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Abstract: This study investigated the effects of high hydrostatic pressure (HHP) treatment on the physicochemical proper-
ties and microstructure of frozen pea protein gels and elucidated the underlying gelation mechanisms. Heat-induced pea
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protein gels were subjected to three HHP conditions (100, 300, and 600 MPa for 15 min each) and evaluated in terms of
their color, textural attributes, solubility, and subunit composition before and after freezing. Compared with the native pea
protein isolate (PPI), HHP-treated gels demonstrated significantly reduced gel hardness, which gradually declined as
pressure increased. Dynamic rheological analysis revealed that HHP-treated gels exhibited enhanced elasticity and viscosi-
ty, accompanied with a dense and highly homogeneous network structure. The subunit composition involved in gel forma-
tion changed notably after HHP treatment, and the number of participating proteins and the content of free sulthydryl
groups decreased with increasing pressure (100 MPa<300 MPa<PPI<600 MPa). The water-holding capacity of HHP-treated
gels improved, following the trend of 600 MPa>100 MPa>PPI>300 MPa. Dynamic rheological results further confirmed
that in all samples, the storage modulus exceeded the loss modulus, indicating a predominantly elastic gel network. Freez-
ing disrupted the gel structure under all treatments, reducing surface smoothness, and gel hardness before and after freezing
decreased progressively with increasing pressure. Soluble protein content followed the order of 100 MPa<300 MPa<PPI<
600 MPa. After freezing, the total thiol content at 100 MPa increased by 0.60%, suggesting increased protein participation
in gel formation and extensive disulfide bond formation at this pressure. Water distribution and differential scanning
calorimetry analyses demonstrated that ice crystal formation at 100 MPa caused minimal structural damage, with only slight
alterations in water distribution. The enthalpy change in the HHP-treated gels had decreased significantly compared with
that in the control, as follows: 3.54% at 100 MPa, 1.79% at 300 MPa, and 9.46% at 600 MPa. In summary, among gels, the
pea protein gel treated at 100 MPa for 15 min had the best freeze resistance. HHP treatment effectively modulates the gela-
tion mechanism of pea protein, promoting the formation of a fine and compact gel network. It also mitigated structural
degradation after freezing and enhances the freeze-thaw stability of pea protein gels. These findings provide valuable
insights into the application of HHP for the structural modification of plant proteins and the development of high-quality

frozen food products.
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Fig.1 Effects of different ultra-high pressure treatments
on macro-structure of pea protein gel before
and after freezing storage
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Effects of different ultra-high pressure treatments
on color difference of pea protein gel before
and after frozen storage

Table 1

FEGh L a b WI
PPIFO  30.21£0.08"  —1.13+0.01  2.38+0.07"  30.16+0.08"
PPIF1  29.71+0.04®  —1.27+0.02"  2.53x0.11°  29.95+0.14¢
100 F0  30.68+£0.05°  —1.34+0.012  2.89+0.01°  30.610.05°
100 F1  30.36£0.39°  —1.38+0.038  2.24+0.08¢  30.31£0.39°"
300 F0  32.42+0.06°  —0.5240.03°  3.03£0.09°  32.40+0.22°
300 F1  31.48+0.13¢  —0.88+0.02°  5.97+0.07°  31.40+0.22¢
600 FO  36.59+0.04°  —0.43x0.01"  3.36£0.04"  36.49+0.04"
600 F1  33.12+0.02°  —1.18+0.05°  3.25+0.02°  33.03+0.02°

TE: SR PR B A B V225, P<0.05.
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Fig.2 Rheological characteristics of pea protein gel with
different ultra-high pressure treatments before
and after freezing storage
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Fig.3 Hardness and springiness of pea protein gels with differ-
ent ultra-high pressure treatments before and after frozen storage
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Fig.4 Soluble protein content of pea protein gel before
and after different ultra-high pressure treatments

S UREATAH b, )5 BERE I T R R S Y
B EREIK(P<0.05), FAHRFREVK ML K, B4
KA FHE, TS AT VST AR 2 B L LA b
A, YRkt B, 25 5 AT RE R TR AR AT &
ARSI, R R P I SE g BRI AR S
W T s i, LA S AN s e =X, B
BEARBERE TP AR M

SRyt —25 T fREE T B R H 3 S S
Fhs b pIZE S, AFTEXHERIS | BRI AT 45 1 FNEE
BEOLPEAT T SDS-PAGE 34, Hih s U e astE
FEL . WS R AR S S5EURIE B FIE3E, 11
B UTTENY RS SEHRIE R L. A&l Sa.
%l 5b A %0, PP EEH B RS 1 HL UK I EEAE L

>Rl - Bl R-ROH R B8 0 L0 CoRTR Rl N ol - |
a
(-) 2ME
M 123456789101l 12131415 161718192021222324 M
o .u ug”!g! ! i!! »mﬁm
e . :—:,—- 4§ ﬁ e
: :ﬁﬂ.ﬂiﬁll
a1 WDH&EH
2’ pETREN
b
(+) 2-ME
M12 34567 891011121314 1516 1718192021222324
HERLBEeR: s Bl cRRE = — MR
o ;’ 1 - T :“" =3 - \maﬁsﬁkﬁm
ERS S8 b i by - ) A P ———— L
. _EVERES TARENY Nt
 BEHE
” . - - — S — BBUEERE
144 ™S
]
e
5 O[] oK FRAL BRAR 1 BERC AR TECHIT I H Dk P

Fig.5 Electrophoresis patterns of proteins treated with differ-

ent ultra-high pressure before and after frozen storage
e a Ry AEIR JEHL UK s b 8 LK 2-ME O B-5i Bk & 1
M WA S35 8 11 T Marker; JKGE 1~24 23 518 AR TR A A
BRI s VAR DA BRI 3 s R IR P BRI DOTE s VRS IR
FLBEI; e IR BRI L s VRS D P BRI D0 5 R T
100 MPa E FIBERE; VRHT 100 MPa B8 13 ; ¥R 1T 100 MPa
BEBCUIVE; YRS 100 MPa BEMKE; RJ5 100 MPa BEIKE i
100 MPa % HE ILHE ; YR HT 300 MPa 25 [1%E 1 ; ¥R AT 300 MPa
BEE L1 s URAT 300 MPa BEBCULIE; ¥R /5 300 MPa BEE; HR)5
300 MPa ¥ X 3% ; %5 300 MPa #E UL 3E ; 75 Al 600 MPa
HBENS; RET 600 MPa BEE LI ; VRHET 600 MPa BERCULTE;
)5 600 MPa B R 600 MPa #E i 175 ; /5 600 MPa

JEid S UK S v, BERE AT IR A 250 T o-9
SLEREE R AR R, DA -9 R ER 1 RO
Z 5 T BERIE I e i K A BHIEE RS IV B2 AFH
1RL, BERE RS AL BRI AL ST U AR, o

I JE L UK S, SR L BERDTTE R UK 28 5
VI LUK SRR, LT T S S5 25 5 T BRIBIE
o Forpal R A EE b A B AR R o-



32 - £ Tl B

2026 4F 7 A

Wi G ERER IR XU BH g 5 A . 9 5 BRER
FAAN B-Bi S BREE AR 25 T EERTIE I, i 5
PEERER UM a-Wi S ERER I HAG 32 5 T HEEHIRIE
o TR RAL PHAR AR o 2E T P LA BRI S
5EE, HA K AL EE(100 MPa #1 300 MPa) Ji
TV 2R PV 2 B S R FER RS L3 T LA, 456
EE S T R R 00 B0 U B e i KO Ak B
(100 MPa F1 300MPa) I T B S AEERE A o-Bi
HERIE S 58RI B o T i KO A B
(600 MPa) EE T 1l 25 W 3 X5 IR R AR,
XULH] 600 MPa = XG0 T N5 5 &AL . Wi Bk
HEAM - BT ERENS S TERIE s, R
FIFIT 600 MPa =5 A 3 7 AR FHARBCHT S GRS 5t
ZH R ARARL, T vy 2K R AL FE (100 MPa F1 300 MPa)
o, BERE R AT R I 3R P AR D ST . 9 BR
AN p-B0 S ER R P S a2, 33 I VR e Ak P
A TS R 5 B AR . 90 D BREE AN B-i I BR
3 G 258 FEHES S R R P ol AN T SR
YN
25 BEERRRDGESESH

W 6 iR, HALFERT, 5 PPI BER B st &
HAH b, S K RAN S, Wi R SRR B S
WA (P<0.05), Hirp PPI>100 MPa>300 MPa>
600 MPa. =K EANER 25 | HE 2R (4 T H AR P,
FECB I F AN BRSSP AT R
T B P IR SR B e, MR DS L 5
i, SHR AR S 5P A B e M I st . Ak
B, e K AR BT G830 1 e B P R ) 4Lk A,
PEIESRILACIE, MU/ DU 28 s 3 B0

20 B R
18 ¢ 2 5

QQ Q\ QQ {i\ QQ (C\ QQ <¢\
NN QO QOO
QQ QQ \Q \Q f\,)Q r\)Q ‘OQ ‘QQ

AR

Kl 6 ANIal e K Ak B B 2R A B AR e
(Y BB o
Fig.6 Total sulthydryl content of pea protein gel with different
ultra-high pressure treatments before and after frozen storage

VR AL B S, PP B8R &8 B Fi st & & F B,
100 MPa 5 600 MPa & &= 4% H H AT 43 ) 7
T 3.53% Fll 4.38%, 300 MPa &t L HME2E 5.
VRAEEE R v, KA M 45 vK AT BE XS PPI 4 B R 25 4%
TR AR T —xE BYSENN], KT E5VKAT e R BRI B4+
6] AR EAE A A A AR R . PPT A3 3 5 1 Ik 25 BRI

T HER TR PPI 2 4 T Y LL iR 4 &
A TR RS, XTI ER SRR R S nT R R R
T ASEBRECRAE, iy TRl FHAY B s e, 5
BRI AE B K. XTI T 100 MPa F1 600 MPa
BB B i 1 T R B S SRR AAR 2R H S A
Wid, SECIIFELRTE .
2.6 FEUIIEPRHE EBHERKTIREHTL

FHE 7 AT, BT A BB, FE K2 0.1~1 ms
(T2b) . 1~10 ms(T21) . 30~200 ms( T22) Fl 200~
1000 ms(T23), LT 3~4 DAE K IFAEIR TS .
X 4 HEAR S BB Sr e BB R G Y 3 ROk
&, Bigh &K, KR H foKE,

001 01 1 10 100 1000 10000
I E] (ms)

7 ASIR] s ok H A 250 5 22 1 BE RS AR /S 7K 5343 A
Fig.7 Water distribution of pea protein gel treated by different
ultra-high pressure before and after frozen storage

S R AT E] (T2b A T21) 5858 B I R & K 4745
P aE 5K 5 KT BwaiG . EAR T2b F1 T21
HEH 4G 7KE A, HK T 54K 52 88045
HRREARFESFHEGB R RIS EN2ZS . HE 70
B, 4 TR B R XK 43 SR A 10 BE 1 KR/ HEF
>}7: 600 MPa>100 MPa>PPI>300 MPa,

Wi AR B A RS, W TERG R, Ky B
BN, AR FER AT 7K 5303 EE S IR 4 T B2, st 75 B[]
FYSr A AR A% /]S, 6T 100 MPa F1 600 MPa i .75
FIEERS RIS , VKT AR R B £ A 1 s e
IR, AR5 A RAEA e B/ . (BRI 300 MPa Bi
AR FABERC M K 53 or AR W 534 R 2 A0, GX— 45 51
i BH R RGE A T oK Es TE S A K, SRR
e ARV E AT TP AT N =\ s el ST = g
TERNAATI, FR437K 53 [ HH B AR I B eI R 45 3R
48, KRR HE Jy K, FH LRI 41, 300 MPa Wi 5.
B B REAE R TR, BEHE PRI 25 ) O R T B A
K, VRIS EE AR 2 % 7K 43 BREE A R 1 R R o
2.7 FEGSIEH S EEER DSC MK

Bl 8 HrI BB AR T B AR IEEIR K SR
[RS8 SR R FE PR AR AS R, BERAAS 2R T 7K S3 T Lok i
R, SO EEE . AT UL, S K R A B S B
R B M DK S BRI/, PO TERE AT, 255 R
600 MPa>100 MPa>300 MPa>PPI, % & # 7K JE &b
B 09 FR A A E B35 BAIG, 100, 300, 600 MPa 435l



FUAR 55 Rk A PO B A SRR R P 33

3474 5 14
Oop
. 7
s N
S 10} \
£ \ |
2 1 /
= — PPI :
201 100 MPa /
ys| 300 MPa
600 MPa \/
730 1 1 1 )
15 -10 -5 0 5 10 15
R (C)
o _PPL_100MPa 300 MPa_600 MPa

J&ME (J/g)
oL L
s 8 8

—250

q b c
El 8 INIA] K AL FR A i SR SR R T S
ZR A ELE

Fig.8 Differential scanning calorimetry (DSC) of pea protein
gel before and after different ultra-high pressure treatments
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Fig.9 Microstructure of pea protein gel treated by different
ultra-high pressure before and after frozen storage
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