, a
TA. GEL Texture Analyzer (Shanghai Bosin Industrial Development Co.,
Ltd., Shanghai, China) with a plunger with a diameter of 1.27 cm was
used to analyze the samples. The load cell specification was 50 N. The
depression experiments were done for 4 mm with a plunger speed of 1
mm/s. The penetration distance was 33% of the gel height. The gel
strength values (maximum forces) were recorded in N (Zhang et al.,
2020).

2.8. Turbidity

Silver carp by-product gelatin solutions (10 g/L) were obtained by
dissolving them in ultrapure water (45 °C, 180 rpm, 60 min). Then, the
pH was adjusted to the designated values (3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0,
10.0, and 11.0) using 1 mol/L HCI solution or 1 mol/L NaOH solution.
The samples were photographed using a digital camera. The trans-
parency values of the sample solutions were measured using a T6 UV
spectrophotometer (Purkinje General Instrument Co. Ltd., Beijing,
China) at 600 nm and the transparency values were (Zhang et al., 2020).

2.9. Rheological measurements

Silver carp by-product gelatin solutions (50 g/L) were obtained by
dissolving them in ultrapure water (45 °C, 180 rpm, 60 min). The gelatin
solution pH was adjusted to 7.0. Silver carp by-product gelatin solutions
(2, 6, and 10 g/L, pH 7.0) were mixed with fish oil (1:1, v/v). The
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mixtures were homogenized at 11500 rpm for 60 s to obtain emulsions
using a T 10 basic ULTRA-TURRAX® homogenizer (10 mm head, IKA,
Guangzhou, China) (Ding et al., 2020b).

The rheological properties of the gelatin solutions and emulsions
were examined using a DHR-3 Discovery Hybrid Rheometer (TA In-
struments, Inc., New Castle, DE, USA) with a parallel plate (diameter: 40
mm) at 25 °C (Primozic et al., 2017; Netter et al., 2020). The operating
gap was 1 mm. Strain sweeps were performed at the shear strain range of
0.1%-100% and the constant frequency of 1 rad/s. The viscosity (Paes)
was shown at different shear rates (1/s). The storage modulus (G’) and
loss modulus (G”) were shown at strain (%).

2.10. Water-holding capacity and fat-binding capacity

The freeze-dried gelatins (0.1 g) were added to 5 mL of water or fish
oil in 20 mL glass vials. The samples were vortexed for 5 s and stood for
2 min to see the gelatin status in water or fish oil. To analyze water-
holding capacity (WHC) and fat-binding capacity (FBC), the gelatins
(0.1 g) were added to 5 mL of water or fish oil in 50 mL centrifuge tubes.
The samples were vortexed for 5 s every 15 min in 1 h. After centrifuging
(450%g) for 20 min, the top liquids were removed and the tubes were
tilted (45° angle) for 30 min to let the unadsorbed fish oil flow away. The
values (g/g) were obtained by dividing the differences between the
remained content masses and the used gelatins by the used gelatins
(Shyni et al., 2014).

2.11. Emulsion preparation and storage stability

Silver carp by-product gelatin solutions (2, 6, and 10 g/L, pH 7.0)
were mixed with fish oil (1:1, v/v). The mixtures were homogenized at
11500 rpm for 60 s to obtain emulsions using a T 10 basic ULTRA-
TURRAX® homogenizer (10 mm head, IKA, Guangzhou, China) (Ding
et al., 2020b). At room temperature, the emulsions were photographed
and the creaming index (CI) values were analyzed by dividing the serum
height by the emulsion height and multiplying by 100.

The emulsion droplets were observed using an ML8000 upright op-
tical microscope (Shanghai Minz Precision Instruments Co. Ltd.,
Shanghai, China) with an objective of 40 x . Three batches of experi-
ments were performed and some images were randomly selected from
each batch. The emulsion droplet sizes in these images were completely
measured (300-800 droplets). The frequency distribution was analyzed
with multiple peak Gauss fitting (Ding et al., 2020a).

2.12. Emulsifying parameters

Silver carp by-product gelatin solutions (C = 2, 6, and 10 g/L, pH
7.0) were used to prepare emulsions, as described in Section 2.9. At
0 and 10 min, 20 pL of the liquid emulsion was diluted (Dilution factor
= 300) with 5.98 mL of SDS solution (0.001 g/mL). After vortexing for
10 s, the UV-vis absorbances (A¢ and A; at 0 and 10 min, respectively)
of the samples were determined using the T6 UV spectrophotometer at
500 nm. The parameters were obtained (Zhang et al., 2022):

~ 2x2.303 x Ag x 300

Emulsion activity index (EALm* / g) = 05 % C % 10000 €))

Ap x 10
Emulsion stability index (ESI, min) = Lo x 2T (2)
Ao — Ao
where 2 is the equation coefficient and 2.303 is the conversion value of
In and log (Wanyi et al., 2020).

2.13. Interfacial tension
A PZ-A2 surface tension meter (Beijing Pinzhichuangsi Precision Co.,

Ltd., Beijing, China) was applied to analyze the interfacial tension be-
tween fish oil and silver carp by-product gelatin solutions (2, 6, and 10
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g/L) (Gong et al., 2024b). Fish oil (10 mL) was added to the gelatin
solution (10 mL) in a 25 mL glass beaker. A platinum ring was put into
the fish oil. After taring the interfacial tension, the platinum ring was put
in the gelatin solution for 5 min. The interfacial tension (the maximum
force) was obtained in mN/m when the ring was pulled out.

2.14. Emulsion apparent viscosity

Silver carp by-product gelatin solutions (2, 6, and 10 g/L, pH 7.0)
were used to prepare emulsions, as described in Section 2.9. The
emulsion’s apparent viscosity was measured using the NDJ-5S digital
display rotary viscometer (Shanghai Jingtian Electronic Instrument Co.,
Ltd., Shanghai, China) (Liu et al., 2023). The used rotor was type 4 with
a cylindrical shape (11.5 cm in length and 0.3 cm in diameter). The
emulsion height was 8.4 cm and the rotor was immersed into the
emulsions with a depth of 3.6 cm. The rotary speed was 60 rpm.

2.15. Statistical analysis

Four batches of gelatins were extracted from each tissue source.
Three batches of samples were prepared for each experimental analysis.
The data were described as mean + standard deviation (n = 3). One-way
ANOVA with Duncan analysis was used to analyze significant differ-
ences (p < 0.001).

3. Results and discussion
3.1. Production yields of silver carp by-product gelatins

Five types of fish gelatins (SKG, SCG, FIG, HEG, and BOG) were
extracted from different silver carp by-products (skin, scale, fin, head,
and bone) using a classical acetic acid-pretreated method (Fig. 1) (Xu
etal., 2021; Peng et al., 2022; Yang et al., 2022a). The production yields
were dependent on the tissue sources: 26.0% =+ 1.3% (skin) > 17.4% +
0.5% (scale) > 3.4% =+ 0.2% (head) > 3.0% =+ 0.1% (fin) > 1.4% +
0.1% (spine bone). The production yield (26.0% =+ 1.3%) of SKG was
slightly higher than that (23.2% + 1.3%) from silver carp skin in our
previous work (Yang et al., 2022a). The production yield (17.4% =+
0.5%) of SCG was slightly lower than that (18.7% =+ 1.4%) from the
silver carp scale in our previous work (Xu et al., 2021). The production
yield (3.0% =+ 0.1%) of FIG was slightly lower than that (5.8% + 0.8%)
from silver carp fin in our previous work (Yang et al., 2022b). The
production yield differences between this and previous works were
acceptable because of their differences such as fish harvest time and
extraction parameters. The increase in the acid concentration, extraction
time, and extraction temperature generally can increase the extraction
yields (Kotodziejska et al., 2008; Boran and Regenstein, 2009; Gong
et al., 2024). Low values of the extraction parameters might induce low
extraction yields and high values of the extraction parameters might
induce some impurities in the final products (Gong et al., 2024).
Therefore, appropriate extraction parameters should be considered to
extract gelatins.

3.2. Structural properties of silver carp by-product gelatins

The sources can significantly affect the molecular weights and amino
acid compositions of the obtained gelatins, which further affect their
molecular structures (Zhang et al., 2020). ATR-FTIR spectra of five silver
carp by-product gelatins (Fig. 2A) showed five obvious bands (Amide A,
Amide B, Amide I, Amide II, and Amide III), which were similar to the
silver carp skin gelatin (Yang et al., 2022a), scale gelatin (Xu et al.,
2021), and fin gelatin (Yang et al., 2022b). Bone-related gelatins (HEG
and BOG) had higher peak heights of Amide B bands and wider peak
widths of Amide II bands than other gelatins. Considering the only dif-
ference among these five gelatins was the tissue source, they might
result from the differences between bone-related tissues (head and spine
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Fig. 2. Structural properties of silver carp by-product gelatins. (A): ATR-FTIR absorbance spectra. (B): SDS-PAGE patterns. The first lane is the protein standard (PS).
(C): Scanning electron microscopy images. White scale bars indicate 1 mm. (D): Atomic force microscopy images. White scale bars (600 nm) are for XY directions. Z

scales (5, 10, or 30 nm) are for Z directions.

bone) and nonbone-related tissues (skin, scale, and fin). Therefore, the
bone-related gelatins (HEG and BOG) had more asymmetrical stretching
of CHy (Amide B) (Yu et al., 2014) and N-H bending coupled with CN
stretching (Amide II) (Noguchi and Sugiura, 2003; Hasanuddin et al.,
2024) than other gelatins (SKG, SCG, and FIG).

The secondary structure percentages were obtained by fitting the
Amide I bands (1700-1600 cm’l) of ATR-FTIR spectra (Fig. S1). For all
the gelatins, the secondary structure percentages order was (Table 1):
B-sheet > p-turn > a-helix ~ random coil > B-antiparallel. The order was
almost similar to that of silver carp fin gelatin (Yang et al., 2022b) and
scale gelatin (Xu et al., 2021) in our previous works. All the gelatins
showed similar a-helix, random coil, and p-antiparallel percentages. The
B-sheet percentages were dependent on gelatin tissue sources: SKG ~
SCG > FIG ~ HEG > BOG. The f-turn percentage order of the gelatins
was reversely consistent with the p-sheet percentage.

The molecular weight distribution of silver carp by-product gelatins
was examined using the SDS-PAGE technique (Fig. 2B). BOG showed no

Table 1

Secondary structure percentage (%) of silver carp by-product gelatins by
analyzing the areas of 1600-1700 cm™! in ATR-FTIR. Different letters indicate
significant differences (p < 0.001) in each column.

Type of B-sheet random o-helix p-turn p-antiparallel

gelatin (%) coil (%) (%) (%) (%)

SKG 45.80 + 14.37 + 13.41 + 2225+  4.17 + 0.488
0.95° 0.57° 0.30° 0.78¢

SCG 45.17 + 13.93 + 13.03 + 23.29 £+  4.57 +0.47%
0.78° 0.48f 0.27° 1.07%

FIG 40.43 + 15.02 + 14.77 + 25.44 £  4.34 +0.14%
0.99° 0.19° 0.17° 0.49¢

HEG 41.86 + 14.72 + 14.35 + 2491+  4.15+0.118
0.81° 0.47f 0.09° 1.08%

BOG 32.79 + 14.80 + 15.97 + 3210 £  4.34 +0.28°%
2.08° 0.06 0.23° 1.61¢
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obvious protein bands, which was consistent with the silver carp spine
bone gelatin using pepsin enzyme method (Wu et al., 2022). In addition,
grass carp skin gelatin using a trypsin pretreatment method also showed
low molecular weights from 15 to 25 kDa (Ruan et al., 2023). It sug-
gested that the collagens in the silver carp spine bones could be easily
hydrolyzed into protein molecules with small molecular weights of <5
kDa. All other four gelatins showed the p chain (SKG and SCG: 260 kDa.
FIG and HEG: 280 kDa), a1 chain (SKG and SCG: 140 kDa. FIG and HEG:
150 kDa), and o2 chain (SKG and SCG: 120 kDa. FIG and HEG: 130 kDa)
of collagen. The SDS-PAGE patterns of SKG, SCG, and FIG were similar
to the silver carp fin gelatin (Yang et al., 2022b), scale gelatin (Xu et al.,
2021), and skin gelatin (Yang et al., 2022a) in our previous work. The
other four gelatins showed similar molecular weight patterns with
slightly different gelatin molecular weights (SKG ~ SCG < FIG ~ HEG).
The total SDS-PAGE band intensities of f, al, and a2 chains were
dependent on the tissue sources: SKG ~ SCG > FIG ~ HEG > BOG. The
order was consistent with the p-sheet percentage order (Table 1) and
reversely consistent with the B-turn percentage order (Table 1). Previous
work suggested that the gelatin molecular weight distribution and in-
tensity were dependent on fish sources and extraction methods (Peng
et al., 2022; Yang et al., 2022a; Yu et al., 2023). This work further
suggested that the gelatin molecular weight distribution and intensity
were also dependent on tissue sources. Therefore, fish sources, tissue
sources, and extraction methods are important factors for the extraction
and application of fish gelatins.
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In the SEM images (Fig. 2C), the freeze-dried silver carp by-product
gelatins showed sheet-like structures, which were similar to silver carp
fin gelatin (Yang et al., 2022b), silver carp scale gelatin (Xu et al., 2021),
and silver carp skin gelatin (Yang et al., 2022a). The sheet sizes were
dependent on the gelatin tissue sources: SCG ~ SKG < FIG ~ HEG <
BOG. The order was reversely consistent with the p-sheet percentage
order (Table 1) based on the ATR-FTIR results and the total SDS-PAGE
band intensities of B, al, and a2 chains in the SDS-PAGE pattern
(Fig. 2B). The order was consistent with the f-turn percentage order
(Table 1) based on the ATR-FTIR results. Therefore, the morphologies of
the freeze-dried gelatin samples were mainly dependent on the protein
SDS-PAGE band intensities and secondary structure percentages (B-sheet
and p-turn).

In AFM images (Fig. 2D), the dried silver carp by-product gelatin
samples showed different deposited molecular aggregates. Both SKG and
SCG showed nanoparticle-aggregated layers. FIG showed large nano-
particles. Both HEG and BOG showed small nanoparticles. Protein self-
assembly behaviors depend on the molecular bond interaction-based
supramolecular strategies (Bai et al., 2016). The aggregate sizes in the
AFM results (Fig. 2D) were dependent on the tissue sources: FIG > HEG
~ BOG > SKG = SCG. It might partially explain the differences in the
ATR-FTIR spectra (Amide B, Amide I, and Amide II) between
bone-related gelatins (HEG and BOG) and other gelatins (SKG, SCG, and
FIG) in Fig. 2A. However, the aggregate size order did not show an
obvious relationship to the SDS-PAGE pattern (Fig. 2B). It suggested that
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the aggregate behaviors of the gelatins were not related with their
molecular weight distribution.

3.3. Physicochemical properties of silver carp by-product gelatins

All the silver carp by-product gelatins could form gels at 10 °C
(Fig. 3A). A large number of gelatin mass (7.5 g of gelatin with 105 mL
water) was required for the gel strength Bloom measurement of a gelatin
(Yang et al., 2022a). However, the production yields of three gelatins
were low (FIG: 3.0% + 0.1%; HEG: 3.4% + 0.2%; and BOG: 1.4% +
0.1%). Therefore, the Bloom values of these five gelatins were not
measured and the gel strength values were measured. The gel strength
values of the gelatins in glass beakers (Fig. 3A) were dependent on the
gelatin tissue sources (Table 2): SKG (7.18 £+ 0.43 N) ~ FIG (6.95 + 0.42
N) > SCG (5.36 &+ 0.37 N) > BOG (4.17 + 0.20 N) ~ HEG (4.03 + 0.06
N). Due to the technique difference, the obtained gel strength values
(Table 2) were higher than the Bloom values (Yang et al., 2022a). It was
important to choose appropriate tissue sources when aquatic gelatins
were considered to be used in food development. The gel strength Bloom
value of silver carp skin gelatin was 361 + 1 Bloom (Yang et al., 2022a).
Therefore, the gel strength Bloom values of silver carp by-product gel-
atins were from 361 to 202 Bloom if the measured Bloom and g values
were assumed in a multiple relationship. The by-product gelatins fit well
with the high-Bloom (200-300 Bloom) gelatins (Haug and Draget,
2011). It suggested the silver carp by-product gelatins might be prom-
ising replacers as mammalian gelatins with high-Bloom.

The silver carp by-product gelatins were added in water (Fig. 3B) and
fish oil (Fig. 3C) and then vortexed for 5 s. After 2 min, the silver carp by-
product gelatins showed different solubility behaviors in the liquids. The
bone-related gelatins (HEG and BOG) showed better solubility in both
water and fish oil than the other gelatins. Both WHC and FBC values
(Table 2) were dependent on the gelatin tissue sources. Bone-related
gelatins (HEG and BOG) showed relatively lower WHC (10.0 +
0.6-13.1 + 0.8 g/g) and FBC (6.7 &+ 0.4-6.7 + 0.7 g/g) values than the
other gelatins (WHC: 18.6 + 0.7-37.6 + 0.8 g/g; FBC: 15.0 &+ 0.2-25.7
+ 1.1 g/g). Moreover, SKG and SCG showed a reverse order between
WHC and FBC values. The results were consistent with that the sources
can significantly affect the molecular weights and amino acid compo-
sitions of the obtained gelatins, which further affect their physico-
chemical properties (Zhang et al., 2020).

At different solution pH (3.0-11.0), all the silver carp by-product
gelatins showed different turbidity behaviors (Fig. 3D). The trans-
parency values of the gelatin solutions (Fig. 3E) showed the gelatins had
different isoelectric points (pIs). The trends of SKG and SCG were
consistent with silver carp skin gelatin (Yang et al., 2022a) and scale
gelatin (Xu et al., 2021), respectively. SKG and SCG solutions were more
transparent than other gelatin solutions and showed the basic pls of pH
9.0 and 10.0, respectively. HEG solution was relatively turbid and
showed an acidic pI of 4.0. FIG solution was significantly turbid at a pH
of >7.0. BOG solution was significantly turbid at all the pH ranges
(3.0-11.0). The differences were due to the gelatin aggregation behav-
iors in the solutions. It explained that FIG had the largest nanoparticles
among the gelatins in the AFM images (Fig. 2D). Therefore, the five
gelatin solutions showed different turbidity.

The rheological properties of silver carp by-product gelatin solutions

Table 2
Gel strength values of gelatin gels. Water-holding capacity. Fat-binding capacity.
Different letters indicate significant differences (p < 0.001) in each column.

Type of Gel strength Water-holding capacity Fat-binding capacity
gelatin (N) (g/8) (g/8)

SKG 7.18 £ 0.43° 37.6 £ 0.8° 15.0 + 0.2°

SCG 536 +0.37°  26.2+0.6" 25.7 + 1.1°

FIG 6.95 + 0.42% 18.6 + 0.7¢ 16.2 + 0.4°

HEG 4.03 + 0.06° 10.0 + 0.6° 6.7 = 0.7¢

BOG 417 £0.20*  13.1 +0.8¢ 6.7 +£0.4°
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were analyzed using a rheometer. The apparent viscosities of the gelatin
solutions (Fig. 3F) decreased with the increase of the shear rate, which
suggested the gelatin solutions were typical pseudoplastic fluids with a
shear-thinning effect (Huang et al., 2020). The apparent viscosities were
dependent on the shear rates and the gelatin sources. Moreover, SCG and
BOG showed significantly lower viscosities than other by-product gel-
atins. The strain (Fig. 3G) sweep showed that G’ values were higher than
G", which also demonstrated the solutions were in typical pseudoplastic
fluid states (Chen et al., 2012; Lin et al., 2024). The G’ and G” were also
dependent on the gelatin sources.

3.4. Formation and stability of emulsions stabilized by silver carp by-
product gelatins

Five types of silver carp by-product gelatins were used to prepare fish
oil-loaded emulsions at different gelatin concentrations (2, 6, and 10 g/
L). After the homogenization preparation, all the emulsions were milk-
white (Fig. 4A: Camera images), which was consistent with our previ-
ous works on fish oil-loaded gelatin-stabilized emulsions (Xu et al.,
2021; Yang et al., 2022b). The emulsions consisted of microscale
droplets in the optical microscopy images (Fig. 4A: 2 g/L, 6 g/L, and 10
g/L). Moreover, the droplet sizes were trimodal (Fig. 4B-F and S2). For
all the silver carp by-product gelatins, the droplet sizes decreased with
the increasing gelatin concentrations, which was consistent with the
behaviors of fish oil-loaded gelatin molecules or nanoparticle-stabilized
emulsions at different gelatin concentrations (Ding et al., 2020b).

The droplet sizes were larger than those induced by silver carp fin
gelatin (Yang et al., 2022b), scale gelatin (Xu et al., 2021), and skin
gelatin (Yang et al., 2022a) in our previous works. It might result from
the different homogenization pH and time. The homogenization pH in
these three previous works was 9.0 and the homogenization pH in this
work was 7.0. The homogenization time for the emulsions induced by
silver carp scale gelatin was 90 s and the homogenization time in other
works was 60 s. Previous works found that droplet sizes decreased with
the increase in homogenization pH and time (Ding et al., 2019, 2020a).
Therefore, it was reasonable that the droplet sizes in this work were
larger than those in the three previous works. Moreover, the droplet
sizes were dependent on the gelatin tissue sources and the gelatin con-
centrations (Fig. 4B-F and S2). Among these samples, SKG at 10 g/L
showed the lowest droplet sizes (Fig. 4B) and FIG at 2 g/L showed the
highest droplet sizes (Fig. 4D).

With time for 28 days (Fig. 5 and Fig. S3), the droplet sizes of all the
emulsions increased with time due to droplet coalescence (Li and Van
der Meeren, 2022). The emulsions stabilized by four types of gelatins
(SKG, SCG, FIG, and HEG) became gels (indicated by asterisks) on day 1,
which was consistent with the emulsions stabilized by silver carp scale
gelatin (Xu et al., 2021). However, BOG-stabilized emulsions became
gels (indicated by asterisks) at day 28, which was consistent with the
emulsions stabilized by pepsin enzyme-pretreated silver carp bone
gelatin (Wu et al., 2022). Therefore, the liquid-gel transition ability of
silver carp by-product gelatin-stabilized emulsions was not dependent
on the extraction methods but dependent on the tissue sources. The
liquid-gel transition might result from the protein SDS-PAGE band in-
tensities in the gelatin samples (Fig. 2B). BOG showed the lowest in-
tensity, and therefore, the corresponding emulsion showed the slowest
liquid-gel transition.

The emulsion creaming stability was dependent on both the tissue
sources and the gelatin concentrations (Fig. 5A-E). The emulsion
creaming with high-concentration gelatin was generally lower than that
with low-concentration gelatin. It was consistent with that with bovine
bone gelatin (Ding et al., 2020b). Moreover, the CI orders were different
at different gelatin concentrations (Fig. 5F-H). SCG, SKG, and FIG at 10
g/L induced no obvious creaming. These three gelatins showed similar
ATR-FTIR absorbance spectra (Fig. 2A), higher p-sheet percentages
(Table 1), more high-molecule-weight fragents in SDS-PAGE pattern
(Fig. 2B). Therefore, the CI values were mainly dependent on the
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molecular structures and weights of the gelatins from tissue sources. The
gelatins ~ with  higher  f-sheet  percentages and  more
high-molecule-weight fragents had better emulsion stabilization ability.
SCG at 2 g/L induced the highest CI values (20.8% =+ 0.8%). At the
gelatin concentrations of 6 and 10 g/L (Fig. 5G and H), the bone-related
gelatins (HEG and BOG) induced higher CI values than the other gela-
tins. Lower WHC and FBC values (Table 2) might induce lower emulsion
interfacial layer thickness (Zhang et al., 2020), and therefore, induce
higher CI values for the emulsions stabilized by bone-related gelatins.

3.5. Parameters of emulsions stabilized by silver carp by-product gelatins

The emulsifying properties of silver carp by-product gelatins were
studied at different gelatin concentrations (Fig. 6A and B). The EAI
decreased and ESI increased with the increasing gelatin concentrations.
The behaviors were in agreement with that of the silver carp fin gelatin
(Yang et al., 2022b) and tilapia scale gelatin (Peng et al., 2022) in our
previous works. In addition, both EAI and ESI values were dependent on
the gelatin tissue sources, and the relationships were different at

different gelatin concentrations (Fig. 6A and B). It suggested that some
gelatins might show different aggregation behaviors at different con-
centrations, and therefore, the five gelatins showed inconsistent re-
lationships at these concentrations. At 10 g/L of gelatin concentration,
bone-related gelatins (HEG and BOG) showed higher EAI and lower ESI
than the other gelatins. It explained that the bone-related gelatins
induced higher emulsion CI values for the emulsions with 10 g/L of
gelatins (Fig. 5H). The gelatins with lower p-sheet percentages (Table 1)
and less high-molecule-weight fragents (Fig. 2B) induced higher EAI and
lower ESI values.

The interfacial tension between silver carp by-product gelatins and
fish oil showed the tension values were between 13.4 & 0.1 and 20.2 +
0.2 mN/m (Fig. 6C). Moreover, the interfacial tension values were
dependent on the gelatin tissue sources and gelatin concentrations. SKG
and BOG had the lowest interfacial tension values at the gelatin con-
centration of 6 g/L. The interfacial tension values of the other three
gelatins (SCG, FIG, and HEG) decreased with the increasing gelatin
concentrations, which was in agreement with the effect of gelatin
nanoparticle concentrations on the interfacial tension between gelatin
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nanoparticles and fish oil (Gong et al., 2024a,b).

The emulsion apparent viscosity of fish oil-loaded silver carp by-
product gelatins was between 77.1 + 1.5 and 130.0 + 2.1 mPa s
(Fig. 6D). Moreover, the emulsion apparent viscosity values slightly
increased with the increasing gelatin concentrations, which was in
agreement with the effect of gelatin nanoparticle concentrations on the

apparent viscosity of gelatin nanoparticle-stabilized emulsions (Gong
et al., 2024a,b). In addition, the apparent viscosity was also dependent
on the gelatin tissue sources. BOG showed the lowest molecular weight
according to the SDS-PAGE result (Fig. 2B), which might induce the
lowest viscosity among these gelatins. Therefore, BOG induced the
slowest liquid-gel transition (Fig. 5E). In addition, BOG induced the
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highest emulsion CI values at the gelatin concentrations of 6 and 10 g/L
(Fig. 5G and H) among these gelatins.

The rheological properties of the emulsions stabilized by silver carp
by-product gelatins were analyzed using a rheometer. The apparent
viscosities (Fig. 7A-C) decreased with the increase of the shear rate,
which suggested the emulsions were typical pseudoplastic fluids with a
shear-thinning effect (Huang et al.,, 2020). Similar to the gelatin
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solutions (Fig. 3F), the emulsions also showed apparent viscosity
dependence on the shear rates and the gelatin sources. Moreover, the
apparent viscosities of the emulsions were also dependent on the gelatin
concentrations. The strain (Fig. 7D-F) sweep showed that G’ values were
higher than G”, which also demonstrated the emulsions were in typical
pseudoplastic fluid states (Chen et al., 2012; Lin et al., 2024). Both the
emulsions (Fig. 7A-C) and the gelatin solutions (Fig. 3F) showed
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pseudoplastic fluid behaviors, which might result from that the emul-
sion droplets were stabilized by gelatins. Similar to the gelatin solutions
(Fig. 3G), the emulsions also showed a gelatin source dependence of the
G’ and G” values.

4. Conclusions

This work suggested that the structural properties of fish gelatins
were dependent on the gelatin tissue sources (skin, scale, fin, head, and
bone) and gelatin concentrations. The gel strength values of the gelatins
in glass beakers were dependent on the gelatin tissue sources: skin ~ fin
> scale > bone ~ head. Moreover, the gelatins were promising replacers
as mammalian gelatin with high-Bloom (200-300 Bloom) for the com-
mercial application in food industry. The rheological measurements
suggested that scale and bone gelatin solutions had significantly lower
apparent viscosities than other by-product gelatin solutions. The phys-
icochemical properties were dependent on the molecular structures and
nanoscale aggregate structures of the silver carp by-product gelatins.
Further work is necessary to analyze the key factors to affect the phys-
icochemical properties of gelatins.

These results suggested the emulsifying properties were also
dependent on the molecular structures, nanoscale aggregate structures,
and the physicochemical properties of the silver carp by-product gela-
tins. The interfacial tension and rheological apparent viscosity values of
the emulsions were dependent on the gelatin tissue sources and gelatin
concentrations. In particular, skin, scale, and fin gelatins induced no
obvious emulsion creaming at the gelatin concentration of 10 g/L during
the emulsion storage. Bone-related gelatins induced higher emulsion CI
values for the emulsions with 10 g/L of gelatins during the emulsion
storage. Therefore, these three gelatins might be promising emulsifiers
for novel food development. Considering the used silver carp by-
products were obtained from an aquatic factory, this work provided a
promising way for the value-added utilization of aquatic by-products.

Further researches are necessary to develop and apply these gelatins
from different tissue sources in the future. First, it is important to further
analyze the physicochemical and functional properties such as the
melting points, gelling points, Zeta potential, and foaming properties.
Second, it is important to increase the production yields of gelatins from
head (3.4%), fin (3.0%), and spine bone (1.4%) or scale up the pro-
duction process to obtain sufficient gelatins for the potential application.
Finally, it is interesting to develop novel foods with the gelatins from
different tissue sources.
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