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ABSTRACT

Anchovy (Stolephorus commersonii) is an important marine resource with high
nutritional value. Efficient utilization of fish bones is important for improving the
value of low-value anchovy resources, yet the effects of different bone utilization
strategies on protein functionality and gel formation remain poorly understood. This
study systematically compared anchovy mince (AM), anchovy mince supplemented
with finely processed fish bone meal (AMBM), and anchovy mince produced by
direct whole-fish comminution with bones (AMWB), with particular emphasis on gel
properties, protein structural changes, water distribution, and product quality. AMBM
exhibited markedly improved gel-forming performance, showing the highest hardness,
springiness, and gel strength, together with enhanced rheological properties and
water-holding capacity. These improvements were accompanied by a more

homogeneous and compact protein network, greater surface hydrophobicity, and
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enhanced sulfhydryl/disulfide-mediated interactions, whereas FTIR analysis indicated
no significant changes in overall protein secondary structure. LF-NMR further
suggested improved water immobilization within the AMBM gel matrix. In contrast,
AMWRB exhibited substantially impaired gel properties, characterized by coarse and
discontinuous microstructures, reduced viscoelasticity, lower Ca**-ATPase activity
and surface hydrophobicity, and altered sulthydryl/disulfide profiles, indicating
extensive protein structural disruption and disordered aggregation during whole-fish
comminution. AMWB also showed the highest TVB-N and TBARS values,
suggesting greater freshness deterioration and lipid oxidation. Overall, finely
processed fish bone meal functioned as both a calcium-rich functional ingredient and
a structural filler, facilitating protein interactions and the formation of a compact gel
network, whereas direct whole-fish comminution with bones caused excessive
structural damage.

Keywords: anchovy mince; fish bone meal; gel properties; protein conformation;

disulfide bonds; water holding capacity; resource utilization
Introduction

The valorization of low-value small pelagic fish has attracted increasing attention
for improving aquatic resource utilization and promoting sustainable seafood
processing. Anchovies are rich in high-quality proteins and polyunsaturated fatty
acids, but their small body size, fine skeletal structure, and relatively low economic
value limit their utilization in high-value food products. Processing anchovies into
mince or surimi-type products provides an effective approach to improving their
utilization efficiency; however, their relatively weak gel-forming ability remains a
major limitation. Surimi gelation involves protein unfolding, aggregation, and
intermolecular association through hydrophobic interactions, disulfide bonds,
hydrogen bonds, and other molecular forces, resulting in the formation of a
three-dimensional protein network (Walayat et al., 2022; Xie et al., 2024). Yi et al.
(2020) reported that blending anchovy (Engraulis japonicus) mince with silver carp

(Hypophthalmichthys molitrix) surimi significantly improved gel strength,
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water-holding capacity, and network compactness. However, this improvement relied
on a relatively high proportion of high-gelling surimi, which increases raw-material
requirements and may alter the characteristic properties of anchovy-derived products.
Therefore, improving the intrinsic gel-forming functionality of anchovy mince is of
greater significance for its high-value utilization.

Fish bones are major seafood-processing by-products and contain abundant
calcium-containing minerals, proteins, and other valuable components. Their
conversion from low-value by-products into functional food ingredients has received
increasing attention, particularly because fish bone can provide a natural calcium
source while potentially contributing to the structural properties of protein-based food
systems (Pérez et al., 2024; Jimenez-Champi et al., 2024). Importantly, the
functionality of fish bone in surimi depends not only on calcium content but also on
particle size and its interactions with the protein matrix. Yin et al. (2014)
demonstrated that fish-bone particle size significantly affected surimi gel properties,
while subsequent work showed that reducing particle size could enhance the
physicochemical availability and calcium release of fish bone (Yin et al., 2015). Gao
et al. (2022) further demonstrated that calcium derived from nano fish bone
underwent changes in distribution during myosin gelation, suggesting its participation
in protein gel formation. More recently, micron-scale fish bone was shown to embed
within the myofibrillar protein network and promote protein unfolding and covalent
cross-linking, thereby improving gel properties. Submicron- and nanoscale tuna fish
bone meal has likewise been reported to enhance surimi texture, water retention,
hydrophobic interactions, disulfide cross-linking, and B-sheet formation (Wei et al.,
2024; Liu et al., 2024). These findings indicate that appropriately processed fish bone
can function simultaneously as a calcium-rich ingredient and a particulate
gel-reinforcing phase.

Despite these advances, previous studies have predominantly focused on adding
pre-processed fish bone powder to deboned mince or surimi, whereas the influence of
the fish-bone incorporation strategy on protein functionality and gel formation

remains unclear. This issue is particularly relevant to small fish because mechanical
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separation of muscle and bone is difficult and may increase processing complexity.
Direct whole-fish comminution could enable simultaneous utilization of muscle and
skeletal tissues and reduce processing steps, but intensive mechanical processing may
also expose myofibrillar proteins to greater shear and thermal stress, potentially
affecting their subsequent gel-forming ability. Thus, whether direct whole-fish
processing can provide the same functional benefits as controlled incorporation of
finely processed fish bone remains unresolved.

Therefore, this study systematically compared the effects of three fish bone
utilization strategies, namely AM, AMBM, and AMWB, on the physicochemical
properties, gelation behavior, protein structure, and quality characteristics of anchovy
mince. The results demonstrated that AMBM exhibited superior gel-forming ability,
water-holding capacity, viscoelasticity, and textural properties compared with AM and
AMWB. In contrast, AMWB showed weaker gel properties, impaired protein
functionality, a less continuous gel network, and greater protein deterioration and lipid
oxidation. These results demonstrate that the mode of fish-bone incorporation is a
critical determinant of anchovy-mince gelation, providing a practical basis for the

synergistic high-value utilization of small fish and their skeletal by-products.
Materials and methods

Preparation of anchovy mince and gel

Fresh anchovies were harvested from the South China Sea, transported on ice,
eviscerated, headed, washed, frozen at —20 °C, and thawed overnight at 4 °C before
use. The water-retention agent consisted of sodium pyrophosphate, sodium
hexametaphosphate, and sodium tripolyphosphate at a ratio of 2:1:2. TGase was
obtained from Sdic Dongsheng Biotech (Taizhou, China).

After thawing, the anchovies were washed three times with cold water
(solid-to-liquid ratio, 1:2, w/v) and dewatered. AMWB was obtained by grinding
whole fish using a meat grinder (TG 1001) followed by a bone pulverizer (GN-110),
whereas AM was prepared by filleting and grinding the muscle at 4 °C. Fish bone

meal was prepared by treating bones with 10% (w/v) NaHCOs for 20 min, followed
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by rinsing, drying at 105 °C for 10 h, grinding, and sieving through a 100-mesh
screen. AMBM was prepared by mixing AM with bone meal at a mass ratio of 40:1.

Each mince formulation was mixed with 1% NaCl and 0.5% sucrose and chopped
at 4 °C for 2 min. Subsequently, 0.5% water-retention agent and 0.16% TGase were
added sequentially, with chopping for 90 and 30 s, respectively. The resulting pastes
were transferred into cubic molds (1.5 x 1.5 x 1.5 cm) and heat-set at 45 °C for 30
min, followed by 90 °C for 20 min.

Determination of nutritional composition

Crude fat was determined by Soxhlet extraction using petroleum ether, followed
by solvent evaporation and gravimetric determination. Crude protein was determined
by the Kjeldahl method using sulfuric acid digestion with a copper sulfate—potassium
sulfate catalyst, followed by distillation and titration with standardized HCI. Mineral
elements were determined by ICP-MS according to GB 5009.268-2025 (National
Health Commission of the People's Republic of China & State Administration for
Market Regulation, 2025). Briefly, samples were microwave-digested with nitric acid
and hydrogen peroxide, diluted to volume with ultrapure water, and analyzed by
external calibration with internal standard correction.

Determination of texture profile analysis and mince gel strength

The TPA and gel strength of anchovy mince were measured using a TA-XT
texture analyzer (Stable Micro Systems, Godalming, UK). A P/36R cylindrical probe
was used for the TPA and the testing parameters were configured as follows: a strain
level of 50%; pre-test, mid-test, and post-test speeds of 2 mm/s, 1 mm/s, and 1 mm/s,
respectively; a lift distance of 20.0 mm,; a trigger force of 5 g; and a 5 s pause between
two consecutive compression cycles.

A spherical probe (P/5S) was used for the gel strength test under the following
parameters: a test speed of 1 mm/s, a trigger force of 10 g, and a compression distance
of 10 mm. The gel strength was calculated as follows:

Gel strength (g x cm) = Distance to Rupture (cm) x Breaking Force (g)
Determination of dynamic rheological properties

The storage modulus (G’) and loss modulus (G”) were measured using a
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Discovery HR-30 rheometer (TA Instruments, USA). Approximately 2-3 g of mince
paste was placed between parallel plates with a 1 mm gap. Temperature-sweep
measurements were conducted from 25 to 95 °C at 2 °C/min. Frequency-sweep
measurements were performed from 10 to 0.1 Hz at 25 °C and a strain of 0.5%.
Water holding capacity (WHC) and LF-NMR measurement of mince gels

The mince gels were cut into 5 mm slices and weighed (m1). After being wrapped
with the filter paper, the slices were centrifuged at 3000 r/min for 10 minutes and then
weighed (m2). The WHC was calculated as follows:

WHC (%)=m2/ m; % 100

For LF-NMR analysis, gel samples (1.5 x 1.5 x 1.5 cm) were analyzed using an
NMI20-060H-I analyzer (Suzhou Nuomai Analytical Instruments Co., Ltd.) with a
CPMG pulse sequence. The resonance frequency was 21 MHz, with a repetition time
of 8000 ms, four signal accumulations, an echo time of 0.2 ms, and 20,000 echoes.
Microstructure of mince gel and fish bone meal

The microstructures of the three mince gels and fish bone meal were observed
using a scanning electron microscope (JSM-IT500, JEOL Ltd., Japan). The mince gel
samples were cut into cubes measuring 5 X 5 x 2 mm and fixed in 4%
paraformaldehyde solution for 24 h. After fixation, the samples were washed four
times with deionized water. All samples were subjected to vacuum freeze-drying to
preserve their microstructural integrity. Prior to imaging, all samples were
sputter-coated with a layer of gold for 30 seconds to enhance conductivity.
Determination of Ca?*-ATPase activity in anchovy mince

AM, AMBM, and AMWB (7.0 g) were homogenized with 30 mL of ice-cold
purified water for 30 s and centrifuged at 10,000 r/min for 10 min at 4 °C. Protein
concentration was determined using the Lowry method. Ca**-ATPase activity was
determined according to Li et al. (2022). The protein extract was diluted to 2 mg/mL,
and 2 mL was incubated with 0.5 mL of 0.5 M Tris-HCI buffer (pH 7.5), 8 mL of 10
mM CaClz, and 0.5 mL of 20 mM ATP at 25 °C for 8 min. The reaction was
terminated with 5 mL of 15% (w/v) TCA, followed by centrifugation at 6000 r/min

for 5 min. An aliquot (2 mL) of the supernatant was mixed with 2 mL of ammonium



177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

molybdate—sulfuric acid reagent, 1 mL of 2% sodium sulfite, and 1 mL of 0.5%
hydroquinone and diluted to 10 mL with deionized water. After 30 min at room
temperature, absorbance was measured at 660 nm.
Surface hydrophobicity measurements

Surface hydrophobicity was determined using 8-anilino-1-naphthalenesulfonic
acid (ANS) according to Li et al. (2023). ANS solution (20 pL, 8 mM) was added to
protein solutions at concentrations of 0.2—-0.6 mg/mL and incubated in the dark for 10
min. Relative fluorescence intensity was measured at excitation and emission
wavelengths of 390 and 470 nm, respectively, using a F7100 spectrophotometer
(Hitachi, Tokyo, Japan). Surface hydrophobicity was expressed as the initial slope of
relative fluorescence intensity versus protein concentration obtained by linear
regression.
Determination of total and active sulfhydryl content of gel

Total sulthydryl content was determined according to Ellman (1959). Protein
solution (1 mL, 3 mg/mL) was mixed with 8 mL of Ellman’ s reaction buffer and
centrifuged at 7000 r/min for 10 min at 4 ° C. The supernatant (4.5 mL) was reacted
with 0.5 mL of 0.01 M DTNB for 1 min at room temperature, and absorbance was
measured at 412 nm. Reactive sulfhydryl content was determined using the same
procedure, except that urea was omitted from the reaction buffer. Sulthydryl content
was calculated as:

SH (mmol/kg) = (A412 x &)/ C

Where A4z is absorbance value at 412 nm, ¢ is the dilution factor and C is the
concentration of protein samples.
The disulfide bond content is calculated as total sulthydrylgroups minus reactive
sulfhydryl groups.
Secondary structure of anchovy protein

Freeze-dried mince samples were ground and mixed with KBr at a ratio of 1:100
(w/w), followed by compression into transparent pellets. A KBr pellet was used for
background correction. FTIR spectra were recorded from 4000 to 400 cm™ at a

resolution of 4 cm™ with 32 scans per sample. Three independent measurements were
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performed for each treatment. The amide I region was subjected to second-derivative
analysis and peak fitting using PeakFit v4.12 (Systat Software Inc.).
TVB-N content and TBARS of anchovy mince

TVB-N and TBARS were determined according to GB 5009.228-2016 and GB
5009.181-2016 (National Health Commission of the People's Republic of China &
State Administration for Market Regulation, 2016a, 2016b). For TVB-N, 2 g of
sample was extracted with 15 mL of distilled water for 30 min, followed by addition
of 0.2 g MgO and distillation using an automatic Kjeldahl analyzer. Boric acid
solution (30 mL) was used as the receiving solution, and the distillate was titrated
with 0.005 mol/L HCI using a methyl red—bromocresol green mixed indicator. The
TVB-N content was calculated as follows:

X1 (mg/100g)=Vixcp %14 x 100/ my

where X; is the TVB-N content, V; is the volume of HCI consumed, c; is the
concentration of HCI, and m; is the sample mass.

For TBARS, 2 g of sample was extracted with 20 mL of trichloroacetic acid
solution at 50 °C for 30 min. After filtration, 5 mL of the extract was mixed with 5 mL
of TBA solution and heated at 90 °C for 30 min. Absorbance was measured at 532 nm
against a trichloroacetic acid blank. The TBARS value was calculated using the
following formula:

X2 (mg/ kg)=V2 X c2/ my

where X> is the TBARS value, V> is the volume of the sample solution, c; is the
MDA concentration, and m> is the sample mass.

Statistical analysis

All experiments were performed in triplicate. Data were analyzed using SPSS
26.0 (IBM Corp., USA), and figures were prepared using GraphPad Prism 9.0
(GraphPad Software Inc., USA). Statistical significance was defined at (p < 0.05).

Results and discussion

Nutritional composition of anchovy

As shown in Table 1, anchovies exhibited a high protein content, reaching 17.40
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g/100 g. Sodium was the most abundant mineral, followed by calcium, potassium, and
magnesium, which was consistent with the characteristic mineral profile reported for
marine fish (Karsh et al., 2025). Significant differences in calcium content were
observed among the three processing treatments. Compared with the AM group, both
bone-in processing methods significantly increased the calcium content of the surimi.
The calcium content of the AMBM group was approximately 5400.00 mg/kg, which
was close to the calcium content of raw anchovy and 3.4 times higher than that of the
AM group, while the AMWB group showed a slightly lower calcium content of
4356.33 mg/kg. The higher calcium content in AMBM compared with AMWB may
be attributed to the addition of finely pulverized fish bone meal, as finer bone
particles may be more uniformly dispersed within the mince matrix, potentially
reducing particle aggregation and facilitating more efficient recovery of bone-derived
calcium during analysis. Overall, these findings suggest that fish bone incorporation
can effectively enhance the calcium content of anchovy mince while promoting the
valorization of fish-processing by-products, thereby offering a potential strategy for
improving the nutritional value and resource efficiency of anchovy-based products.
Gel properties of minced anchovies

The top view and cross-section of the surimi gel are shown in the Figure 1. The
AMBM gel exhibited a slightly more yellow appearance, which may be attributed to
the intrinsic color of the fish bone meal generated during high-temperature
dehydration. In addition, the AMBM gel showed a relatively smooth and uniform
surface with fine particles uniformly dispersed throughout the protein matrix. The AM
and AMWB matrix, however, exhibited pronounced aggregation of large particulate
clusters together with relatively large cavities. The matrix appeared fractured and
loosely organized, with disruption of the continuous protein network and a greater
number of structural defects. Collectively, these observations indicate that the
incorporation of finely ground fish bone meal promoted the formation of a more
homogeneous and compact gel microstructure, whereas direct grinding of whole
anchovy resulted in greater structural heterogeneity and disruption of matrix

continuity.



266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

2901

292

293

294

295

In order to investigate the effects of three processing methods on the gel
proterties of anchovy mince, gel strength and TPA were determined. As shown in
Figure 2, compared with AM group, AMBM group exhibited the highest value for gel
strength and breaking force, reaching 196.71 g-cm and 200.30 g, respectively. While
the AMWB group showed the lowest gel strength and breaking force. As shown in
Table 2, the AMBM group exhibited the highest values for most texture parameters,
indicating a superior gel texture compared with the other groups. Specifically, the
hardness, gumminess and chewiness of AMBM reached about 2444.42 g, 874.06 g
and 746.99 g, respectively, which were markedly higher than those of AM group. In
contrast, AMWB group showed a significant decrease in texture parameters,
especially in hardness, gumminess and chewiness. These results indicated that the
addition of fish bone meal improved the gel texture of the anchovy mince (Wei et al.
2024). According to previous studies, fish bone could act as a filler embedded into the
gel network, leading to a stronger and more elastic structure (Gao et al. 2022).
However, the increasement of the gel strength by bone meal dependents on particle
size and proportion. The addition of nano-scaled fish bone at 1 g/100 g could
effectively increase gel breaking force and penetration distance while micro-scaled
fish bone did not (Yin et al. 2014). On the other hand, the greater shear forces
experienced by AMWB during the grinding process led to damage of myofibrillar
proteins, resulting in weaker texture properties. During the grinding process, AMWB
was subjected to intense shear forces that likely caused severe damage to myofibrillar
proteins, particularly myosin heavy chains, which play a crucial role in gel network
formation, and the accompanying temperature rise further promoted protein oxidation.
This dual mechanism of mechanical damage and thermal oxidation resulted in
irreversible protein denaturation that severely limited the gel-forming ability of
AMWRB (Li et al. 2019), explaining its significantly inferior performance compared to
AMBM and AM in gel strength.

Rheological properties
The rheological properties of the samples were characterized using the storage

modulus (G") and loss modulus (G"), which describe the deformation and flow
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behavior of a material under external stress. The temperature sweep is a fundamental
rheometric procedure used to characterize the evolution of a material's viscoelastic
properties (Yuan et al. 2019). As shown in Figure 3A and 3B, the G’ values of the
three fish mince samples were consistently higher than the G” values, indicating that
all samples exhibited predominantly elastic solid-like behavior (Liang et al. 2025).
Furthermore, these values increased in the range of 40-45 °C. During this temperature
interval, protein chains, particularly myofibrillar proteins, underwent unfolding,
which facilitated the initial formation of a gel network through hydrogen bonding and
hydrophobic interactions, thereby contributing to enhanced gel elasticity (Miller et al.
2020). When the temperature increased to 75-85 °C, the G’ and G” values of the three
mince gels reached their maximum levels, followed by a rapid decline. This trend
may be attributed to enhanced cross-linking interactions among protein aggregates
and the incorporation of denatured proteins into the network, which strengthened the
gel matrix (Xiong 2017). Furthermore, as the temperature further increased, the
synergistic effects of heating and TGase activity promoted protein denaturation and
exposure of reactive sites, thereby facilitating gel network formation through covalent
and non-covalent interactions (Ding et al. 2024). Frequency sweep analysis is a
technique used to evaluate the viscoelastic response of a material by varying
oscillation frequency at a constant temperature. Fig. 3C and D showed that the G’
values of the three mince gels were higher than the corresponding G” values. Both G’
and G” increased only slightly with increasing frequency, exhibiting weak frequency
dependence. Furthermore, the G’ values remained higher than the G” wvalues
throughout the entire frequency range, indicating that all samples exhibited
predominantly elastic behavior (Wang et al. 2019). Regardless of whether temperature
sweep or frequency sweep analysis was performed, AMBM exhibited the highest G’
values, whereas AMWB showed the lowest values. A higher G’ value generally
indicates a stronger elastic structure and improved gel strength. This trend was
consistent with the measured gel strength and TPA results, suggesting that AMBM
formed the strongest and most elastic gel network. The lower gel elasticity of AMWB

may be attributed to the higher shear forces generated during grinding, which likely
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induced excessive denaturation of myofibrillar proteins and impaired the formation of
an optimal gel structure. Based on the findings of Wang et al. and the frequency
sweep results, all samples were classified as weak gels, and the weak frequency
dependence suggested that the gel-like network was primarily maintained by
non-covalent physical cross-links (Tang and Liu 2013; Wang et al. 2022).
Water holding capacity and water distribution

WHC was determined to evaluate the ability of the gels to retain water during
processing, as WHC is a critical factor influencing the final texture and product yield
of mince gels (Yin et al. 2014; Zhang et al. 2023). To minimize the influence of
differences in moisture content on the determination of water-holding capacity, gel
strength, and other parameters, the moisture content of all samples was adjusted and
maintained within the range of 73-74% during the experiments. As shown in Figure
4A, AMBM exhibited a significantly higher WHC than AM and AMWRB. The higher
WHC of AMBM may be attributed to its denser and more homogeneous gel structure,
which likely provided greater capacity for water retention under external forces.

Furthermore, low-field nuclear magnetic resonance (LF-NMR) was utilized to
reveal the water status and distribution in mince gels by detecting water proton
relaxation behavior. Water in mince gels can generally be categorized into three
populations based on their T relaxation times. The relaxation time T21 is typically
interpreted as bound water, which is tightly associated with hydrophilic groups on
protein molecules via hydrogen bonds. The relaxation time T22 component is
designated as immobilized water, which is entrapped within the micropores of the
mince protein gel network. Conversely, the relaxation time T23 represents free water,
which is unbound and resides in the larger voids or cracks of the network. The free
water is highly susceptible to loss under external force. The proportion of different
water states in the mince gel can be calculated from the relative area of their
respective peaks in the T2 relaxation time spectrum (Ullah et al. 2019). As shown in
Figure 4B and Table 3, the T2: peak of AMWB shifted leftward, indicating that the
bound water in its gel matrix was more tightly associated with the protein matrix than

that in AM and AMBM. Although the T2: peak of AMWRB shifted leftward within the
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bound-water region, its peak area was the smallest among the three groups, indicating
the lowest proportion of bound water. Meanwhile, the increased T2 peak area in
AMWRB suggested a greater proportion of immobilized water, potentially reflecting
the redistribution of water from the bound-water fraction to the immobilized-water
fraction. This redistribution of water may be associated with protein oxidation and
denaturation during processing, which can alter the availability of hydrophilic binding
sites and the microenvironment of the protein matrix, thereby affecting the mobility
and distribution of water (Zheng et al. 2021). Following protein unfolding, protein
aggregation occurred through hydrophobic interactions, disulfide bonding, and other
intermolecular interactions, causing some hydrophilic sites originally exposed on the
protein surface to become buried within aggregates (Li et al. 2014). This reduced the
number of available sites for hydrogen bonding with water, thereby decreasing the
proportion of water detected as the bound-water component (T21). Although the
overall proportion of bound water decreased, the remaining bound water may have
exhibited more restricted mobility due to its stronger association with the newly
formed dense protein aggregates, resulting in a leftward shift of the T2 peak toward
shorter relaxation times (Guo et al. 2023). There was no significant change in
moisture content in the AMBM group compared to the AM group, indicating that the
addition of fish bone meal had little effect on moisture content.
Microstructure of mince gel and fish bone meal

Scanning electron microscopy (SEM) was employed to characterize the
microstructure of the mince gels as well as the morphology and particle size
distribution of the fish bone materials. As shown in Figure 5A, AM did not exhibit a
typical continuous gel network, instead, the anchovy muscle appeared as dense,
sheet-like structures, which may be attributed to the relatively limited gel-forming
ability of anchovies. In our previous work, we found that anchovy fish paste has
inherent limitations in gel formation and exhibits low gel strength (Ma et al. 2026).
Both AMBM and AMWB formed certain gel networks, and the structure of AMBM
was the most developed, exhibiting a three-dimensional and uniform porous

architecture. While AMWB exhibited a relatively shallow porous structure, with pore
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characteristics intermediate between those of AM and AMBM. These pores appeared
to arise primarily from protein aggregation rather than from the formation of a
uniform and finely interconnected network, leading to the lower gel strength and
reduced water-holding capacity in AMWB. As shown in Figure 5E, the bone particles
in AMWB predominantly exhibited a short-rod morphology, with particle sizes
mainly ranging from 20 to 70 pm. As shown in Figure 5D, the fish bone meal in was
primarily irregular and granular in shape, with a broader size distribution of
approximately 50 to 100 pm. These findings suggest that not only particle size but
also particle morphology plays a critical role in determining their compatibility with
the protein gel matrix. Irregular granular particles with a wider size distribution may
be more effectively embedded within the protein network, whereas rod-like particles
are more likely to act as structural discontinuities, thereby weakening the overall gel
structure.
Ca**-ATPase activity in anchovy mince

Ca?"-ATPase activity is widely recognized as a sensitive indicator of the structural
integrity and functional state of myofibrillar proteins, with higher activity generally
reflecting better preservation of protein conformation and quality (Jiang et al. 2025).
As shown in Fig. 6A, significant differences were observed among the three groups,
with AM exhibiting the highest Ca?**-ATPase activity, followed by AMBM, whereas
AMWB showed the lowest activity. These results suggest that the conventional
processing method used for AM resulted in better preservation of the native
conformation and enzymatic functionality of myofibrillar proteins. The reduced
Ca?*-ATPase activity observed in AMBM may be partly associated with the release of
calcium ions from the added fish bone meal. Ca*" can influence the structural integrity
of myofibrillar proteins by altering electrostatic interactions and inducing
conformational changes, thereby affecting protein stability and functionality (Tan et al.
2025). This controlled level of structural modification may even be beneficial for
subsequent gel formation, as partial unfolding can expose reactive groups involved in
intermolecular interactions (Zhu et al. 2024). In contrast, the substantial decrease in

Ca*"-ATPase activity observed in AMWB indicates extensive protein denaturation.
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This can be attributed to the intense mechanical shear forces generated during
whole-fish comminution, which are likely accompanied by localized temperature
increases. These combined mechanical and thermal stresses can lead to irreversible
conformational changes, aggregation, and loss of enzymatic activity. Such severe
structural damage may have impaired the ability of myofibrillar proteins to participate
in ordered gel network formation, thereby contributing to the inferior gel properties
observed in AMWB.
Surface hydrophobicity of mince protein

Surface hydrophobicity reflects the extent to which hydrophobic groups,
originally buried within the interior of protein molecules, become exposed on the
molecular surface as a result of structural alterations. An increase in the exposure of
these hydrophobic residues generally leads to higher surface hydrophobicity values
(Li et al. 2023). A moderate increase in surface hydrophobicity during processing is
considered beneficial, as it enhances hydrophobic interactions among protein
molecules, thereby promoting protein aggregation and the formation of a stable gel
network. These interactions play a critical role in stabilizing the three-dimensional
structure of protein gels, particularly in myofibrillar protein systems (Xie et al. 2024).
As shown in Fig. 6A, AMBM exhibited significantly higher surface hydrophobicity
compared to both AM and AMWB, which is consistent with its superior gel strength.
This result suggests that the incorporation of fish bone meal promoted a moderate
degree of protein unfolding, thereby exposing hydrophobic groups that could facilitate
intermolecular interactions. Consequently, the enhanced protein—protein association
may have contributed to the formation of a more cohesive and elastic gel matrix. In
addition, calcium ions released from the fish bone meal may alter the hydration layer
surrounding the protein surface, thereby contributing to the increased surface
hydrophobicity (Das Mahanta et al. 2017). In contrast, the relatively low surface
hydrophobicity observed in AMWB may be associated with excessive mechanical
processing, which may have induced severe protein denaturation and aggregation,
potentially accompanied by increased Ca** release. Such rapid and extensive

aggregation may cause a substantial proportion of previously exposed hydrophobic
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groups to become buried again within disordered protein aggregates, thereby limiting
the increase in surface hydrophobicity detectable by fluorescent probes. Additionally,
the excess Ca?" can shield negatively charged protein surfaces, sharply reducing
electrostatic repulsion and triggering intense, uncontrolled hydrophobic aggregation.
This phenomenon ultimately limits the formation of an ordered and continuous gel
network, consistent with the inferior gel properties observed in AMWB. These
findings are consistent with the Ca?>"-ATPase activity and ultrastructural analyses,
collectively suggesting that the proteins in AMWB underwent extensive
conformational disruption and aggregation.
Molecular forces in anchovy mince protein

Total and active sulfhydryl contents are important indicators of the gelation
behavior of mince proteins, as they reflect the availability and accessibility of thiol
groups involved in protein cross-linking. During gelation, heating can promote the
exposure of reactive sulthydryl groups, which may subsequently undergo oxidation to
form disulfide bonds that contribute to the formation of a stable and strong gel matrix
(Liu et al. 2022). Sulthydryl groups in proteins mainly come from the amino acid
cysteine. These groups can also reflect the level of protein oxidation and influence the
formation of disulfide bonds (Wu et al. 2021). As shown in Fig. 6B, AM and AMBM
showed higher total sulthydryl content than AMWB. Furthermore, the AMWB group
had the highest disulfide bond content. This difference may be associated with the
intense mechanical processing of AMWB, which likely promoted protein denaturation
and aggregation. This process could mask sulthydryl groups within the protein
structure, making them less detectable and leading to the lower measured content
(Gao et al. 2019). Such extensive protein denaturation and aggregation may occur
before the formation of a well-developed gel network. Under these conditions, the
increased proximity of reactive thiol groups may facilitate disulfide bond formation
during protein aggregation. Such cross-linking may be relatively disordered,
potentially involving excessive intramolecular interactions or the formation of
discontinuous protein aggregates rather than a continuous, interconnected

three-dimensional network (Visschers and de Jongh 2005). As shown in Fig. 6B, the
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AMBM group had the highest levels of free sulfhydryl groups and disulfide bonds.
This effect may be partly related to the calcium ions provided by the fish bone meal,
which can activate transglutaminase (TGase) and promote protein cross-linking
through the formation of e-(y-glutamyl) lysine bonds (Benjakul and Visessanguan
2003). Ca*" also can promote the SH/SS exchange reaction, thereby accelerating the
cross-linking of protein particles during gelation. These interactions may promote the
formation of disulfide bonds during gelation while maintaining a relatively high
proportion of accessible sulthydryl groups in the partially unfolded protein structure
(Xiao et al. 2021). Furthermore, the increase in disulfide bond content suggests
enhanced covalent cross-linking, which stabilizes the gel matrix. The interplay
between hydrophobic interactions and disulfide bonding plays an important role in the
development of strong and elastic gel networks.
Secondary structure of anchovy mince protein

The secondary structures of anchovy mince proteins subjected to different
processing treatments were characterized wusing Fourier-transform infrared
spectroscopy (FTIR). The amide I region (1600—1700 cm™), which is mainly
associated with the C=0 stretching vibration of the peptide backbone, was selected
for secondary structure analysis. The spectra were further resolved into component
peaks using second-derivative analysis, and the relative proportions of a-helix,
B-sheet, B-turn, and random coil structures were quantified using PeakFit software. As
presented in Fig. 7, no significant differences (p > 0.05) were observed in the
secondary structure composition among the three mince samples subjected to different
processing treatments. The comparable secondary structure profiles between AM and
AMBM suggest that the improved gel properties of AMBM were not associated with
changes in the protein backbone conformation. Instead, the incorporation of finely
ground fish bone may have enhanced the gel network through physical filling and
protein—particle interactions, which 1is consistent with the higher surface
hydrophobicity and more compact microstructure observed for AMBM. Similarly,
although AMWB experienced greater mechanical processing, its secondary structure

remained relatively unchanged, suggesting that the processing-induced deterioration
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of gel properties was more likely related to changes in protein integrity and
higher-order intermolecular interactions rather than substantial disruption of the
peptide backbone (Wei et al. 2018). Overall, these results indicate that the differences
in gel properties among AM, AMBM, and AMWB were mainly associated with
protein interactions and gel network organization rather than changes in protein
secondary structure.
TVB-N content and TBARS value of anchovy mince

Total volatile basic nitrogen (TVB-N) and thiobarbituric acid reactive substances
(TBARS) are widely used indicators to evaluate protein degradation and lipid
oxidation in fish products, respectively. TVB-N generally reflects the accumulation of
volatile nitrogenous compounds associated with protein degradation and freshness
deterioration, whereas TBARS primarily reflects the extent of lipid oxidation
(Piranavatharsan et al. 2023; Ramadhan et al. 2025). As shown in Fig. 8, the TVB-N
values of the three samples followed the order: AMWB > AMBM > AM. Specifically,
AM exhibited the lowest TVB-N value, indicating a relatively lower accumulation of
volatile nitrogenous compounds and better freshness preservation under the
processing conditions used. In contrast, AMWB exhibited the highest TVB-N value,
suggesting greater accumulation of volatile nitrogenous compounds and more
pronounced freshness deterioration, which may be associated with the intensive
whole-fish comminution process. This processing involves intense mechanical shear
and potential localized heating and may also increase the release or exposure of metal
ions and heme-containing components from the whole-fish matrix, potentially
imposing additional oxidative stress on proteins. These factors can accelerate protein
denaturation and enzymatic or non-enzymatic degradation, leading to increased
production of volatile nitrogenous compounds. AMBM, on the other hand, showed an
intermediate TVB-N value. This suggests that, although the incorporation of fish bone
meal induced some degree of processing-related structural change, protein stability
was better preserved in AMBM than in AMWB. Thus, finely processed bone meal
appears to cause less pronounced freshness deterioration than direct whole-fish

comminution. A similar trend was observed for TBARS values (Fig. 8), which reflect
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lipid oxidation levels. AMWB exhibited significantly higher TBARS values than the
other two groups, indicating that lipid oxidation was most pronounced in this sample.
This result may be partly associated with the release of heme-containing components
during whole-fish comminution. Iron released from heme-containing components can
catalyze free-radical formation, thereby promoting the peroxidation of unsaturated
fatty acids and increasing TBARS accumulation (Carlsen et al. 2005). In contrast, AM
and AMBM exhibited relatively low TBARS values, with no significant difference
between the two groups. This suggests that the addition of finely processed fish bone
meal does not markedly promote lipid oxidation under the conditions used in this

study.
Conclusions

This study systematically evaluated the effects of different processing strategies
on the physicochemical and functional properties of anchovy mince. AMBM
significantly improved gel strength, water-holding capacity, and rheological properties
while also increasing calcium content. These improvements were likely associated
with the dual role of bone meal as a calcium source and structural filler, which may
facilitate protein cross-linking and gel network formation. In contrast, AMWB,
although beneficial for improving raw material utilization, was associated with
extensive protein denaturation, likely resulting from excessive mechanical shear and
thermal effects, thereby compromising gel properties and overall product quality.
Overall, the results suggest that controlled incorporation of finely processed fish bone
meal is a more effective strategy than direct whole-fish comminution with bones for
improving the nutritional and functional properties of anchovy mince.

This study provides a scientific basis for the high-value utilization of anchovy
resources and highlights the importance of optimizing bone processing strategies for
industrial applications.
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