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1:20 (gmL) , ®3%3% & 20kV, AZEHE 2min, ALFHT, RRLEZTRREN 38.77%. & H-H 187.23,
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Abstract: To achieve efficient extraction of paprika red pigment, this study utilized dried peppers of Xinjiang ‘Hong long
23’ as the raw material and employed response surface methodology (RSM) combined with random centroid optimiz-
ation (RCO) to optimize the extraction process using atmospheric pressure plasma jet (APPJ) pre-treatment coupled with a
high-voltage electric field (HEF). The extraction yield and color value of paprika red pigment were used as evaluation indi-

cators. To investigate the mechanisms behind efficiency improvements, different extraction techniques (conventional
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solvent extraction, CK, atmospheric pressure plasma jet, APPJ, pulsed electric field, HEF, and a combined APPJ+HEF
approach) were applied to recover red pigments from paprika. The extracted pigment content was measured via High-per-
formance liquid chromatography (HPLC). Subsequently, scanning electron microscopy (SEM) and water contact angle
analysis were employed to examine microstructural changes and surface hydrophilicity of the treated biomass, respectively.
The optimal extraction process for paprika red pigment using the combined APPJ+HEF approach was determined
as follows: Plasma pretreatment voltage of 3.5 kV, jet duration of 20 s, jet distance of 5.5 c¢m, solid-to-liquid ratio of
1:20 (g/mL), electric field intensity of 20 kV, and treatment time of 2 min. Under these conditions, the extraction yield of
paprika red pigment reached 38.77%, with a color value of 187.23, representing increases of 70.93% and 87.49%, respec-
tively, compared to the control (CK) group (P<0.05). Furthermore, the pigment content in the APPJ+HEF-treated group
was significantly higher than that in the CK, HEF, and APPJ alone groups (P<0.05). SEM and contact angle analysis
revealed that the APPJ+HEF treatment resulted in the most severe disruption of the cell wall and the highest hydrophilicity,
indicating that the extraction efficiency of paprika red pigment is closely related to the degree of cellular structure destruc-
tion. This study provides new technical support for the green and efficient extraction and application of paprika red pig-
ment and other bioactive components.
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VEE SR BIBUEAE )T, TT e S8 U, 0% 77 Ho 1
FEL R L R s 55 45 B TR 11 22 BT M IR 2, A7
TE AN ERE AIZ5 RS, 15455 T AR TA B A BRARCR:
FH% 3 24000 r/min BRI #E 60 s, Ifad 40 H
i 75 2 BRABCK , PR B0 FR i 1.00 g SRRy, % 1R
1:15(g/mL) BPRHE LN A 15 mL Jork 2%, 38 A H
ZEAEAS, B S T R AR U A
BE 20 kV. B8] 3 min, K32 H AU TR & ATE 4 C.
4500 r/min PMERIREHEZ DAL ESC 5 mine B0)5
P35 WS RS 2 VBRI, ViR 28R (i 791), T
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FEAE, TR EP
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Table 1 Weight determined by entropy method
g {7 B ifde {5 BAHMEd R Hw (%)
PR 0.9232 0.0768 50.0000
i 0.9232 0.0768 50.0000

K2 AHP JZRIIER
Table 2 Results of AHP hierarchical analysis

M H FEAE i AFEH (%) KRR CIfY
FREUR 1 50
2 0
amh 1 50

1.2.1.3  BRUBET (2 28 45 B8 7 A T b F AL DR 2R 52 560
i 3 YA Y HL R (3.00., 3.50. 4.00., 4.50, 5.00 kV), I
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Mt R S (B) L Wt AsF ] (C) —A~A8 i, SR Box-
Behnken i =K ZE = /KR8, 3 3 Hilge it
FEKF,

%% 3 Box-Behnken iI6 1511 H K
Table 3  Factors and levels in the Box-Behnken design

S
K — — -
AHLE(KV) BIEE SIS (cm) CHGESFIRFA] (s)
-1 3.00 5.00 15
0 3.50 5.50 20
1 4.00 6.00 25

1.2.2  BMET A2 5B TR AN B P W) & R i e
AT 2tk

1.2.2.1 PR 0 232 55 58 TR T AN BRI W) & e
W BT 2D W OO e A5 B T AR T Ah 3 R
3.50 kV. BiSHE B 5.50 cm, WESFEFA] 20 s B9 4514
T, &5% 3 24000 r/min AP 60 s, 1) 40 H
i A5 2 BRABRY , PIRE 8 BRIt 1.00 g BRABRY, + 1M
1:10(g/mL)BPRHE FELIT A 10 mL Jo/K 2B 7 E 2
AL H AT = R Er R PR B, R S R g 5R ol
29 kV, HLIZGALFIFE] K 2 min. CKHHRBUK IR S RAE
4 °C. 4500 r/min B9 T 250 4 min, B0 509 L

&, 13 BIBLT O FF R, RS, W), BfEE
JE I BRARLL A Z AL TR, JE 25 %2 50 mL 2548
i, B 0.06 mL, FE ¥ 2 10 mL 284 i, 2 W '
{8, I8 EP
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S AL BT O B2 55 72 (Random centroid optimization,
RCO) HBENIIE R | JoT. oA Z R 2H al— 8 2R
Mo 5w FH e R T vk o 28R s v 1A L,
RCO BRI IREL | A S EBCE A S0 AL, 7R
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K4 BEVLTLO WAL T BT RRVE
Table 4 Upper and lower bounds of factors to be optimized
in random centroid mapping test

P PR B LE  HIATREE IR IR (R]
BABE BT (g/mL) (kV) (min)
e P L FR 1:10 5.0 1.0
g TR ER 1:40 35.0 3.0
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LI EEARHESN AT E N 98%) AUBE . K& 2 FREL 10 mg
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1.2.5.3 SFE TR ML Geis A3 ak (APPY) ¥

& (2

FoRE L T HE TS TR B A, P AR
TAEFE G T a S IR, BB R 3.5 KV, 5
SRR 5.5 cm, AbFE 20 s, G TR EREATE 1.2.5.1
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1.2.5.4 2557 i Ak ¥ 1 [5] /& R & A g e Bk
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WERL O, FEHAFRE 1.00 g BURRY, #% 1:20(g/mL) &}
WL 20 mL Jo/K OB, B A HA5 489B, 78
I8 29 kV FALFE 2 min, $2BUK T 4 °C . 4500 1/
minZ5.0> 4 min, JFEEAEEEE] 1.2.5.1,
1.2.6 AN[RFREIT XS BRET (422 5 S 152 e
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V TR ML E AR FR (L) ; D 2278 AR S A B A
0 M R e R T (ke o
1.2.7  AS[EIFEEO 0 R i O 25+ (SEM) Az
FEIKME(WCA) IFER
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Je et 2] SR, 3R R TREE AR i i 2 B A
TERE IR AL REZE R () [RTR, A o3 H b
IR G, T BT L R BCR A
B, X —AR fl a3 5 G e SR AR BIF ST A5 SR AH AL,
(B H AR5 Sy 30 kV/em, 26 I 45 85 TR 4b B
TR R A5 F T BV AT SCER A i HR B R, HAA 40
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R R, X T REE K S S T
AR AN B S5 R B RIS, 2SS /07 HH
ML B R 45 H, SEOHML R R BCR AN T
RS 3 S/ INHE AR S o e A S AR AL B,
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PSSR —3 ., LA R UTAE B AR A B R AR
RO | ABPREAF AR AN DA K REAFE T T I TAL 5
Yy B EC s, 3 TR AR 3R I iR
B, PRI, £GP BGUR SR TR, A3kt 3.5 kv

50 ¢ ERERIRUR 1200
asp e, {180
a0 L A e 1160
_ 35t b g 140
< 30+ 7 =
¥ 25 7 7 100 5
2 20} // . w ®
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7 7
10 //// w
ST o =
0 7 7 0
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Fig.1 Effects of pretreatment voltage on the extraction yield

and color value of paprika red pigment
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FrE 2 K3 K 6, 188, 10 .
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2.1.2  ZEEES AR A BRIT S A B X B LT 5 EE R R
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FEAYFREBER (33.59%+0.15%) FI{A (169.26+0.58) 1k
TR o B TR T IR 2 N A5 S AR S R L
T2 SO AN BE TR LT AE SR | AT 4E R IR
A RS WL, T2 %R e L =8 v A I s A 1
PRI SBRRET A0 2R AR R S A Bt 7, 2 ms
PEESHET 5.5 om, BRAZT (2R R A A I 25 15
. 302 55 B ARz pli B 25 a9 sE o o R i
WA R, B 5 5 25 VAN T DR DU Z21 b e /N1 i
IR B I8 O S MG A B 1 28 380, T b Bk
HARMMRE &, MTTSZ ISR BCRT, H, 275042
BUSCR SFase e, B2 PE 5.5 cm I EAEmITREES .

S0 e g |
Bra@h a 1

40 + . d 160

_35¢ b a2 1140
S 30l 7 2= 120 o
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Fig.2 Effects of pretreatment jetting distance on the extraction
yield and color value of paprika red pigment
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P, MmE g at A 20 s B, BT (4 3K 09 2 BUR
(34.07%=£0.35%) F{a M (170.35+£0.70) IX fx 5, IX S
A RS ek (ANES . L AR )
7 AR 1 P PR 2 AN A LR TR | b 3R AR
R, [RIEH 8038 T IO 25 7K P R B2l AR BRI, DA
MHEHHAERESE S EOREH, $E SR 2= HEa
AR, T A TR] A5 2 AR AL B | A ) f b A
Way oIy VAT A=SGACI B2 Yl 1P2 VS CAR SN 7o) U & IS S i
A0, LA PR A (a3 0 s BH AP0 SR A A
BhHRE BB T €0, 3 TG e fAEAR B TR] (76 min), 3k
B TS RGN, o) (0 22 45 M TR IR . SR, 26
B TARTIAL B R AR B A AE T A Ta] Y AR TE SR B €2
RHEAR NG CTERE. YBHEE AL 20 s, B
LI RN FR R M A o F BRI, X 5558 B T2k
R AALAE I TE M T A P 3k S AR/ NHEAED ) f
FEM I S B ARLL IR A 2 R BUE T RA &
Reefire, T | PR R 5 (AR 0T B A SR —3
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Fig.3 Effects of pretreatment jetting time on the extraction
yield and color value of paprika red pigment

2.2 NN ERERECTINIETZ

2.2.1 Box-Benhnke iR BT M AR RN
W THT KA Design-Expert. 10 SR 3645 58 (2 5) #E47
REER, $HES7 T TR B, Y=111.54—2.15A—3.08B—
2.48C—1.93AB—6.23AC—0.1875BC—5.58A’—4.04B>—
10.04C°( R°=0.9682) , K EAFI A HL & FL EE4F .

2% 6 TR N T 5 22 43 M 435 SR 0T 0, 2R U AR L i 3
(P<0.001), A G222 X, RBPIUR L 2 (P>
0.05), UiHHREG TR 25 /N | AIE R &, UhAHBEAT (A 32
RO B B Al T Tz R S o dE e W AR
SATAN, EABEARIP YR ZER AL B C. AC. A%, B,
C* XMEEE PRSI S I 2 5% (P<0.001), FREHH & .
W ERT B B | MBI IS (] X 2R S VR YA — S R

FH 4 2B KSR L, A5 PRI ZR X ZR G VA3 s i R MR TR
Sk BOBESHHEES) >C (BB TaD>A (B ) o

5 WAN R BT 545 R

Table 5 Response surface experimental design and results

BWEHT Cmisf

wws MUE Y S
V) (%)
(em)  (s)
1 3.00 5 20 31.23+0.12 167.00+0.82 99.12+0.39
2 4.00 5 20 30.23+0.12 163.00+1.63 96.62+0.88
3 3.00 6 20 32.53+0.25 166.33+1.63 99.43+0.83
4 4.00 6 20 30.70+0.16 165.67+0.94 98.18+0.40
5 3.00 55 15 31.43+0.25 159.00+£3.27 95.22+1.55
6 4.00 55 15 30.33+0.21 158.00+0.82 94.17+0.36
7 3.00 55 25 30.23+0.12 167.00+0.82 98.62+0.39
8 4.00 55 25 32.2340.12 164.67+0.82 98.62+0.39
9 3.50 5 15 33.77+0.12 176.00=1.63 104.88+0.88
10 3.50 6 15 33.43+0.25 168.67+1.25 101.05+0.57
11 3.50 5 25 33.77+0.12 169.00+0.82 101.38+0.47
12 3.50 6 25 34.30+0.22 173.33+2.05 103.82+0.96

35.20+0.14 176.00+1.63 105.60+0.76
35.46+0.25 173.33+£2.63 104.40+1.28
35.46+0.25 173.33+2.63 104.40+1.28
3473012 177.33+1.70 106.03+£0.91
33.43+0.31 176.00+3.00 104.71+1.65

13 3.50 5.5 20
14 3.50 5.5 20
15 3.50 5.5 20
16 3.50 5.5 20
17 3.50 5.5 20

F 6 WML LT 22 AR

Table 6 Response surface model analysis of variance results

EE 2K SEHrm A Wy P PE WM
EYEY: £ 1015.77 9 112.86 23.69 0.0002  **
A 36.98 1 3698 7.76 0.0271  **
B 75.95 1 7595 1595 0.0052  **
C 49.25 1 4925 1034 0.0147  **
AB 14.82 1 14.82 3.11 0.1211
AC 155 1 155 32.54 0.0007  **
BC 0.1406 1 0.1406 0.0295 0.8684
A? 130.92 1 130.92 27.49 0.0012  **
B? 68.68 1 68.68 14.42 0.0067  **
c? 42432 1 42432 89.08 <0.0001  **
W2 33.34 7 4.76
KA 9.58 3 3.19 0.5372 0.6815
afiiR 2 23.77 4 5.94
R 1049.11 16

R=0.9682 R’,;=0.9274 R*, =0.8186

e R FORMC AR B (P<0.01)

2.2.2 mRERTE ST AS[EA 3D pl T A A
K2 a3 HAEFATE], MR R E R A EAE 2
SR, MFEIE AR EAEFH2ZE S AR i
T ] ) 2R B U 56 I R R X 2 S PP 43 I 52
M A | S8 A FH R 2 S TR X I P14 A v £k
BT B, W2 A 45 PN 2 2Z (811938 BAE A & .
Wi 4 P, T (A) AT a] (C) Y38 B phr
e AT BENY, 4R iGi e, R 3 MBS HAE AR
PR XML (O F R IBCR A A i sg i 25 . i
Fe(A) Fnmg i R =S (B) 938 BRI i E B BRIk =, 45575
LA . TSI 2S (B) FIWE A 6] (C) A% EEAH
XL LM S 3 i 220 a I —a. R
R 96 25 HE R AT s S A 2 ) B9 g v, 24k #)
3.5kV Fl1 20 s B}, $EHCREY =, 2 S5 PR R BT
PGS 2 s i AR

2.2.3 FAET L RARRINEUE ST iR, e
T HAEL A ZR P AR TAL B A5 4R: B R 3.461 kV,
MR RS 5.316 cm, BESTHFE] 19.516 s, TR LR S
PF53 105.60+0.76 . 25 B SEERERAE R AT AT, i
AL PR AR R R 3.5 KV, BT ES 5.5 cm, 15T
SYEFTR] 20 s, HAEMLSRAF T #ET = UOPAT LB SIE,
SEBREEE TS A 105.55+0.64, B iiF(H 5 e K
—3, ULHBHEENT 1Y [ )5 7 RS BRAR fry-Hb )z Bl 45 5]
XL AR LE B PESTRUFE I, AR 5 5T FRak TRy
B, FIRGE LIS R A ) N T IR DAL AT B AT
ACFR T 25T AT, 25T 5

23 HWABRFEFERTLIENE S EFFEIAIZE
T2k

2.3.1 SH—FEBENLITO B L (RCO) AL HL
TR TS TR FR AL T 2450, iR
FERLET OB I 28, S AR i7e B, BEPL.C
PACAF BT AR B S 7 22, BT T AL 45 5 U
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Fig.4 Response surface plot of interaction between factors
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BT AR R ARG T, PRIAIWT, —%& RCO MG )H
HHRIAT 58 i) . e D A A AR LT 2 2R
PEBURAL T RS 1F, X ETSk o BlEs m =R
TR, BIPRH& E: 1:20 g/mL ., IS8 EE: 20 kV,
ABFREFE]: 2 min, ZEMCAAF T BARLT L 3R 5 515y
TR, HAEB G - A E A B (] 22 3 B 22
LR (& 5 A9 AL B BUEZR IR I R aiel),
FEEABAFE 112 R 2 B E, FRAARAT (L ZE YR
SR AN 7RI FE AN PR TR] A2 IR RS, 57 Ha 370
BERISEIAEL /N, iX 5 Bai 850 WS L I 1 SR HL

E A TR L IN RN SR R fa e e
Table 7 First round Random centroid mapping optimization
test group
BHRLL HL 3738 R Ak BRI ] SR N
MEFRY el gl:A N YA
FORIA 5 (gm) (V) (min) () COT RIS
1 21 6 1 35.23 171.00 103.12
2 13 8 3 36.23 178.00 107.12
3 35 23 2 37.22 180.33 108.78
4 21 16 2 36.70 178.67 107.69
S AE AR 5 34 15 3 37.43 179.00 108.22
FEMLIS R B ’ ' '
6 11 11 2 37.33 180.00 108.67
7 20 22 2 34.23 177.00 105.62
8 39 20 3 35.23 175.67 105.45
9 19 33 1 36.77 181.45 109.11
10 29 24 2 37.83 183.32 110.58
JROIEER 11 22 22 2 37.99 183.01 110.50
12 21 20 2 37.77 187.23 112.50
A 11043 -
107.16
&
& .
&
103.90
100.64 T T 1
1:10 1:50 1:30 1:40
BHE L (g/mL)
B 110.43 ~
107.16
& L7
&K
103.90 ~
100.64 . — .
5 15 25 35
IR (kV)
C 11043~
107.16 A
&R . v .
o
<z
B
&K 103.90 \
100.64 T 1
1 L& 3
H I Ab B ] (min)
Kl s 5SRO AR LT

Fig.5 First round of random centroid optimization
condition map
Yyi) S e A A BRI [A] SR L, [R] ARl — 2R
ST o X BRI AR PRI A EHRE T IR
ENER o= 0w s
232 wAETZEAERIREUE R IR IUeA
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M ILE 6. S5, ASRIFEHO XL A 2R
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CK 21 J2 i v R 8 L 477 B 40515l 240 5 ook 40 1) v, $
28 A B, T EACAE AR 30 375 1A 5 i s e, (3R
ZH Bt PN I RLLT (0. 38 i RO Y . APPJ 755 F HEF
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Fig.6 Effects of different extraction techniques on the yield

and color value of paprika red pigment

2.5 AEHEBGEMNFHFML BRI

R & 7 FIED 8 AT, AN IR H B 7 15 X A AT £
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Fig.7 Chromatograms of chili red pigment extracted
by different techniques
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Fig.8 Concentration of chili red pigment extracted

0

by different techniques
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Fig.9 SEM analysis of chili residue under different extraction
techniques (500%)

2.6.2 A[EHEEOT BRI SRR MR S 7K
AR RIS T BRI S K R iR 55, K B2 fil A
BRI S K PR /N, J Z %R . CK.. HEF. APPJ,
APPJ+HEF A [RIHEHU7 1545 31 (A U v 7K 12 o £
UnE 10 Fios e AR R4S 8] I BAGR & WCA
FIMEIR A CK(92.13°+1.89°)>HEF (90.75°£1.93°)>
APPJ(85.84°+2.25°)>APPJ+HEF(80.57°+1.41°), H:
"7 HEF 40 A9 WCA kT CK, ixX J& i T1F = R 5 il
Bl E T 1A BRI O 25 K A8 A5 B SR FA R, 2%
28 HH 22 RS E BE AT, TR R R R TS 11 7 7K
T, APPJ WALTEAL A WCA B /0, X 21
PSR AT KRG IS, 3R T4 B ™ A= 19
WM EAE TR, AU T kR O/C
E P, WA HEA A 20 e S I T APPY 2H 3k
FRUR TS () S TRTRE ADRELRS 32 . FRA/K B2l |« P o5k
PR, T HE R IBCRER A B P, i APPJ+HEF
FESL Y WCA B/, Ut B K PE A, iX 5 SEM
FI 4SS N APPI+HEF 2HBIURER 1 Ol g Aa vh 5

I |
100 Y s

|
a
T ab —_—
90 — b '
~ = [ -
— 80 =
& =
= =
& 70 —
60 =
50 : 1 fi
HEF  APPJ APPJ+HEF

P10 AR PE T BRI A K S fih
Fig.10 Water contact angle of chili residue under different
extraction conditions
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