547 % 517 i Tl B Vol. 47 No. 17
2026 4 9 H Science and Technology of Food Industry Sep. 2026

RO, BRI, 2R, A5 R TR SRR I S AS IR A B o W e A R A ST AR PR S (D). B LR,
2026, 47(17): 72-81. doi: 10.13386/j.issn1002-0306.2025070327

ZHANG Xinyi, ZHAO Di, LI Ruona, et al. Effect of Electron Beam Irradiation Coupled with Subcritical Extraction on the Polyphenol
Content, Composition, and in Vitro Antioxidant Activity of Persimmon Peel[J]. Science and Technology of Food Industry, 2026,
47(17): 72-81. (in Chinese with English abstract). doi: 10.13386/j.issn11002-0306.2025070327

B3 SHRIT -

FEL R R B T SR 2 BBl S Sl B
H R HARS ML EALTE PRI

R, i, =00, REIPE, HER, BIRE, =
(B FE KR FERAFE TSR, &AM 712100)
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#|# B (Conventional extraction, CE) . &% B (Subcritical extraction, SE) #474%4 (EBI-CE, EBI-SE) ,
TR RT3 AH S 09% . £l ExtAs B 243474 il, 94740 B % Br s AL 4 69 40 5%,
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Effect of Electron Beam Irradiation Coupled with Subcritical
Extraction on the Polyphenol Content, Composition,
and in Vitro Antioxidant Activity of Persimmon Peel

ZHANG Xinyi, ZHAO Di, LI Ruona, ZHU Kaiyang, HU Jiayi, XU Huaide, LI Mei’

(College of Food Science and Engineering, Northwest A & F University, Xianyang 712100, China)

Abstract: To enhance the utilization potential of polyphenolic resources in persimmon peel waste, electron beam irradia-
tion (EBI) coupled with conventional solvent extraction (CE) and subcritical extraction (SE) (EBI-CE, EBI-SE) were
explored to investigate the effects of different extraction methods on polyphenol yields from persimmon peel. Based on this,
the crude polyphenolic extracts from persimmon peel were purified, and the composition and in vitro antioxidant activity of
the purified persimmon peel polyphenols were further analyzed. The results showed that the contents of persimmon peel
polyphenols in SE and EBI-SE were 34.93 mg GAE/g DW and 31.93 mg GAE/g DW, respectively, which were 4.92 and
4.50 times that of CE. After purification, the content of persimmon peel polyphenols extracted by SE was 661.39 mg
GAE/g DW and the antioxidant activity was also 4~5 times higher than that extracted by CE. A total 455 phenolic com-
pounds, including 134 phenolic acids and 177 flavonoids were identified by UPLC-MS/MS. Gallic acid (5.73 mg/g DW)
and quercetin (1.48 mg/g DW) contents in the polyphenols extracted by SE were extremely higher when compared to CE
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(0.02 mg/g DW and 0.30 mg/g DW, respectively). The ECy, values of DPPH radical scavenging of these two monophenols

were 35.83 pg/mL and 67.97 ng/mL, respectively. Multivariate statistical analysis indicated that quercetin and gallic acid

were the key antioxidant monophenols in persimmon peel polyphenol extracts, with their concentrations exhibiting a posi-

tive correlation with total phenolic content. This study provides valuable insights for the valorization of persimmon peel

waste as a sustainable source of natural antioxidants.

Key words: persimmon peel; polyphenol; subcritical extraction; electron beam irradiation; qualitative analysis
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ER2E, LI R B2 2 it . Tzuchi 459 SR HES
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YRAE ) 22 W HR BBUSCRAR AT T . R0 H AT asR 3=
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Frhr . PUAELRTETE . A AR AR DL RS
FLT I, ASSC LA BOR A R, S EBI FiAbHE 5
1% S5 75 57 2 Bt i (Conventional extraction, CE) . SE
BEA RS (EBI-CE, EBI-SE), #RF7 A [FIHE BT x4
J Z W PR B (52 R s LA CE 4 Xt B8, %% SE.
EBI-SE X#ili iz Z My alifbiAsipisa ke J1 (DPPH- .
ABTS™ | #3E [A  iE R M 78 R b | 1 ik
J1) . Z 2 AR BRI 55 d 52 ) 5 7 L At
ik DPPH- W5 ER R ECy, 1B A AR & 5P
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BR 2\ 7] ; Spark fiff #r f% P Hb K| Tecan Austria
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AR TRAL 473 (b)) {28 B2 7] 5 SHI-
MADZU Nexera X2 i## i 2% 7% A0 2 325 {2 . Applied
Biosystems 4500 QTRAP & Bt & % {X . LCMS-
8045 ERURAHIE TS SR A R A ],
12 FLWHE
1.2.1 Al J2 Ml £ S5 AL R Al B2 40 °C HET,
e, ik 40 H . Al Bl AR 205 A A AT
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EBI FiAbBEGRIE N 15 kGy) . £ EBI THAbBIFIARALD
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1.2.2  #ilifZ Z W HEE

1.2.2.1 A5 E7IBEH(CE) % EBI WiAbBRAT AR
FAT EZ A 5 70% O BEHS IR LE 1:25(g/mL) TR
A, 40 °C EIEAKEYR LB 40 min, 8000 r/min 5
0> 15 min, FIGHAMTEAS 24 R Z R PR

1222 WG FAEFRIZEEB(SE) 1% EBI #i 4k # i
FF BOAH B A AR EE 1:50(g/mL) ItA 70% Z
BRI L 2ZE O A I )R 28 v, RBE TR BN
160 °C, JEJJ 1 MPa, $2BUNE] 40 min, J5£225 5[]
1.22.1,

1.2.3 S EmEIE SRR I S
K. 0.5 mL & EFRREWRERET RIS 2.5 mL 10%
TEAREHR TR A /5 = IE#E'G R B 3 min, IIA 2 mL
7.5% Ttk R £ % W RE D' ), 30 min J&§ T 765 nm 4b
M e G, ARG & F IR AR fh £k y=3.0835x+
0.0322(R*=0.9992) & £y &+

1.2.4 Ailifz ZWppHEdmk sttt R R B -fir 2 B
JriA8FH NKA-9 KA IR Z Wikt ratife!” . CE.
SE. EBI-SE Z M fH$2 W T 40 C JEZE e 4R L &
P, MR AR A — B AR TG /K 2 B e 47 1 v 2 ik
BER 20%, INA TR NE . 25 °C T R 3% W B
12 h, Fhiuk, FHZER/KIG e B R 22 T s bl . 4
Z=I . I, 80% LIRS URAE 25 °C KA N IR R
W 12 h, $HUE, WEERIR R IEZEHAR 5 B R T
1.2.5 filifz e fbdrdi S s Hm a2

1.2.5.1 DPPH-IEFRAET] ZSHFeniHki i ikeg
A1 P, il 0.01. 0.03, 0.05. 0.07. 0.09 mg/
mL Y Ve SREKE U, oK ZBRdii 0.2 mmol/L
DPPH T AR, W HL 100 uL #f 5L sk Ve FRAEKIF IR,
A1 mL DPPH TAEW W, iR ESCEMAT N
30 min/5 1 517 nm ZMWNGE G, 452 DL sasli jiz
Zlpaifbrh Ve M2 (mg Vo/g DW)FRIR.
1.2.5.2 ABTS™i&BRBES] MRYE Zhou 5529 1k
#HAT ABTS™H H AL s BRBE J1 A &2 o el 0.01.
0.03. 0.05. 0.07. 0.09 mg/mL Y V. bRIERIEH, ¥
7 mmol/L ABTS % W 1 2.45 mmol/L K,S,04 = &
G AT IR 11 1R A 16 h 15 5] ABTS il /&5 1%
. ¥ ABTS i M B OGN 0.7+0.02 15
F] ABTS TAEW . 100 nL BEfhek Vo FrfEKRISHR S
1 mL ABTS T /E¥# W = &6 N 6 min /5, F
734 nm AN ZE R CRE, S5 5 LA Al B2 Z2 W sl b4
T Ve HEZE(mg V/g DW)FRIR,

1.2.5.3 ke Tid i PrEfbEe J1 (FRAP)  fili
P Ak B 1 R S I SR B R R RE ), T
593 nm AN ZE W SCRE, S5 S LA Al B2 Z2 W 2l b4
T Ve MR E(mg V/g DW)FRIR.

1.2.5.4 3 A HILCOH) HEREE -OH & 516

PERIN E J595 2% Shen 521 {1 38 IS & 24 .
fic il 0.08. 0.16. 0.24. 0.32, 0.4 mg/mL Y V. bxifE
W, 1 mL KA R £ B WK . 1 mL # B AE 5 3¢
Ve FHERE W . 1 mL 9 mmol/L FeSO, W A1 1 mL
0.01% H,O, IE IR & )57 37 °C ¥ 15 min J5 T
510 nm A E WG, 455 AR s A B2 0y R 2y 4l
e Vi MEZTE (mg Vo/g DW)FER,

1.2.6 M ZMA 5T =% Wang 5522 L,
A5l JFH A v 80 AH (2035 BB K BT 3 (UPLC-MS/MS) Xof
CE. SE. EBI-SE #ili jz ZWyalifb il f v i or#r. H
70% HEEEEC ] 0.5 mg/mL ARSI WL, IRTE 15 min
J& 12000 r/min 2.0 3 min, B FVE#GS 0.22 um A
HLUEHE, AR-AF TR, DA 53T

W AH % SR an R - 3% A Agilent SB-C
(1.8 pm, 2.1 mmx100 mm), #3:3f& 40 °C; JishAH: A #H
SAHBAK (5 0.1% HTR), B A1 205 (77 0.1% 11
FA %) 5 YENHASREE: 0.00 min B AHLLAF]R 5%, 9.00 min
N B AH L N E] 95%, FF4EFR7E 95% 1 min,
10.00~11.10 min, B A#H ELBIFE A 5%, FLL 5% -
% 14 min; K 0.35 mL/min; AR 2 pl.

JT iS4 FL TS 25 F IR 500 °C; B Fmiss
FLHE (IS) 5500 VOIE B FAR ) /—4500 V(17 25 T4
A BFHEAAE TGS 1), A (GS D FH S
(CUR) 435 E A 50, 60 F1 25 psi, flf #1555 L 25
SO E N o ST HTRH 22 5O Wil (MRMD) 455X,
TETTRE ST HT BTG A QC FEAR LAITPAL FEA S0 A i R 1Y
Fase A EE M

R B PEAd FH Analyst 1.6.3 #:3k4E, BT

R R S E S YE AR R 2 MWDB (metware
database) #E17 LX), KBRE K. Na*. NH, (W HEE(F
. FINERE S AT T BT Level 1 KFERIR
FEARY) ST 2T | A B 1 0] -5 50 22 4 I DG i 75
434 0.7 43 LA s Level 2 /KRR FEASY) R 2 Jit
1% . PR B R A S 50E A B PG Bc A543 0.5~0.7 43
Level 3 /K- ¥5 Q1. Q3. RT, DP, CE 5%
EM) FAZXT—3 . A MultiQuant 3.0.3 {FXF i
AREA M OTEWEIA TR SR IR, T DA i A
VER A AR E R T e 225347 .
1.2.7 HRBERSPT  SHAERP 7 EIResn
& 2%, i F§ HPLC-QQQ-MS/MS %} CE. SE. EBI-
SE #ili fz Z Wy alife ¥y v & FRR . MR . 4 T
Gree ki . LA E . MR T T e =T
70% WEERC ] 0.5 mg/mL BRI R AIAS IR B2 195
e AR RUE SATE, 1 0.22 um A HLUERE, 417 Tk
FENE A, A5

WA OIS 54 (035% 4 GL Sciences InertSus-
tain™C,¢(5 um, 4.6x25 mm), #Eifk 35 °C; W ahAH:
A M BAK (A 0.1% HRR), B A1 R 2N (& A
0.1% MHR ) ; B VENAR)T: 0~11 min, 7% B; 11~
18 min, 25% B; 18~25 min, 30% B; 25~30 min, 45%
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Table 1 MS parameters of monomer phenols
=) LI ¥ BT (m/z) TET(m/z) T AE BT RGeS R
1 BETm® C,HO; 168.99 124.95 18 =g y=865066x+36423.6 0.999
2 ILZE#E C,sH,,04 288.99 245.00 15 T y=394283x-32797 0.999
3 P Cy7H30046 608.99 299.95 35 =g y=775717x-692.230 0.999
4 G HAT CyHy0,, 462.99 300.05 29 t-Sg y=1604830x+29762.1 0.999
5 ST C,yHy0, 462.99 270.95 45 Uit-Sg y=458024x—19408.2 0.996
6 Wi % C,sH,00, 300.99 150.90 21 1 EF y=250556x—16757.8 0.999

B; 30~35 min, 50% B; 35~36 min, 40% B; 36~45 min,
7% B; Fiid, 0.6 mL/min; #EEER:: 5 pul,

SRS EUN T EST 8 TR, 7188 T, 5%
AbFS LI 3 L/min, ISR 10 L/min, 32 363
300 °C, BLiA IR 526 °C, T 1d 10 L/min,
MRM R AN A S BRI R AL SN == 1 Jir
TRo LUIAS[R] BT S e BEARME Sl A AT FR (x) FBT HR 3E
(W ZHIBRAEINZR (R 1) o FESINE FRAS 1 W T A
ABRAERTER B AR S T ARy 5 B, OFLL me/g 4l
e T E(DW)FER
1.2.8 BREHUAEARTEHEN R PR 1.2.5.1,
SRR BT R R S DPPH - TS IR R i3OG &, 45
RFIRHN ECs, {H, B} DPPH- 75 BRZFRIXE] 50% Ay
FESL BT RS (pg/mL) -
1.3 HIEAIE

BT A S B B s 2= /0 DI SE IR, ASEME
(X)+R#EZ2E (SD) F A8 . >R IBM SPSS Statistics
20 FRAPXT LB BAR AT R Ry 2500 . 28 AR
(Duncan %) ; Origin 2024 #4474 &, P<0.05 1%
F2E BRI, P<0.01 {3225 TV
2 ZERE5Sh
2.1 AEHEBG AR 2 & 28500

aniE 1 7R, CE W& 5K (7.10 mg GAE/g
DW), SE Z W& & i1 (34.93 mg GAE/g DW), N
CE 1 4.92 1%(P<0.05)., EBI-CE &4 8.04 mg

WA
wn O
1

W & (mg GAE/g DW)
—_— N N W
wnm O W O

hs!
—_
wn O
T T
(=N

=]

CE SE EBI-CE EBI-SE
P R[RI IR T 200 Al B 22 W & B 52 )
Fig.1 Effect of different extraction methods on the amount
of polyphenols extracted from persimmon peel
T: CE: G400 M HE I SE: WG F A€ HL; EBI-CE: HLF AU &
TG 2 G EBI-SE: HL 1SR & ML I 5 251G AN e) /NG 5
By 7R AN R $2 WOJT i i B 22 % 25 5 B3, P<0.05,
Pl 2 [

GAE/g DW, It CE #&F} 13%. EBI-SE £ &8N
31.93 mg GAE/g DW, 58— SE T [% 8.6%(P<0.05),
J& CE HJ 4.50 1% (P<0.05), FILAT UL, ANy
HUAgAT e Z 0y S A e g 22 5% . CE WRAMT
VEFIYZEIE D1 AN TR, MELLFE S AT B2 25
I REESS A, B N B BT TCIE A R Y -
5 CE Lk, EBI-CE B ##m T ZW & &, Xl fe s
HE AL RS | R S A Y | AR RS O,
BEMRZEY) ST AR PN 1) Z MO 6401, SE RS
VR F S S ARG, AP i, A3 e Y R EsE
Sy T IS SN, 1315 68 F1 G5, ) AL e
&0 [BIET, T SE syl J7e RS R DAl B
My AN A BE LT AEZE F £ AR 2 A A /KR, 4R PR
SEFaRA T, FLERRIET, ISR SRS, 2S5 %
EEEE M T2 M A BAE R TR S 58 2 15 5]
REJC, DL, SE $2HC A Bz 2 1y & &L W 3 S T
CEP7 2", Wang 259 [ FH I 5 £ A5 BB - 85
i 246G WA, PEBCR AL G LW ik 3w 1
26.7%, Yu 2:8% Bodoira 255" 3, 45 H [A] 4 BIF 58 4%
. KT EBI Y SE #iG )54 E Z2 W 5 BUSCRA 40
SE M H AT A KIS 2, X AT AR5 EBI AbFRRE B
Hili B Ay v SR P S SR 25 AR AR, DTS | S A 2 22 1
EE ARG G, LTk, S5 ST AN & EBI-
CE, X It#: CE. SE #ll EBI-SE $&HX 94 Kz 2 Wy A4
YUEALEE ST 4 25 5 o
2.2 VI ZEALRCHIRIMA R AL RE

Sk EAHG SE F11 EBI-SE A4 F CE Risixffili iz £
M S AT PR RE ), A8 SR NKA-9 AL AR XT
A 2 Z2 Wy 4244 )5, L DPPH-. ABTS'-. -OH 7§ LA
Fe FRAP XF2lifb 5 iidili B2 Z i A iR S M Ak id vk
PEM . WE 2A iR, glifb 5 SE 19 2 W & & B
(661.39 mg GAE/g DW); EBI-SE X 2 (498.29 mg
GAE/g DW), ¥ 37T CE(133.77 mg GAE/g DW)
(P<0.05) . —FPHRE 71k Ao 2 Z W aifbbi s i
BE 1WA 2B Bras, SE 22tk ) DPPH- I 5 AE
71(283.05 mg V/g DW) FIEiA R EE 77 (376.99 mg
V /g DW)435ilh CE(64.23 mg V /g DW Fi1 94.56 mg
V/g DW)IY) 4.41 £551 3.99 1%, 55 EBI ##4& )5 DPPH-
I R BE ) AR TR RE ) 43 ) R R 11.1% Fi1 20.2%
(P<0.05) . EBI R]HEARUE T 1 HRE FIIZH HE AR (e 24,
5T Z 44 Te 4 ol B is A sl T A AL RE )
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)
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kS| —
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Fig.2 Polyphenol contents (A) and antioxidant capacities (B)
of CE, SE, and EBI-SE after purification

RIS, £ ABTS'- & 55 fE J1 7 i, EBI-SE £ i)
alifk¥)(453.53 mg V/g DW) 5 SE(451.57 mg V/g
DW) %45 245, iy CE(85.72 mg V /g DW) 14 5.29
%5 (P<0.05), PHFPHEEUIT IR 2ifb Y- OH 5Kk
HE71(136.93 mg V/g DW 1 129.78 mg V./g DW)
¥ Z T CE(P<0.05), 43528 CE iy 3.81 f& 0
3.61 fi5. EBI Ab¥ A RSB 2 WA b, BEG . 5
Fafk, IR EBI-SE #ii iz Z B 7EAS [Rl T S A ARy
RN S
2.3 SR ANE R S T

Z W A YITEPEA I T A A i, B SRR
TS S VIR SERY . S ift— 25485 SE Al EBI-SE
P& fbEE /155 CE 9255, AR AT UPLC-MS/MS
Xt CE. SE. EBI-SE 2 4alifb 17T T 2 M) 12 fE
AT 2 e T . RS Y 455 Fhigs 259 i,
A RRZE 134 Bl BEERZE 177 Fh . ARIEEMEF LR
2% 130 Fh, BEIT 9 Fh, 2 5 FR(El 3A) . BEERZEY)
JRBCREZZ, 5 Ik 38.90%; HIUR MRS,  Hik
29.45%; RIEZR AIF R H LA 28.57%. X =W
S S BRI 96.92%, BRI Bz Z Wy i ik i
YA LRE ) S R BE ARG, 2%
SE 5 CE # EBI-SE 5 CE Z 6] 22 59 )5 (& 3B),
"TLIEH SE 5 CE MRS 360 P 2= 545, EBI-
SE 5 CE fHEbEE 353 2Ry ii, W By 22
S RFEI SE A1 EBI-SE 5 CE #H b, HfE 3k
AR WY B K, W1 L — A A s i R AL
[Fist, SE 5 EBI-SE 2 [0 25 7Y B it /b T
CE Z [HI R 25, HILAT 334 Fh &S5, X F£
EBI-SE 5 SE 3Ly HURE A

0 2 4 6 8 10 12 14 L -
LR FARF] (min) q
K3 ZEErEsr
Fig.3 Qualitative analysis of polyphenols

e (A) B2 RS YEE; (B)CE 5 SE(a) | EBI-SE(b) 257
B2 BB B (C) Z B i BB F i OI% R (D)W
FRISAE

SE. EBI-SE. CE 24kt e itk &l
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