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Abstract: To enrich the gel properties and enhance the nutritional profile of unwashed Litopenaeus vannamei surimi, this
study integrated broccoli powder (BP) at varying concentrations (0, 2%, 4%, 6%, 8%, 10%) to create surimi gels. The
impact of BP incorporation on the physicochemical properties, nutritional composition, and antioxidant activity of the

surimi was thoroughly investigated. The results revealed a notable enhancement in the water-holding capacity, hardness,
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and gel strength of the surimi gels with increasing BP levels, reaching peak values at 10%. These improvements amounted

to 54.4%, 149.22%, and 158.14%, respectively, compared to the control group. Sensory evaluation results indicated that the

surimi gel with 6% BP achieved the highest overall sensory rating. Furthermore, the integration of BP notably improved

short-term frozen storage stability of the surimi gels, as evidenced by a significantly smaller decrease in water-holding

capacity and gel strength after frozen storage compared to the control group. Mechanistic analyses unveiled a significant

increase in disulfide bond formation within the BP-added gels, a progressively denser microstructure, and a transformation

in protein secondary structure from a-helix and random coil conformations to fS-structure. Regarding nutritional enhance-

ment, the addition of BP also led to significant increases in dietary fiber, vitamin C, and amino acid content, with a positive

correlation observed with BP concentration. /n vitro antioxidant assays showed that the scavenging rates for DPPH, -OH,
and ABTS" radicals peaked at 10% BP addition, showing increases of 83.23%, 36.02%, and 57.2%, respectively, over the
control. In summary, incorporating broccoli powder into unwashed Litopenaeus vannamei surimi enhanced the gel proper-

ties while achieving a complementary reinforcement of plant and animal nutrients. This study provides a theoretical founda-

tion for the value-added utilization of plant resources and the advancement of nutritionally balanced surimi products.

Key words: broccoli; Litopenaeus vannamei; physicochemical properties; nutritional composition; antioxidant activity
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Table 2 Effect of BP addition level on the whiteness value
of shrimp surimi gel

BP (%) L da b w
0 82.95+0.49"  9.76+0.28"  8.45+0.07° 78.46x0.17"
2 74.78+0.16°  2.25+0.06°  17.15+£0.18° 69.42+0.23"
4 70.96+0.35° —3.44£0.15° 21.48+0.75° 63.7120.74°
6 67.28£0.64" —5.62+0.10° 24.10£0.72° 58.97+0.95¢
8 63.07+0.23°  —5.94+£0.12° 24.60£0.19° 55.23+0.26°
10 60.58+0.17"  —6.76£0.17" 26.39+0.26" 52.08+0.29"
BP 64.73£0.02 —11.17+0.03  30.52+0.03  51.99+0.04

T RPN RINE SRR 22 53 .25 (P<0.05), $23~3K6 [l .
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Fig.2 Shrimp surimi gel images under varying BP
addition levels
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Fig.3 Effect of BP addition levels on water-holding capacity
(a) and cooking loss (b) of shrimp surimi gel
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Table 3  Effect of BP addition levels on the texture properties
of shrimp surimi gel

BPAINE (%) T (g) #H: (mm) NEME IEMEE(m))
0 109.67+5.51"  11.14£0.40°  0.43£0.07°  4.83+1.42°
2 147.33+7.10°  11.63+0.45™ 0.49+0.06™  6.73+3.10°
4 176.33+4.93¢  11.87+0.09® 0.50+0.02"  11.00+1.73¢
6 211.3342.52° 11.98+0.13® 0.53+0.04> 13.77+0.56"
8 249.67+4.04° 12.07+0.04® 0.55+0.02° 15.93+1.5"
10 273.3349.24° 12.14+0.03*  0.68+0.04" 18.430.75"
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Fig.4 Effect of BP addition levels on gel strength of shrimp
surimi gel
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Fig.5 Effect of BP addition levels on water-holding capacity
and cooking loss of frozen shrimp surimi gels
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Table 4 Effect of BP addition levels on texture properties
of frozen shrimp surimi gels

BPUNINE: (%) WE(g) PdkE(mm) R HEHE(mD)
0 70.33+2.52"  7.66+0.60°  0.42+0.10  2.57+0.50"
2 110.67+3.51°  9.93+0.37°  0.43+0.15'  4.47+0.47°
4 147+4.34°  11.12£0.18" 0.48+0.35°  7.13+0.67*
6 181£1.56°  11.47+0.30® 0.50+0.50™  9.67+0.70°
8 211£3.60°  11.57+0.50® 0.53+£0.32°  13.5+0.20°
10 243.33+£5.10" 11.84+0.90" 0.56+0.41" 16.55+0.50"
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Fig.6 Effect of BP addition levels on gel strength of shrimp
surimi gel after frozen storage
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Table 5 Effect of BP addition levels on the sensory quality of shrimp surimi gel

BPS i (%) fakEs LS Tk P iRz Ay
0 18.33+0.23* 7.85+0.50° 5.28+0.72° 8.49+0.77¢ 11.78+0.49¢ 51.73+1.43¢
2 16.80+0.28° 9.80+0.49¢ 8.57+1.10° 12.48+1.12° 13.18+0.58° 60.84+2.64
4 14.86+0.80° 13.17+0.36° 14.65+1.11™ 16.17+0.27° 15.36+0.47° 74.21+2.32°
6 13.98+0.44° 19.00+0.42° 18.23+0.40° 18.7340.53* 18.47+0.34° 88.40+0.45"
8 11.88+0.39¢ 17.07+0.51° 16.02+0.83° 17.19+0.30° 18.70+0.46" 80.86+0.76°
10 8.78+0.94° 16.80+0.28" 13.44+0.71° 16.58+0.63" 18.78+0.21° 74.37+1.18°
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Fig.7 Effect of BP addition levels on molecular interaction
forces in shrimp surimi gels
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Fig.8 Effects of BP addition levels on FTIR spectra
of shrimp surimi gels
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Fig.9 Effects of BP addition levels on protein secondary
structure content of shrimp surimi gels
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Fig.11 Effect of BP addition levels on dietary fiber content

of shrimp surimi gel
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Table 6 Effect of BP addition levels on amino acid content of shrimp surimi gel
BPAINEE (%) EAA(mg/g) NEAA(mg/g) TAA(mg/g) EAA/TAA(%) EAA/NEAA(%)
0 81.87+0.11° 138.29+0.05° 220.16+0.15° 37.19 59.2
2 81.90+0.09* 138.28+0.08" 220.17+0.17° 37.20 59.23
4 81.92+0.11° 138.25+0.10° 220.17+0.21° 37.21 59.25
6 81.96+0.07" 138.22+0.10° 220.18+0.17° 37.22 59.30
8 82.00+0.11° 138.21+0.10% 220.21+0.22° 37.24 59.33
10 82.02+0.1° 138.17+0.12% 220.19+0.21° 37.25 59.36
TE: BAA: A5 RIERR; NEAA: JUb 5 R AERR; TAA: BRI
KT ORIV AL AR AN A AR BE BRI ) SRRV 3 B 73T o)
Table 7 Amino acid score and chemical score of shrimp surimi gel with varying BP addition levels
W TR
BPUS N (%) IR SR SERR AR SRR RN E TR+ AR HAMHER  EAAI
AAS CS AAS CS AAS CS AAS CS AAS CS AAS CS AAS CS
0 11225 935 928 987 117.71 1005 201.6 102.7 106.68 87.1 164.62 106.2 140.94 94.9 97.48
2 112.55 93.8 9346 994 117.69 100.5 200.2 102 107.25 87.6 164.27 106 138.51 932 97.32
4 11285 94 94.1 100.1 117.67 100.6 198.82 101.3 107.68 87.9 163.22 105.3 136.4 91.8 97.12
6 113.08 942 948 1009 117.71 100.5 197.53 100.6 1083 88.4 162.6 105 134.23 90.3 96.96
8 113.23 944 9534 1014 117.68 1005 196.25 99.9 108.73  88.8 162 104.5 132.29 89 96.75
10 11345 945 9594 102 117.73 100.5 195.16 99.4 109.23  89.2 161.3 104.1 130.26 87.7 96.59
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Fig.14 Effect of BP addition levels on antioxidant activity
of shrimp surimi gel

3 g

A S 563 3 7] B 9% X IR EE SR I A 0~10% s
JindE ) BP, FGeda i HX 5 5 U EE v e A T
BRI M TR TG . S5 IRERIH, A TR
N BP MR EEEERE, MMFEE I BP Ja Xt =4
TAHFEN: FREEEER RFACTE | BERSR . B RE
PESERE BP FUBS NG R, 288 /1 K06 BP %N
ASWTREAR, MR BEEERL 10 11 X BP (93 Z1misi/ e R
TR AL FHL A B JBE TR JIE it TR 2 VK b i) SR BRI R
Ba, [R)BsHRE R P A2 (RIS I A VR R M B8 B e AT,
FEAEW IR TS, (B BP BIESINE s T Hm o
PE, I T B R R . BRE TS R R,



- 150 - £ Tl B4

2026 4F 8 A

BP 7E 6% @A T BOSFBEBEIE B 32 i 225 ARl o 1h
A E I I 855 LD GBS AT 1S, BP BYINAE
ARG A A BRZH SR, a- e RITT
KRG 1E] B-HE S5 A8 K p-Pr B IE lFE AL, 3t
[F] SRAE SRy = 4 B B I 25 235 A4) 19 AN T T )l A 415 54
SEM 7R BP MM AEASHREEBEREAM b 30 2
flfb. EFRGUN L, 1545 T BP OSSN, IFBEBENSE
FRUTEAT BN MR LT, N BEBE I ) s £ 2T 4 FlI 4 A=
R C oy g R, SN BOR AT S A2 ik
PR >R, BP BB AF IR BB VR AN T R 5 FA X IR
HOFR B IR ERIE, S T BIAEY R E SR E kb AT,
WFBEBEIECIE IR I th L BE T BP B s, FeBl 1
FLoR RPTEALTETE . XA R G T~ pyE e,
B SR AP B BE IR L B SR B AT BE 4 BP N
10% AL AYUREEBEIE; 45 (i 1] TH2EMR PR Uk
SN, A —E EFRHEI AT LIZEHE BP 2 6% Ui
NHYEREEBEIE . AT AR BT IR A 7Y 22
AERY BT AP R LB, 8 S TT & RESREL Sl AE
Yy il B G RS 8 SRR AL AR A SR BE R S P A
FSSLA-S G A

© The Author(s) 2026. This is an Open Access article dis-
tributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by-nc-nd/4.0/).

&% 3k
[1] RARATIRGE b BF R, 2 BRZHARE &35, FE
REFAGH. P EEEGEFFE, 2023[M]. LR PERL S
M At , 2023. [ Compiled by the Bureau of Fisheries and Fishery
Administration, Ministry of Agriculture and Rural Affairs, National
Fisheries Technology Extension Center, China Society of Fisheries.
China fishery statistical yearbook, 2023 [M]. Beijing: China Agri-
culture Press, 2023. ]
[ 2] BAI Jing, FAN Yan, ZHU Lulu, et al. Characteristic flavor of
Antarctic krill (Euphausia superba) and white shrimp (Penaeus
vannamei) induced by thermal treatment[J]. Food Chemistry, 2022,
378: 132074.
[3] ZHENG H N, BEAMER S K, MATAK K E, et al. Effect of -
carrageenan on gelation and gel characteristics of Antarctic krill
(Euphausia superba) protein isolated with isoelectric solubilization/
precipitation[J]. Food Chemistry, 2019, 278: 644—652.
[4] LI Liu, YU Yali, MU Yingchun, et al. Nutrient composition
analysis and quality evaluation system construction of Lifopenaeus
vannamei from different aquaculture water environments[J].
Applied Food Research, 2025, 5(1): 100661.
[ 5] BUDA U, PRIYADARSHINI M B, MAJUMDAR R K, et al.
Quality characteristics of fortified silver carp surimi with soluble
dietary fiber: Effect of apple pectin and konjac glucomannan[J].
International Journal of Biological Macromolecules, 2021, 175: 123—
130.
[6] YI Shumin, YE Beibei, LI Jianrong, et al. Physicochemical
properties, protein conformation, and aggregate morphology of
heated myosin from Hypophthalmichthys molitrix and Nemipterus
virgatus mixtures [J]. Food Frontiers, 2020, 1(4): 473—483.
(7] Weas. bk dy £ & a5 OF B o T 5% SR BB MR SR AT 52

[D]. &45.:xé K %, 2023. [ CHEN Nuo. Research on the key
processing technologies of frozen shrimp (Litopenaeus vannamei)
surimi and gel strengthening[D]. Wuxi: Jiangnan University,
2023. ]
(8] xE. &t Sarst Rigok s RIS RAMA Y a(D]. Kib:
g ARk A3 K 52, 2023. [ LIU Hui. Effect and mechanism of food
polyphenols on lipid oxidation of fish meat[D]. Changsha: Central
South University of Forestry & Technology, 2023. ]
(9] kemik, Fuush, 5, 5. INRF I 12 5 B4 & P &G 5 A
Bt (1], &% T kA4, 2019, 40(15): 349-355. [ MI Hong-
bo, LI Zhenghan, LI Yan, et al. Research progress of the application
of exogenous additives in surimi products[J]. Science and Tech-
nology of Food Industry, 2019, 40(15): 349-355. ]
[10] SINGH A, BENJAKUL S, PRODPRAN T, et al. Effect of
Psyllium (Plantago ovata Forks) husk on characteristics, rheolog-
ical and textural properties of threadfin bream surimi gel[J]. Foods,
2021, 10(6): 1181.
[11] YINT, YAO R, ULLAH I, et al. Effects of nanosized okara
dietary fiber on gelation properties of silver carp surimil[J]. LWT,
2019, 111: 111-116.
[12] PIAO Xinyue, HUANG Jiabao, SUN Yu, et al. Inulin for
surimi gel fortification: Performance and molecular weight-depen-
dent effects[J]. Carbohydrate Polymers, 2023, 305: 120550.
[ 13] PATRAS A, TIWARI B K, BRUNTON N P. Influence of
blanching and low temperature preservation strategies on antioxi-
dant activity and phytochemical content of carrots, green beans and
broccoli[J]. LWT-Food Science and Technology, 2011, 44(1): 299—
306.
[ 14 ] MUKHERIJEE V, MISHRA P K. Broccoli-an underexploited
neutraceutical [J]. Journal of Food Science and Technology, 2012, 2
(3):291-294
[15] MORENO D A, CARVAJAL M, LOPEZ-BERENGUER C,
et al. Chemical and biological characterisation of nutraceutical com-
pounds of broccoli[J]. Journal of Pharmaceutical and Biomedical
Analysis, 2006, 41(5): 1508—1522.
[ 16 ] BANERJEE R, VERMA A K, DAS A K, et al. Antioxidant
effects of broccoli powder extract in goat meat nuggets[J]. Meat
Science, 2012, 91(2): 179-184.
[ 17] MOHAMMADI M, NAHIDI F, BOLANDI M. Broccoli seed
sprouts as a functional ingredient in gluten-free cake based on rice
flour[J]. Applied Food Research, 2025, 5(2): 101198.
[18] MK, &, Kk, B S AE D ZHEMIH P oy
A I]. % T 1,2013(10):29-32. [ ZHAO Yonggan, ZENG
Weili, DAI Jianhua. Application of fuzzy mathematics in develop-
ment of broccoli sausage[J]. Meat Industry, 2013(10): 29-32. ]
[19] FI0F, A, th 2 &, 5. BB dg £ G * IR 2
b R A R B A M0 Wk [T]. R S A 52,2024, 45(12): 78-89
[ YIN Kaiping, LIN Duanquan, CHEN Yulei, et al. Effect of hya-
luronic acid on physicochemical and gel properties of surimi from
Litopenaeus vannamei[J]. Food Science, 2024, 45(12): 78—89. |
[20] FEAuk. FLAEATIFALA & & LR A A B4 AT R [D].
WiT. ;T REF KSR, 2012, [ LAN Weibing. Study on the muscle
protein composition of Litopenaeus vannamei and its meat surimi
properties[D]. Zhanjiang: Guangdong Ocean University, 2012. |
[21 ] WIJAYANTI I, SINGH A, BENJAKUL S, et al. Textural,
sensory, and chemical characteristic of threadfin bream (Nemipterus
sp.) surimi gel fortified with bio-calcium from bone of Asian Sea
bass (Lates calcarifer) [J]. Foods, 2021, 10(5): 976.
[22] SKIPNES D, JOHNSEN S O, SKARA T, et al. Optimization


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.foodchem.2022.132074
https://doi.org/10.1016/j.foodchem.2018.11.080
https://doi.org/10.1016/j.afres.2024.100661
https://doi.org/10.1016/j.ijbiomac.2021.01.191
https://doi.org/10.1002/fft2.52
https://doi.org/10.13386/j.issn1002-0306.2019.15.058
https://doi.org/10.13386/j.issn1002-0306.2019.15.058
https://doi.org/10.13386/j.issn1002-0306.2019.15.058
https://doi.org/10.13386/j.issn1002-0306.2019.15.058
https://doi.org/10.3390/foods10061181
https://doi.org/10.1016/j.lwt.2019.05.023
https://doi.org/10.1016/j.carbpol.2023.120550
https://doi.org/10.1016/j.lwt.2010.06.019
https://doi.org/10.1016/j.lwt.2010.06.019
https://doi.org/10.1016/j.lwt.2010.06.019
https://doi.org/10.1016/j.jpba.2006.04.003
https://doi.org/10.1016/j.jpba.2006.04.003
https://doi.org/10.1016/j.meatsci.2012.01.016
https://doi.org/10.1016/j.meatsci.2012.01.016
https://doi.org/10.1016/j.afres.2025.101198
https://doi.org/10.3969/j.issn.1008-5467.2013.10.010
https://doi.org/10.3969/j.issn.1008-5467.2013.10.010
https://doi.org/10.7506/spkx1002-6630-20230906-049
https://doi.org/10.7506/spkx1002-6630-20230906-049
https://doi.org/10.3390/foods10050976

5478 15

TRUME | 45 PO BRI X RIEERT 5E FOUIRBE R IR B TR TR G PR S - 151 -

of heat processing of farmed Atlantic cod (Gadus morhua) muscle
with respect to cook loss, water holding capacity, color, and
texture[J]. Journal of Aquatic Food Product Technology, 2011, 20
(3):331-340.
(23] Fpdk, #R755%, Ak AL, 4. ket & 6 & BB S0 R 4
#Hoa Il £ % 5 & 8 T 4,2024,50(2): 168-176. [ ZHENG
Zhaomin, XU Qiaoling, ZHENG Hongli, et al. Effects of wolfberry
powder on gel quality of silver carp surimi[J]. Food and Fermenta-
tion Industries, 2024, 50(2): 168—176. |
[24] BREH, RAwe, TEKX, F. FREX ST 8 6 & R
HHEREAFRGF A J] £ &5 A8 T, 2022, 48(19):
144-152. [ JI Chenyang, HU Xiao, JI Hongwu, et al. Effects of
Porphyra yezoensis polysaccharides on gel characteristics and
antioxidant activity of Hypophthalmichthys molitrix surimi[J]. Food
and Fermentation Industries, 2022, 48(19): 144—152. ]
[25] TR RELHTIFRERARAZ AR AAR[D]. X
AR EAHE K F, 2023. [ DING Hao. Study on the effect of
whole quinoa flour on the gel characteristics of shrimp mince and its
application[D]. Tianjin: Tianjin University of Science & Tech-
nology, 2023. ]
[26 ] LIU Ru, ZHAO Siming, XIE Bijun, et al. Contribution of
protein conformation and intermolecular bonds to fish and pork gela-
tion properties[J]. Food Hydrocolloids, 2011, 25(5): 898-906.
[27 ] PIAO Xinyue, LI Jingwen, ZHAO Yadong, et al. Oxidized
cellulose nanofibrils-based surimi gel enhancing additives: Interac-
tions, performance and mechanisms[J]. Food Hydrocolloids, 2022,
133:107893.
[ 28 ] SUN Lechang, LIN Yichen, LIU Weifeng, et al. Effect of pH
shifting on conformation and gelation properties of myosin from
skeletal muscle of blue round scads (Decapterus maruadsi)[J].
Food Hydrocolloids, 2019, 93: 137-145.
[29] PoRAREAEEREAMEZET 2. GB 5009.88-2023
B S P BE R A e gl &[S, Ab W P B AR sH R AR, 2023
[ National Health Commission, People's Republic of China. GB
5009.88-2023 Determination of dietary fiber in foods[S]. Beijing:
Standards Press of China, 2023. ]
[30] PAAREREERRLAFRAEFE T L. GB5009.86-
2016 & db P R IR A B 6 0] T [S]. AL o B AR E B RAE, 2017.
[ National Health and Family Planning Commission, People's
Republic of China. GB 5009.86-2016 Determination of ascorbic acid
in food[S]. Beijing: Standards Press of China, 2016. ]
[31] PHAREPFPARBRZREZ AT AT EZR L. GB
5009.124-2016 £ 5% F & A B 69 52 [S]. b7 P B AR f AL,
2017. [ National Health and Family Planning Commission, People's
Republic of China. GB/T 5009.124-2016 Determination of amino
acids in food[S]. Beijing: China Standard Press, 2016. ]
[32] Food and Agriculture Organization/World Health Organiza-
tion Ad Hoc Expert Committee. Energy and protein requirements
[R]. Geneva: FAO Nutrition Meeting Report Series, 1973: 52—63.
[33] #seik, Rk, BARH. RF AR IR B R JR
WAL (], & oe T Ak A3, 2025, 46(16): 281-290. [ HAO
Yuanru, CHEN Ruidie, ZHAI Meizhi. Evaluation on amino acid
composition and nutritional value from different walnut varieties [J].
Science and Technology of Food Industry,2025,46(16):281—
290. ]
[ 34 ] WU Yuntao, HUO Yunfeng, XU Lin, et al. Purification, char-
acterization and antioxidant activity of polysaccharides from Por-
phyra haitanensis[J]. International Journal of Biological Macro-
molecules, 2020, 165:2116—-2125.

[35] JICY,PAN C, HUANG H C, et al. Effects of origin and har-
vest period on characterization, structure and antioxidant activity of
polysaccharides derived from Porphyra haitanensis[J]. Interna-
tional Journal of Food Science and Technology, 2022, 57(1):
123-136.
[36 ] TANG Jin, NIE Jing, LI Danping, et al. Characterization and
antioxidant activities of degraded polysaccharides from Poria cocos
sclerotium[J]. Carbohydrate Polymers, 2014, 105: 121-126.
[37] RAWDKUEN 8, BENJAKUL S, VISESSANGUAN W, et
al. Effect of chicken plasma protein and some protein additives on
proteolysis and gel-forming ability of sardine (Sardinella gibbosa)
surimi[J]. Journal of Food Processing and Preservation, 2007,
31(4):492-516.
(38 ] #BeF, K&, B, & FALIELE KB I H A G 2700
Bose 6% em [J]. & ek T Ak A3, 2021, 42(7): 302-310. [ XIE
Xiaoyu, ZHANG Fei, SHI Jie, et al. Effect of pre-cooling treatment
and low temperature storage on storage quality of broccoli[J]. Sci-
ence and Technology of Food Industry, 2021, 42(7): 302-310. ]
(391 RIRAZ, iz 4%, & $h, 5. oob o & JER AR B AL 7
TR & 2 e n [T]. 2% T kA4, 2025, 46(4): 50-58.
[ ZHOU Fengchao, JIANG Wenting, TIAN Han, et al. Effect of
Laminaria japonica powder on physicochemical properties, rheolog-
ical properties and protein structure of silver carp surimi gel [J]. Sci-
ence and Technology of Food Industry, 2025, 46(4): 50-58. |
[40] 137, REE, Wi, . @ 20 E F M AILAHE R AT
7% [J]. & & T A 3, 2022,43(11):326-333. [ LIU Peixiu,
ZHAO Meixuan, YANG Mei, et al. Study on the nutrient compo-
nents and physicochemical properties of broccoli flour[J]. Science
and Technology of Food Industry, 2022, 43(11): 326-333. ]
[41] ik, £0876 G E &, & & R RACBAT F A LT e rt
S B SEAH  B A AR A A 4% v (7). A St 2024, 45(11):
192-200. [ LIU Xin, JIANG Pengfei, FU Baoshang, et al. Effect of
high-pressure homogenization modified bamboo shoot dietary fiber
on gelation properties and chemical interactions of shrimp surimi
[J]. Food Science, 2024, 45(11): 192-200. ]
[42] RAMIREZ J A, URESTI R M, VELAZQUEZ G, et al. Food
hydrocolloids as additives to improve the mechanical and functional
properties of fish products: A review [J]. Food Hydrocolloids, 2011,
25(8): 1842-1852.
[43] ZHANG H M, XIONG Y T, BAKRY A M, et al. Effect of
yeast f-glucan on gel properties, spatial structure and sensory char-
acteristics of silver carp surimi[J]. Food Hydrocolloids, 2019, 88:
256-264.
[44 ] RATEE, BURSL, M6, 5 R FHEFRIFREK & & SRR
B 4 MW % om I A & Tk A 3, 2021,42(1): 42-47,53.
[ ZHANG Zhiming, YI Shumin, LI Xuepeng, et al. Effect of ultra-
high pressure on gel properties of unwashed Nemipterus virgatus
surimi[J]. Science and Technology of Food Industry, 2021, 42(1):
42-47,53.]
[45] MI Hongbo, LI Yi, WANG Cong, et al. The interaction of
starch-gums and their effect on gel properties and protein conforma-
tion of silver carp surimi[J]. Food Hydrocolloids, 2021, 112: 106290.
[46 ] CHEN Bifen, CAI Yongjian, LIU Tongxun, et al. Formation
and performance of high acyl gellan hydrogel affected by the addi-
tion of physical-chemical treated insoluble soybean fiber[J]. Food
Hydrocolloids, 2020, 101: 105526.
[47] DEBUSCA A, TAHERGORABI R, BEAMER S K, et al.
Physicochemical properties of surimi gels fortified with dietary
fiber[J]. Food Chemistry, 2014, 148; 70-76.


https://doi.org/10.1080/10498850.2011.571808
https://doi.org/10.13995/j.cnki.11-1802/ts.033645
https://doi.org/10.13995/j.cnki.11-1802/ts.033645
https://doi.org/10.13995/j.cnki.11-1802/ts.033645
https://doi.org/10.13995/j.cnki.11-1802/ts.033645
https://doi.org/10.1016/j.foodhyd.2010.08.016
https://doi.org/10.1016/j.foodhyd.2022.107893
https://doi.org/10.1016/j.foodhyd.2019.02.026
https://doi.org/10.13386/j.issn1002-0306.2024080379
https://doi.org/10.13386/j.issn1002-0306.2024080379
https://doi.org/10.1016/j.ijbiomac.2020.10.053
https://doi.org/10.1016/j.ijbiomac.2020.10.053
https://doi.org/10.1016/j.ijbiomac.2020.10.053
https://doi.org/10.1111/ijfs.15349
https://doi.org/10.1111/ijfs.15349
https://doi.org/10.1016/j.carbpol.2014.01.049
https://doi.org/10.1111/j.1745-4549.2007.00132.x
https://doi.org/10.13386/j.issn1002-0306.2021090257
https://doi.org/10.13386/j.issn1002-0306.2021090257
https://doi.org/10.13386/j.issn1002-0306.2021090257
https://doi.org/10.1016/j.foodhyd.2011.05.009
https://doi.org/10.1016/j.foodhyd.2018.10.010
https://doi.org/10.13386/j.issn1002-0306.2019110262
https://doi.org/10.13386/j.issn1002-0306.2019110262
https://doi.org/10.1016/j.foodhyd.2020.106290
https://doi.org/10.1016/j.foodhyd.2019.105526
https://doi.org/10.1016/j.foodhyd.2019.105526
https://doi.org/10.1016/j.foodchem.2013.10.010

- 152 - £ Tl B4

2026 4F 8 A

[48] sk Ak, WAk, KA, 4. K 2B OQBRIH &AL YR E
o AR R [J]. Ao T kA4, 2023, 44(6): 405-414. [ ZHU Xiu-
qing, DENG Xiaoqi, ZHU Ying, et al. Advances in the gel prepara-
tion and its affecting factors of soybean protein[J]. Science and
Technology of Food Industry, 2023, 44(6): 405—414. ]

[49] Zik, M AH, NER, F. h45 KT EBR SR BMILE
#a8 % om [J]. i 5 Rk 3R, 2015,31(4): 924-928. [ WANG
Yuan, LIU Chunju, LIU Chunquan, et al. Effect of different freezing
methods on the quality and microstructure of Lotus root slices
[J]. Jiangsu Journal of Agricultural Sciences, 2015,31(4);924—
928.]

[50] #Rl, #BE, shin, . 403 LA AR & EIUR S 4R G
Ay Fo FEACME Y B R B RAF Mg Bvd [T]. R e T AL ARH
2025,46(6):93-101. [ YOU Gang, HUANG Siwen, ZHONG
Xiang, et al. Influence of hsian-tsao polysaccharide on structural and
physicochemical properties of myofibrillar proteins in frozen surimi
and its gel characteristics[J]. Science and Technology of Food
Industry, 2025, 46(6): 93—101. ]

[51] LIU Cikun, LI Wenxie, LIN Boyan, et al. Comprehensive
analysis of ozone water rinsing on the water-holding capacity of
grass carp surimi gel [J]. LWT, 2021, 150: 111919.

[ 52] NIE Jinggui, XUE Chao, XIONG Shanbai, et al. Compara-
tive analysis of soluble and insoluble dietary fiber on improving the
gelation performance and fishy odors of silver carp surimi[J]. Inter-
national Journal of Biological Macromolecules, 2024, 262: 129938.

[ 53] ZHANG Xuehua, PAN Hao, JIANG Xin, et al. Study on the
mechanism of soy protein isolate to improve quality of reduced-salt
Hypophthalmichthys molitrix surimi gel: Focus on gel quality, pro-
tein structure, and in vitro digestibility [J]. Food Chemistry: X, 2023,
20: 100878.

[ 54 ] LI Tangfei, ZHAO Jianxin, HUANG Jie, et al. Improvement
of the quality of surimi products with overdrying potato starches[J].
Journal of Food Quality, 2017, 2017: 1417856.

[ 55] MAN Hao, SUN Peizi, LIN Junxin, et al. Based on hydrogen
and disulfide-mediated bonds, L-lysine and L-arginine enhanced the
gel properties of low-salt mixed shrimp surimi (Antarctic krill and
Pacific white shrimp) [J]. Food Chemistry, 2024, 445: 138735.

[ 56 ] CHEN Jingxin, DENG Tingyue, WANG Cong, et al. Effect
of hydrocolloids on gel properties and protein secondary structure of
silver carp surimi[J]. Journal of the Science of Food and Agricul-
ture, 2020, 100(5): 2252-2260.

[57] GOORMAGHTIGH E, RUYSSCHAERT J M, RAUSSENS
V. Evaluation of the information content in infrared spectra for pro-
tein secondary structure determination[J]. Biophysical Journal,
2006, 90(8): 2946—2957.

(58] #h%sh, M, KILRE, F. BRD Rt & & BB A M
B A G EHG Yo 0], & &4, 2021,42(2): 46-52. [ XU
Anqi, YANG Rong, ZHU Yukang, et al. Effect of laver (Porphyra

umbilicalis) powder on gel properties and protein structure of giant
squid (Dosidicus gigas) surimi[J]. Food Science, 2021, 42(2): 46—
52.]
[59] # 2, Hik, BuRsE, 5. mAST S IR T H RO %M
5 A e ¥k [T, B R A4, 2014, 47(10): 2013-2020.
[ YANG Yuling, YOU Yuan, PENG Xiaobei, et al. Influence of
heating on structure and gel properties of myofibrillar proteins from
chicken breast muscle[J]. Scientia Agricultura Sinica, 2014, 47(10):
2013-2020. ]
[60] #HRA, BT, &R E, F KO MELmT KRE L B
B S B 3 A Bt R AR ag R 4s xR UL R S A 4R, 2023,
44(9):177-184. [ HAN Zongyuan, SHAO Junhua, PAN Yanmo,
et al. Moderate protein processing: Elucidation of thermal aggrega-
tion and gel quality and regulatory strategies for excessive aggrega-
tion[J]. Food Science, 2023, 44(9): 177—184. ]
[61] ZHOU Xuxia, JIANG Shan, ZHAO Dandan, et al. Changes
in physicochemical properties and protein structure of surimi
enhanced with Camellia tea 0il[J]. LWT, 2017, 84: 562—571.
[62] ##%zk, R4h, HEnd. R fxt & BRI T LR Y
v I, & & 55 AU, 2011, 27(6): 75-79,91. [ CHENG Zhenzhu,
ZHAO Wei, YANG Ruijin. Effect of different dietary fiber on
mechanical properties of surimi gels from ribbonfish[J]. Food &
Machinery, 2011, 27(6): 75-79,91. |
[63] XUE Xinlei, ZHOU Xiaoqgiu, FENG Lin, et al. Dietary
vitamin C improves muscle hardness and springiness associated with
collagen and elastin synthesis in grass carp (Ctenopharyngodon
idella) [J]. Food Research International, 2025, 213: 116591.
[64] F4iE. daMBIT S dy £ & *TIF 8 5 ok 5 4k [D].
b, L& # K%, 2015, [ LI Wanjun. Nutritional and flavor
components analysis of Antarctic krill and white shrimp[D].
Shanghai: Shanghai Ocean University, 2015. ]
[65] Zir3t, XkE, x| R4, F. JUMAEATIFE H ok A
AT 5 AR (1], R b 2 F A F 4R, 2025, 16(8): 19-30.
[ LI Hongyan, LIU Zhenlu, LIU Tianhong, et al. Analysis and eval-
uation of nutrition, flavor and texture characteristics of Penaeus van-
namei cultured in salt fields[J]. Journal of Food Safety & Quality,
2025, 16(8): 19-30. |
[66 ] &8, mUAh, &k, 5. B KT RIBHRILY & BT
R R AR RAE e Fm [T]. B 5 & B Tk, 2026, 52(8):
227-237. [ ZENG Zezheng, XU Mingwei, CAO Yanghong, et al.
Effects of sea red rice powder on physicochemical properties and
antioxidant activity of unwashed sea bass (Lateolabrax maculatus)
surimi[J]. Food and Fermentation Industries, 2026, 52(8):227—
237.]
[67] AHMAD S M, BOSCO S J D, AHMAD M 8. Plant extracts
as natural antioxidants in meat and meat products[J]. Meat Science,
2014, 98(1): 21-33.


https://doi.org/10.3969/j.issn.1000-4440.2015.04.034
https://doi.org/10.3969/j.issn.1000-4440.2015.04.034
https://doi.org/10.1016/j.lwt.2021.111919
https://doi.org/10.1016/j.ijbiomac.2024.129938
https://doi.org/10.1016/j.ijbiomac.2024.129938
https://doi.org/10.1155/2017/1417856
https://doi.org/10.1016/j.foodchem.2024.138735
https://doi.org/10.1002/jsfa.10254
https://doi.org/10.1002/jsfa.10254
https://doi.org/10.1002/jsfa.10254
https://doi.org/10.1529/biophysj.105.072017
https://doi.org/10.3864/j.issn.0578-1752.2014.10.015
https://doi.org/10.3864/j.issn.0578-1752.2014.10.015
https://doi.org/10.1016/j.lwt.2017.03.026
https://doi.org/10.3969/j.issn.1003-5788.2011.06.018
https://doi.org/10.3969/j.issn.1003-5788.2011.06.018
https://doi.org/10.3969/j.issn.1003-5788.2011.06.018
https://doi.org/10.1016/j.foodres.2025.116591
https://doi.org/10.19812/j.cnki.jfsq11-5956/ts.20241223003
https://doi.org/10.19812/j.cnki.jfsq11-5956/ts.20241223003
https://doi.org/10.1016/j.meatsci.2014.03.020

	1 材料与方法
	1.1 材料与仪器
	1.2 实验方法
	1.2.1 西兰花全粉（BP）制备
	1.2.2 虾糜及其凝胶的制备
	1.2.3 白度值的测定
	1.2.4 持水性和蒸煮损失率测定
	1.2.5 TPA参数及凝胶强度的测定
	1.2.6 短期冻藏稳定性测定
	1.2.7 感官评价
	1.2.8 凝胶化学作用力测定
	1.2.9 蛋白质的二级结构分析
	1.2.10 微观结构测定
	1.2.11 膳食纤维含量测定
	1.2.12 维生素C含量测定
	1.2.13 氨基酸组成及营养评价
	1.2.14 抗氧化活性测定

	1.3 数据处理

	2 结果与分析
	2.1 白度值分析
	2.2 持水性和蒸煮损失率分析
	2.3 质构特性及凝胶强度分析
	2.4 短期冻藏稳定性分析
	2.4.1 短期冻藏对持水性、蒸煮损失率的影响分析
	2.4.2 短期冻藏对TPA、凝胶强度的影响分析

	2.5 感官评价分析
	2.6 凝胶形成作用力分析
	2.7 蛋白质二级结构分析
	2.8 微观结构分析
	2.9 营养组成分析
	2.9.1 膳食纤维分析
	2.9.2 维生素C含量
	2.9.3 氨基酸含量组成及营养评价

	2.10 抗氧化活性分析

	3 结论
	参考文献

