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Abstract: To promote the high-value utilization of tuna mince in surimi-based products, tuna mince was used
to partially replace conventional surimi for preparing protein bars. Replacement levels of 20%, 30%, 40%,
50%, and 60% were designed, and texture, gel properties, and color parameters were compared to identify
the optimal substitution ratio. Based on the optimized formulation, samples were fabricated by microwave-as-
sisted 3D printing and subsequently subjected to combined heating treatments, including water bath heating
(MW-S), steam heating (MW-Z) , low-temperature baking (MW-D) , and air convection heating (MW-K).
Product quality and flavor characteristics were evaluated by texture analysis, low-field nuclear magnetic reso-
nance, electronic tongue, gas chromatography-ion mobility spectrometry, and scanning electron microscopy.
The results showed that different tuna mince substitution ratios significantly affected the hardness and
chewiness of surimi protein bars (P<0.05). At the 40% substitution level, hardness and chewiness
reached 1 927.59 N and 1 646.09 N/mm, respectively, both of which were higher than those of the 60% group
(1 109.02 N and 1 036.28 N/mm). In addition, the L* value and whiteness of the 40% group were 69.68 and
66.62, respectively, indicating the best overall performance in texture and color. Different combined heating

methods markedly affected water distribution, volatile flavor compounds, and microstructure. Among them,
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MW -K formed a dense gel network and exhibited good water-holding capacity, a more pronounced umami

taste, and weaker bitter and astringent responses. MW -Z showed a microstructure inferior only to that of MW -

K, although its overall flavor harmony remained weaker than that of MW-K. By contrast, MW-S and MW-D ex-

hibited varying degrees of structural looseness. In conclusion, a 40% substitution ratio of tuna mince combined

with microwave-air convection heating was considered the optimal processing combination for producing high-

quality surimi protein bars.

Key words: tuna mince; surimi protein bars; substitution level; combined heating; texture properties; flavor

characteristics
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Table 2 Correspondence between electronic tongue sensors and

taste values
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Table 3  Effect of tuna mince substitution ratio on textural

properties of surimi protein bars

BRI . " , NI/ .
/% ifi i /N i NERE (N/mm) 42 P
20 187135+ 097+ 090+ 164190+  0.57+
54.92¢ 0.01 0.01 27.14 0.02

30 1893.53+ 0.96+ 091+
203.46¢ 0.02¢ 0.00*

1 694.30+ 0.56+
156.31¢ 0.00°

40 192759+ 097+ 091+ 1 646.09+ 0.56+
117.26° 0.01¢ 0.01¢ 90.03¢ 0.01#
50 1870.58+  0.95+ 0.90+ 1598.99+ 0.54+
31.10° 0.01¢ 0.00¢ 34.22¢ 0.00°
60 1109.02+  0.95+ 091+ 1036.28+ 0.57+
95.95" 0.04* 0.00° 28.55" 0.01°

i RS RI S KR 25 5 835 (P<0.05) .
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NEL BG4 5 el 32 A8 A B A — B0, AR EL 9 209%~40%
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i Y- o N U TR 9 I D WS WA R ISR 0 =
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=
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Fig.1 Effect of tuna mince substitution ratio on gel strength
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Table 4 Effect of tuna mince substitution ratio on color

parameters of surimi protein bars

B Hle L a*{H bH{H SIEL(ES
20 69.47+2.09*  4.47+0.40* 12.77+0.22° 66.61+1.92¢
30 70.06£0.30*  2.95+0.26" 16.26+1.22* 65.81+0.63
40 69.68+£0.81*  1.70+0.08° 13.84+0.46" 66.62+0.76
50 65.91+2.86" 1.35£0.04c 14.36+0.44> 62.98+2.64"
60 65.64+2.22"  1.50£0.27¢ 15.95+0.78" 62.09+2.04¢

T - [RIA [A)“F RE 3R 28 5 .35 (P<0.05)

2 4 AT AR LU 20%.30% Fi1 40% I, L
43 51H 69.47.70.06 Fl 69.68, 2% 58 .35 (P>0.05) , 4
B 42 25 & 50% 1 60% I, L*{E 4> W% % 65.91
1 65.64, B FH LT B LA 20% .30% 1 40% (P<
0.05) , & W45 = B AR LU 1) 2 AR AV ot 420 B 01 0 B8 2
FIRRRE A AR . (RS LeE A
— 30 o {EBERC LB 4R 5 1T R LE R R IRAE 40%
Je A TR, 21 BE WA SO 559 5 b (B AR AS [ R AR e goi] o
AR, AR 30% F1 60% B, 41
B 16.26 F1 1595, B X LG B R 20% B A%,
12,77, AR 40% BF 2R 13.84, 40 T /K-, i
R AR A6 2 Ao A it B AT — 8 PR R ER
EHREA S 25 L B ERE R 40% (R S AE
R A Vo A B R 1 JEE P TR, 20 B B R i v (iR 1
STER, SRR TS RARSS S, T A ARG &0 T
AR AR AR LA
2.4 R[AE AT 20 B8 8 1A KO3R5 B =
[E] 5 A5 P 52

N AS [F) 5 A A7 X 40% AR H 5] 4 g
R PR K SRS B2 [B) 43 A i 2 ), R AR %
WG AR (low-field nuclear magnetic resonance, LF-NMR)
FRIVRG FE R A% %o 45 Ak BEARE (il O R 1) 5t 72 B 1) ( T) A
FOSAGFFAESEAT 0By, 45 5 WL 2 FTA] 3.

H
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Fig.2 T, distribution of surimi protein bars under different

combined heating methods
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Fig.3 Pseudocolor magnetic resonance images of surimi protein

bars under different combined heating methods
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B I L Do 2 R RE A RO A /K 43, PR B —
WAE AR TR AB KA Bkl . M2,
MW-D Hl MW-S [ 7,32 0] 0 72 4% H HAR B, R W1 5E
JE 3o T BOUR K 3 Wik BE AR Al AT AR T B0 R e A
MW -Z ¥ it W77 A 5t 74 s 8] DIl 3008 5 ) oo, 156
WA Z rh 5 328 K 53 L1388 e, 7K 3 AR PR ARG A 25 o
H Il 3 AT, MW -K R BT 5 4 A 2 50 ik, T
B G 32 e B Bl A A a5 L LA A B DU AN ]
RS N EUE & i RN N I S o N il =R 28
753Xk 2 5 M 0 JBE B 1) K AR A N2 (R 43 A1 X —
R Zhang SFPVRN Ly SFRIRIF 58 S AR — 24, Ik —
AR MW -K A58 2608 T DA A R K 3 B e
PEFNEEIE & T A T 20
2.5 ARRIE ATy ok B8 8 R KU ERAE i 52

HL 75 H 35 B A 43 43 BT (principal component
analysis, PCA) WL 4,

aMW-S
TR e MW-Z
AMW-K
v MW-D

N

IR [

TR [EIBR

" MW-S
¥ e MW-Z
AMW-K
Y MW-D
. ALl

i

\ L 5
-5 -4 -3 -2 -1({0 1 2 3 4
_1 L
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_2.

_3 L
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H4 FAREAMAFRTEEEABBTEEAER PCA
Fig.4 Electronic tongue radar charts and PCA of surimi protein

bars under different combined heating methods
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A EL 3 (AR R A5 R T L PR 5 MW =S R i s B e 7 ¢
1o B A DR R A A v KO, LR AR i) 7 A1 s MW -7
FE S TEBERR RO N T A A i i O AR AT
FEIY A B AR B 5 4 O 559 5 MW -D) A0 o5 T2 A i 7 i 15
2 BE AN [ET R AL T v A K o HLF T R A AT
R — R W], 4 AN TE PCL AT PC2 1 g8
BAF X Gy, HAA NS SRR RS, UL AN [F] &2 45 i
Iy AOu) B TR R IR R S R LA W RN . 2R
TIAE 5 PCA 45 50T, MW -K RF 5 70 05 43 5 v
W AR R = R A [ ), A7 ) A i 7 R X A 55 ,
PR RE PR . S LE-NMR &R R M
225 KGR GC-IMS H LIS | A5 7 AH G4 K 1) (1) A8
AR —F>],

2.6 A[EE AT AN f088 5 1B 04 & M XUk
=i

ANFE A AT =T B A GC-IMS 25 51k
EliE LA 5

0.324(M) ZYU(IM) MW—S 5 MW—Z R MW—K . MW—D
1200
1 000 ) ‘ |
i\
@ | 'vl |
= R
= )
b
= |
" " A [ -
et
i iy
S e B
e | b |l
i1 i
v o O wn 9o nn O wn o v O v
~ S aon o S T S B S Y R

B T T T T B B B B B e e B R

BT BRI ] /ms

B5 AREEAMHAXTEERESE GC-IMS =R AL
Fig.5 Differential GC-IMS spectra of surimi protein bars under

different combined heating methods

i &5 AT TR 40% BARELGT |, S I BAS W) 52
AT 23k B KU 22 5, SR GC-IMS X £ JBE 2R
HRE R E AT 08T SR A S AR mT 0, A A4k
PRAE A B A7 W T BURN S5 58 22 SR i,
TR M7 20T B4k & P Fh 2 850 o 25 14 sl
BRSKEE ,MW-K Al MW-D FE 5 B9 BEB X b, 2250 ms
I8 B T A B A W | O R D
1= 05 -3 2- B 55, 3k BB g ot 4 Ak A2 i i e e 7
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of surimi protein bars under different combined heating methods
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MW-Z  65.10£0.50" 23.63+1.39"  3.1720.07>  2.23+0.01"
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T : R NG 5B 3R 28 5 .35 (P<0.05)
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