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W B AHFRTFATAFH TR (Coldplasma, CP) A A THARMK LMt E 5 HE G (Pea protein
isolate, PPI) i B4 4 9%/, BT T PPl igiy A 4F 449 ThT % X 5% 4. ii%m%@\ HFEM. B2
S, Zeta ©ii, R@HEAKN, A@HFEHGHL. BHERL, BHA DAL S, LB BARARSHITGOTR
W, 2R AW, CP T 2 FILst PPl H A 4005 i o B 15 A BR 3 7 i 89 PPL IR #F 47 4 (A-PF) #aLL,

CP 4371 A 89 PP1 iy #4746 (CP-PF) % 3Lt & 549 ThT 32 X358 F Ao p-Ar B Anst &8, Fo R 40699 R 4T 4
KA. Am#k 60 min, 5 A-PF (219.84 nm) #A8rt, CP-PF T M & # K&y 44 (961.350m) o KM, #H
Fulife AT R AV, FKAEIER A e Zmi R IR B-AT B 45 M B R A B HE &S A CP-PF 49 £ £ IR
A . I, HERIERET PPLAYHREAFE, A-PF f= CP-PF #93LiLitfoe /ot R ¥R 5. 5 A-PF #8tt, CP-
PF &2 It &ML a9 5L (RFF 9.1%) FeAL etk (RF 6.8%) o AATIESE CP A —FA B &FaMAH %
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Abstract: The potential of cold plasma (CP) treatment to promote the formation of amyloid fibrils of pea protein isolate
(PPI) was evaluated relative to acidic heat fibrillation condition. The changes of ThT fluorescence intensity, microstructure,
molecular structure, particle size distribution, Zeta potential, surface hydrophobicity, surface free sulfhydryl, free
sulthydryl, total sulfhydryl, and disulfide bonds content, emulsifying activity and foaming capacity of PPI amyloid fibrils
were determined. Results indicated that the formation of PPI amyloid fibrils was significantly accelerated by CP treatment.
Compared to acidic heat-induced PPI amyloid fibrils (A-PF), CP-mediated fibrils (CP-PF) showed higher ThT fluorescence
intensity, relative content of f-fold, and shorter maturation time. After 60 min of heating, CP-PF formed longer fibrils
(961.35 nm) than A-PF (219.84 nm). Hydrophobicity, free sulthydryl groups, and disulfide bond analyses revealed that
hydrophobic interactions and disulfide bonds were the primary driving forces for the self-assembly and ordered stacking of
[-sheet structures during fibrillation process. Furthermore, fibrillization markedly improved the functional properties of PPI.
The emulsifying activity and foaming capacity of A-PF and CP-PF were significantly enhancing. Notably, CP-PF exhibited
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superior emulsifying (improved by 9.1%) and foaming properties (improved by 6.8%) compared to A-PF. This study

demonstrated that CP was an effective technique for promoting PPI amyloid fibril formation and improving its

functionality.
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2, PP 3= 2 B BR 2R 11 (65%~80%) Fli 45
(10%~20% )M . Horf, 38R 1 (5~80 kDa, 2S)A7K
BHEEAY, miEkE AR FENA R A, R R
En] 43R legumin(11S) . vicilin(7S)Fl convicilin®™,
PPI {E A —Fh el JERR 20 B O B 2R 10T, & 7 i
IR, IS, PPT AW G MERR A EE 2RI, BT
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PPI 7€ pH2.0. 80 °C #54 " in#k 78 h BEIE sl K= iH
HURTEZS VR ZOIR LT 4 SR AR . Liu £ &3,
PPI YEEE & 1.5%. pH2.0. 85 °C i#k 24 h BEHE
JRLLIRVERTRELTHE . PG, B PP il 5 TE M FEET
e H AT T4, BAR O AT GG HE PP ZEFRIA
BN S BRET YRR AT 0, (A S R ik il 75 7
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FELFAEARRCRRY . Horh, Wy UE G T s R A
f-PE . JoAk A 5% B N e ALD FEASOCR A A ST A 32 O
o Tong ZE HHFST A HR, A TALERH KX G H Y
7K DXk R B, PN 1 D o 2R I S A R 41 4k 1 T
Ao Liu 852 WS LB, (SA0itE 7 iAb 3 Re (i o Bk
TGS R TT, DT R EsE 7 2R I TEMRELT 4RI
o CP VEAN—FPF R RENG A AU SRL B

3%, JUHE AR ey TR BT R AR FH AT,
CP {25 [ IREEWT I, A= il MK, 2SR TRtk
PR R AT b R R R K i 1 R PR, fil CP 7E
P A E B E RS I #RmT, B RTFESCHY
WFFEARERE =, IR AR o

E ik, A< 3C A PPL b 4, 38 i i # kX Lk, B
55T CP NS RITEMFELT Uik T 5, AT 4E1bXT PPI
FLALE R PR R S . 5 5, it SDS-PAGE.
FTIR FIN IR 2GS A el id B2 v PPI BY 45 #4
ArAbs [RIET, 8k ThT 285656 0E © AR BOLEU .
Zeta HLVE AT TEM A0 PPT MM RE LT 4k 0 T ilad 72
TS AS AL 5341, B ad e ol A v R s K P —
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i o B (98%) Ll E= S A
BRZS A5 A — dow B B2 40N - 2R P 045 I e 8 i W, UK
(sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, SDS-PAGE) BEKE il 451277 & . BeyoBlue %
ORI IR IR AR ARA IR
Hl; #E 1 Marker  ZEFERHE (P EGE); MR
T( thioflavin T, ThT)  Sigma-Aldrich Co, Ltd( St.
Louis, MO, USA); 8-l %k - 1-Z5 £t 112 ( 8-anilino-1-
naphthalenesulfonic acid, ANS)  FH7 T 46 T.(_Fif)
B RRAFE RN, HElR. JRE . L IR . —
2 B 3L & 3k B ¢ ( Tris( hydroxymethyl) aminome-
than, Tris) E 254 F{b22 0GR A F] 5 5,5- 6%
R2-EERF R S K AR A BRA T L
RGN S AR at A L B

Wix-multipro 2 I ELEEIR LUK E ekl
F (b)) AR/ F]; CTP-2000K 45 RS E  Fe
HONE T AR TS-300T BiaBR  HUHIKEK
AL #SAT BR 2N 7153 ZETASIZER NANO ZS 44 K75 X

YK 22 T IR SCAY A% A3 BR 2 #] 5 Multiskan Go

Reader BPR{Y 2522 T EFEER CHRBIECA R A
F); HI-6B 4 14 bEas 73 Fmdas C ) A BRAS 7
VORTEX-5 figimi Gae  HARDLZRAGESHil ik (R
A BRZ F] 5 iS50 6 HL nf AR 6 2T 4 5% 3% ( Fourier-
transform infrared spectroscopy, FTIR){X H 7
¥f; FEI Tecnai G2 12 1% 54 H, T W f#%% ( Transmission
electron microscopy, TEM) 3£[E FEI; F-7000 7%
SP0GOEEE T H AR R RS A R A A]; SCIENTZ-
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1.2.1 CP AT =P8 Liu 27 gy 05 3 3F f R s ek,
FI| FH A 53 BH 34 Jit B, ( Dielectric barrier discharges,
DBD) %5 & F & & A e B 4T CP ALEE . 4 PPI
(10 mg/mL) &g B gk, FIRE e 12 h 5845
KEJE, B 5 mL PPI Bf AR E T A<, CP &b
FHZE M 40 kKV. 14 kHz, 9 min, CP 42385 PPI A%
i T 4 °C PRAE, T ST EITE 24 h NiET T

1.2.2 PPl JEMFELT4ENHIE =88 Liu %68 (197
I FEVEAE B, TR 075§ & PPI 3E M) AF £F 4 %
PPI & # (10 mg/mL) FH 1 mol/L HCI1 & W ¥4 17 pH
& 2.3, #RJFFE 85 C M IE/KIBHEFE(100 r/min) Nl
P, TAEINFETE] (0. 10, 20, 30, 40, 50, 60. 90,
120, 180. 300 F1 540 min) BUFE )T, 57 BT UK K ¥4,
T 4 °C 7. BRTEIIAIKRA T IR PP SEMARLT
Hear 448 A-PF, ¥ CP A-HJS Ay PPI S TE 85 °C
AR IR K 3 P 2K (100 r/min) InCAR [E I E] (0, 10,
20. 30. 40. 50. 60. 90. 120. 180. 300 Fl 540 min)
JEWURE, ST BN T UKoK Hve 4, 4 C {47, CP /3B
AL PPI JEMELF Ay 444 CP-PF,

1.2.3 ThT 2065387 Z B Tang &8 1y 5 ik, %
ThT ¥ fif F W% % £k 22 v W ( 10 mmol/L % & £k,
150 mmol/L NaCl, pH7.0) #, #1#% 1 mmol/L ThT JiX
W, FHERTEREG 4 °C RAF o B IR B IREL 22 Pk
BB 50 pmol/L 9 TAEW . HX 40 pL #4541 (10 mg/
mL) 5 4 mL ThT TAERIR G, EIEMFH 20 min,
microplate reader M & DGR, S8 : BRI
440 nm, & S 480 nm, 3L UL B HEE 12 nm.
1.2.4 TEM WE PPl JEMFELT4iRE S L 8Tk
MBS 0.1 mg/mL, B b VR T4 XA, FH TS TR
MR 4L, JFHE 100 KV F#E4T TEM WEL PPI €8y
FELTAERE S BOMOWIE SR . 87 Fiji imagej BEA 7%
ALBY, 534 PPT JEASRELT 4 T .

1.2.5 SDS-PAGE =& Liu 2P {5 i3 FMVEE
B, SR 5% MRAGIEAN 10% 4385 il 4+ SDS-PAGE
BEMS o B RE S R B TOKF B 2 2 mg/mL, #i ko
PRE S SR e B REGE ph AR (1:4, viv) LUBINR S
J&, 90 °C 4J@ NI 10 min, 25 1 Marker FHAE 5%
S35 EAE 6 uL A1 10 pL, £ 75 V B FHYK 3 h, H
Pk R B P e 8 W G (4 30 min, B @0 (2
Wi 0 2l 2 k=1:2:7, v/v)Jlii o, EE) S MW .
1.2.6 FTIR MxE HEURT )5 BIAE S (30 mg) B i,
5 3.0 g TIEAYIRALEN (I 1.0%)I1RA, JR4plad
AT SEREFITERE A 400~4000 cm™!, 433
A4 em™!, FIERECH 5 K.

1.2.7 BiARSIAGHN Zeta FAIAGIMRE  FHAACRL L
ME PPI AL (RS F/KMREZR 1 mg/mL) FRIAR
S AT Zeta A, BR FUSTHTSN 0 1.45, ESLAHPTHT

RN 1.33,

1.2.8 FTHBL/AKPEN E  FH ANS ZE CER £ &
PPI 7E JEASFE£F 4B al ol A v 2 i i /K P ) 284 o

FEM 2B T/KFFEE 1 mg/mL. 1 mL &E5An
A 8 uL ANS ¥ # (5 mmol/L, 0.1 mol/L B§fgEL % v
Wi, pH7) o 1RAY5), KA B 30 min, M52 S5
A R D 380 nm(BREETEE=2.5 nm), K HIEK
400~600 nm (FEE T =5 nm) .
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ME SR Tang 52 By 7 L IFEE B, M PPI
PETTELTAETE G A2 h SR U 2 Hi ik | U s ik A

T ik (AL 4% R T R RO ShAS e .

WEES FiAE: #4451 (0.5 mL) 5 2 mL Tris-glycine ZZ 1%
& ( 86 mmol/L Tris, 90 mmol/L H & #& , 4 mmol/
L EDTA, pH8.0) 1R G WEES Hi Ak AL 5 (0.5 mL) il

AFNEA 8 mol/L JRZE F 0.5% SDS [ 2 mL Tris-
glycine 2% P S W s A 3 (& AR ) - BE A

(0.5 mL) 55 0.025 mL -#iFE LA 1 mL JRE|EEL
BRI (6 mol/L)IR-A, 76 25 °C FIFHE 1 he N T ULHE
PPL, il A 2.5 mL =S LMW (12%), & 1 he
10000xg E5.0> 10 min, IEEDTTE, Fi-FH =& L BRIFR
(12%) B0 2 IR, KBR p-#itk Ll KPUERET
2 mL &% f 0.5% SDS 1 8 mol/L JR & Tris-glycine
. LA =FAE 4305 0.02 mL Ellman
i®F] (4 mg/mL 5,5- —BRACIL(2-iEELZE T R ) DTNB)
1 Tris-glycine ZZ P IR G KRG E=R TR
A 5))EFE 30 min, T 412 nm AN EROGE . 2%
MR AS IR . SRR A (S-S ) & R T =t

A
FET BN . RIS . MBI G i)
A~ L
[EPEEY
Sti(umolg = 0332 Aus) 0 A (D
By 15
SHlma - SH ree sulfhydr
S_S(Mmol/g) - 1 fi Ithydryl ﬁ (2)

2

o, Ay FERIROGEE; C: SR HBE (1 mg/
mL); n: FBEE; T 73.53 B 10%(1.36x10%) 7583,
1.2.10 FRUUKEREIE R T AR G AR (10 mg/
mL) R E . £E 25 °C T, fEHEA N 40 mm, #it
MEJHE A7 1 mm BRI B PR A 0.1~100 s 75
B PIARE s ) 2R AR Ak
1.2.11 FAbM:(EAD fizLfbfa et (ESD e =
B8 Liu 5889 (7 k, IR B 77K B A-PF Fil CP-
PF B 5 = 1 mg/mL, ¥ 6 mL & M # Bk (pH2.3)
F1 2 mL KR EIHTE 12000 r/min | &3 854 2 min, #]
FF W K 50 pL FLHW AT 4 mL SDS(0.1wt%) FE53
RE)5, T 500 nm ZE R 5GRE . EAL #1 ESI ifad
LI ARG A
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EAI(m? /g) = 222303 XA XD £ (3 PN CP R AERIRIERLIT (M1 05 NOy Fil H,0, %)
€ (1=¢)x 10000 SR BT 2R 45 4 JEE FFEIAE PRI Tl RELT

2 412 (125291

ESI(min) = Ao %10 X (@) 4T R

A —Ay
KA1, Ay Bl A 533 HFLIEAE 0 min Al 10 min
B YGRS D AR BER T (4000/50=80); C A8 Pk
J£(0.001 g/mL); ¢ AT S%5(0.25) o
1.2.12 EHEME(FO) fiEMiAEHE(FHMxE =M
Qi FECY [y I LIHE R B 10 mL AE SR (10 mg/
mL)¥® T 50 mL &£+, P 10000 r/min B5Y] 2 min,
TRGHDE AL SIS WARI A 50 mL HE 1A b, DR R TR
AR, MRPE LT 230 FC T FS,

FC(%) = %xloo = (5
V]O
FS(%) = V—xlOO & 6

=, §HE 0 min JEIEIRIABLCH Vi §#FE 10 min
JEHLARMAFIC R Vg0
1.3 HELIE

FA A S R ) P T e =R ERAS, AR
LIS H{E AR 1 22 1T X3, 2R A Excel 2010 LU
K SPSS 25.0 #1740 1 FI i 2 1 4 Hr (P<0.05), FH
Origin 2021 A F#HATLE
2 FR57Hh
2.1 ThT KD

ThT & — e DB IRE, SE A p-9r
SR RS & IO S B AN, Bz N
FTEATERFELT 4T W RAEPY . A-PF FI1 CP-
PF 76 T fvh ThT 286 E A8k, aniE 1 fion .
AL FR 10 min, PPI 9 ThT &G HGHE T &, BE
P TA]FEC 2 30 min, ThT P8GR EER2E T, Ifik
FfesE ], RABF AL L BETAGEZE g-rE
LEFIEIN ), BINTE B PP SEMSRELT 4EUS . 51 2,
5 A-PF AH L, CP-PF 1§ ThT 2% G B i S50
#4b 30 min, CP-PF 1) ThT 2¢O 58 J& ( 1.976+
0.013) [t A-PF(1.413+0.031) 2524 40%. %45 3%
B CP Ab¥E ] 25423 PP SEMYRELT 4 (TR B, FLJE

2.6 —=— A-PF
2.4 1 e CP-PF

0 20
0.2 7] ] (min)

6 160 2(I)0 360 4(')0 5(I)0 6(I)0
T ] (min)
Bl 1 PPIREFId#E ThT JEG5R Al
Fig.1 Changes in ThT fluorescent intensity of PPI during
fibrillation process

2.2 PPLIEMHFAHERSR

FIFH TEM FRAE T PPI 4T i #2 b i IE 5 28
1. SRAE 2 s, A-PF 1 CP-PF 1E£T4EE 5045
fiE B B 225 . SRINENAET, A-PF 2L HIER
PRIRIERS, HoP 4 EAS A 29.05 nm; 1] CP-PF BRER
PRIGURL A, 34 X0 %€ 3] S A AR &5 4y, OB K3 oy
48.98 nm. AL 60 min, A-PF T4k H IR 2T 4
ZE Ry, HOP 9K B3R 219.84 nm; 5 A-PF AH L,
CP-PF NJE B i HHA R AP K SRR ET
YAy, SPICE B HIN S 961.35 nm.  FENIFAET
[E]FE K 2 540 min, A-PF 3B, 27 4e K sty
HNE] 399.78 nmy; [Mj CP-PF A LT 4k 4544 & A= W 248
G AR IR 2T 4E 25 1), 2T 4R W 3 BRI F
497.22 nm. FEMRLF L, CP-PF AHE T A-PF &
BLH B L A3

Fig.2 Change in morphology of PPI during fibrillation process
(u=600 nm)

TE: A, B, C /3% A-PF-0 min, A-PF-60 min, A-PF-540 min;

D. E. F %4 CP-PF-0 min, CP-PF-60 min, CP-PF-540 min,

FRRK 600 nm, FLAAEEL 13000 4%,

2.3 SDS-PAGE 9tk

il it SDS-PAGE WF5Y T PPI i &F it g — g 4
MR . S5 RANIE 3 s, BEINFARS [a] A B4, A-
PF F1 CP-PF ' %6 &7 7S Bk @& 11 4H 43 ( Convicilin
(70 kDa) Fl Vicilin(48 kDa) ) L Kz 118 3R FH4H 5
(B 3£ (39 kDa), BfPEIV 3L (22 kDa) ) AR IE£54E
SR 5 WU S B, R ZERR ME pH Al R AAF R,
PPI & b 3 /KM o 45 - S BREE (1P FI i sE
AP e ot — R EE A AR AR —2 . k4h, CP-
PF (5%t SR Bl iy Asfh i $ie, 2B CP /EH T
T RIS 2SR T IR /K A, A2 1 25 A R T I W
ZURHRIE, A5 BT PP JEMYRRLT 4R
2.4 FTIR 534

ifid FTIR 2347 T PPI 7 4Tid e h a1 9%
LER AR AL . S SRANEE 4 s . BEDNFAET [E] i) E
K, WERE 147 (1700~1600 cm™) FITGERE A #5 (3200~
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Fig.3 Changes in primary structure of PPI during fibrillation
process
F: (a) A-PF; (b)CP-PF,

(a) kI T4 P T 4 e A
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Fig.4 Changes in infrared spectrum of PPI during fibrillation
process

: (a) Fl(b) 4354 A-PF Fl CP-PF,

3400 cm ¥ H ELIA S AOE RS IR, i AR S i T 2R
F 43T PN SV P 265 0 BB 2H 0t B, 20 PPT JE MY AR LT

AE PRl T T R 1 SR N 4%, EUEAE BRI X ER
RS-V LA ARG PR LT UE M SR G AT O
%@,ﬁEFHB7 38]

PPI 7 AT i BRI — R a5 M A8 4k, anse 1 s,
TEFBIRALFR (Y 0~180 min, A-PF 194 ST 45 F AW
L, A TRRE, R K -PrE N p-FE FAFEXT & R
Wik R Hoh pPr B AR S R AE 180 min ik FI fy
K, A 32.4%%0.4%, KB p-PTELE A-PF LT i
B IR AETE, A BT A-PF IR, FEfB b3
JG 1 (180~540 min), o-12JE . p-HTEFN B-F% FAAHXT
Trhr R R, TG I AT i B BT (P<
0.05) . CP-PF LRI AHRIA AR fbita®s, 7 g-3r&
AEXTEEEAE 60 min BFAFEERKAH (36.2%+0.4% ), Bl
JinFEE] P SE K, p-Hr B AR E R i WG . AR
S, FEET i FR R, CP-PF 1Y p-Pr@Alxt & i b 2
F A-PF, IZG5RUEIL T CP S SIEMFELT 4R R 4
RENSMEUE p-PT B LT AN E o X Seah iy 2xfh,
FRE 5 ThT 225650 )E F1 TEM WLEELE SRAT—2, %
W p-PrE L5 nIE RIS J2 I E PP TEMRELT 4
TSR RN 22 . XA R S5 URW 1140 Fkok
AP JEMPELTAETE WL B A S AL AR 5 SR AR

# 1 PPLREF SR S Eh L L
Table 1 Changes in secondary structure of PPI during

fibrillation process.
FE o-BBGE(%)  pATE (%) BEEFA(%) TR (%)
A-PF-0 min 25+0.2* 26.6+0.7¢ 30+0.3¢ 18.4+0.4°
A-PF-20 min 22.6+0.1° 29.6+0.2¢ 31.5+0.1° 16.3+0.3¢
A-PF-40 min 22.3+0.3"  30.8+0.5° 31.8+0.2° 15.1+0.4¢
A-PF-60 min 22.1+0.2° 31.9+0.3* 33+0.7° 13+0.6°
A-PF-180 min  21.2+0.4¢ 32.4+0.4° 33.1+0.2° 13.3+£0.9¢
A-PF-540 min ~ 20.5+0.3°  30.2+0.3% 32+0.2° 17.3+0.4°
CP-PF-0 min 24.3+0.7 27.4+0.4° 29.8+0.2° 18.5+0.3°
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