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Abstract: To investigate the inducing effect of dielectric barrier discharge cold plasma (DBD-CP) technology (treatment
voltages: 30, 90, 150 kV, treatment times: 30, 60, 90 s) on the conformational changes of whey protein isolate (WPI)-
chitosan (CS) composite particles and its regulatory effect on the loading performance of anthocyanins (ACNSs), this study
employed a two-factor full factorial experimental design. By systematically evaluating the encapsulation efficiency (EE),
loading capacity (LC), {-potential, and particle size distribution of the composite particles for ACNSs, the optimal DBD-CP
treatment parameters were screened. Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning
electron microscopy (SEM), fluorescence spectroscopy (FS), and circular dichroism (CD) were utilized as multi-scale
characterization techniques to deeply analyze the DBD-CP-induced molecular conformational changes in WPI-CS. Based
on the results of the above systematic evaluation, the optimal DBD-CP treatment parameters were screened and determined
as voltage 90 kV and time 60 s. Under this optimal parameter set, the EE and LC of ACNs increased to 91.93% and 4.59%,
respectively, significantly higher than those of the untreated group (P<0.05). The (-potential increased, enhancing
electrostatic repulsion between particles and significantly improving system stability. Particle size analysis showed that
distribution uniformity and particle dispersibility were improved. Structural characterization revealed that: Reactive species
(e.g., electrons, ions) in DBD-CP promoted the exposure of hydrophobic groups in WPI and decreased the deacetylation
degree of CS through oxidative modification, thereby enhancing the formation of hydrogen bonding and electrostatic cross-
linking networks, simultaneously, the plasma etching effect optimized the pore uniformity of the complex, forming a dense
encapsulation structure. DBD-CP treatment effectively modulated the structure of WPI-CS composite particles through
synergistic effects (oxidative modification induced by reactive species and the etching effect), significantly improving their
loading performance for ACNs and the system stability. This provides a theoretical basis for the application of cold plasma
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technology in stabilized delivery systems for bioactive components.
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#£47 DBD-CP 4b3 , HEARERER AR T : B WPI-
CS B A RE W S A B EE I 5, 568 &
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Table 1 Experimental grouping of discharge voltage
and treatment time
e
el - -
L (kV) AL P (s)
0 — —
1 30 30
2 30 60
3 30 90
4 90 30
5 90 60
6 90 90
7 150 30
8 150 60
9 150 90

TE: —FmTeAL B,

1.2.4 Hx{f DBD-CP AbBESEfivE 3T WPI-
CS B &5k A SR R IHXT ACNs MR 24 hE,
B U 301 B Al 45 AR 0 156 B {2 DBD-CP Ak # 2 %4 .
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Fig.2 Encapsulation efficiency and loading capacity
of composite nanoparticles for anthocyanin under
different DBD-CP processing parameters
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CP AbERSRAT T, REASAT R 5 4 KOk (] () Fig FL HE
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Fig.3 (-Potential changes of WPI-CS under different DBD-CP
processing parameters
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S B A R R PR P B i, ORISR - SR A
GRS NEEE R, FHRSZ ISR A TSR
JEARER R 25 R AU 45 I HE R T AR i 22 5 DA S fkef
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Fig.4 Particle size changes of WPI-CS under different DBD-
CP processing parameters
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E DBD-CP WAL HESH

Fe 3R 2 BRmILEA T, R IAECR LR R
90 kV, AbHHAT S 60 s(4H 5) KB TES BT Hil15-AY
A TORAEREDE 2 AR AN T 2 e A
FEFR, 7E4H 5(90 kV, 60 s) ik I 52 56 4 e H (EL IR
K. 91.93%+0.20%; 13k H: 4.59%+0.02%), 1L 5 4H
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Table2 Two-factor full factorial experimental design
and result analysis

G
U R K
(kv)  (s)

AHEROR pika R kit
(%) (%) (mV) (nm)

72.17£0.95¢ 3.61+0.23% 33.4£0.78° 208.94+2.11°
30 30 74.56+0.33" 3.73+0.03" 33.9+£0.87° 267.0243.23¢
30 60 84.30+0.81° 4.21+0.08° 33.7+£0.45° 243.82+1.09
30 90 88.17+0.08 4.41+0.08* 36.7+0.19¢ 241.28+3.32¢
90 30 88.93+0.27*° 4.45£0.02% 38.7+0.85° 177.95+2.01"
90 60 91.93x0.20° 4.59+0.02° 41.4+0.76" 158.65+2.99¢
90 90 91.36+0.54* 4.57+0.05" 43.9£0.50° 128.85+1.03"
150 30 84.76x0.66° 4.24+0.06° 45.7+0.60° 197.26+0.99°
150 60 90.56+0.93® 4.53+0.09" 39.4+0.78° 587.38+5.62°
150 90 87.16+0.68° 4.36+0.06° 36.240.47° 563.92+4.93"

O 0 39 AN L kAW N = O

T [ TP AR (7] 5 2R AR S =2 A AR g2 L ) B 25 5 (p<
0.05); R~ ToALHEL,
6(90 kV, 90 s) o 25 . AR EAH
IT RS, 41 5 R El s I i 2 A Rl H:
FiAE (158.65+2.99 nm) B EARTFBRAL 6 4N ITH 4k
HHLH (P<0.05); [FIA L RFAR K R (<200 nm) ; ¢
FEZ LB (41.420.76 mV ) IRFFREE K, BT
2H 6(43.9+0.50 mV) 4 7(45.7+0.60 mV), BT
AR EZHNIIGLH . PRk, 7 EAR MR ORI 4R
R RALBIRTIE T, 41 5(90 kV, 60 s) R HA S Bk
10 AT -5 R R E TR i A . S
ECT 145 1 WPI-CS & & JUki P REFR I 2k - ALHERL
3 91.93%+0.20%, 12L& 4.59%+0.02%, (-HL L4
XHE 41.4£0.76 mV, Kift 158.65+£2.99 nm, K
E 90 kV, 60 s iy DBD-CP S5
ATYSGUESEEG LS R n SEE, SR SPSS 27.0 X%k
P TN AR EEFH (R 3) . G5HRFH: i

#23 WHREE TR 20 R
Table 3 Results of two-factor full factorial ANOVA

bR Jr 225 fw2EFormn HRE 05 P Rk

U 1204.56 2 60228 48.11 ***
ey %Iiﬁﬁé 456.32 2 228.16 18.23 ***
L R b BRI 320,15 4 80.04 640 **

TR 2% 225.29 18 12.52
L 321 2 1.605 29.72 ***
. JGSIIINES 1.87 2 0.935 17.31 ***

Pit-a

T b HHE 052 4 0.13 241 ns

R 0.97 18 0.054
iGN 256.78 2 12839 19.80 ***
- PLELIERIS 62.45 2 3123 482 ¢
T b 45.80 4 1145 177 ns

R 116.66 18 6.48
GRS 432109.40 2 216054.7050.25 ***
— PLEZ RIS 78456.80 2 3922840 9.12 **
UL BERHC 1532050 4 3830.13 0.89  ns

R 77345.1 18 4296.95

T R 22 Tl 25 (P<0.001); ** 22 3 E 2% (P<0.01); £ 7 B & (P<
0.05); ns AN L2 .

FEL R XTI | st . C-HL S BRI IS N 1)
IR K (P<0.001), b BT S S8R T
ER R I SE M B 55 (P<0.001 ), X A7 5 i) v 3 i o
(P<0.01), X C-HLAZ 1432 i 25 (P<0.05); HL R 54k
FRAH 1438 BAE FHX IR R403 (P<0.01) 14 5200 v 5
W, BT LRGEs R LR A 3R 2 SR, 1k
E 90 kV, 60 s YENILALSELH: 90 kV HLEX Ir A
BAR YR IR i 2 RN AL (P<0.001), 60 s Ab3E
AR SR FE bR (CLHRASCR, T 48, RiAs) S B 3=
RO (P<0.001) o J& SeWF 500 41 %0 b 2 804 1 25 1)
WPI-ACNs-CS B 1R 2T IR N ES MRS R
LT
2.2 WPI-ACNs-CS ZRERESH
2.2.1 XRD K%M  XRD 238 AR 4 5 A
B X SIEAE B AE FHSIR AR T 45 AR e iR SR NE
ARo KRR FRIEILH A AFAE TS5 AH BAE s IC
ARSI, 25 LSRR ST PR 2 A X, IRt
XRD [E% 25 B EAS L1 53X i OARNEIN . 2540 5] e
AR AH B AEH, W25 S 380G 3R A W4 53 AR IEAT
SR Ui R S ek 5 B F I AR B0, anlEl 5 s . 4l
ACNs. CS il WPI 1) XRD K334 5 Bt ~7 2 4% 5y
FRAE, HARAE 05 43 507 F 19.59°C ACNs) . 10.92°/
20.12°(CS) Fl1 8.89°/19.45°(WPI) . {HSIE R Y I,
U4 WPI-CS & WPI-ACNs-CS & &R R0, 1A £
2% B S FEAIR, R SE 48 DBD-CP 4b B il 45 19
WPI-ACNs-CS #£ 5% AR IE I ImiE I . iXX— 4
TS FAH B AR S 45 VAR ILRIR A ST . B,
WPI 5 CS 55 FAHEAEH (AN i 5 | S5k 1E
FDBER T 3 56 A 7451 WPL 1Y B-HT St 4
5 CS Sy THEIFRINHES PHUIZ A P n i i 25, 535
HoAh 57 435 SRR ARGk 55, iF— 20 4, DBD-CP &b
FHGHE 3o AR S 1 TR T Can [ i O A/E T, R
WPI 5 /K R I S CS 40 T HEWT s s 4, M i
7k WPI-CS [R] (1) S5 A i SE I o 26512227, 2 05
HESE: WPI 5 CS il i 5 43 FAH BAE HIE 2 A 45
¥a); B A% ACNs IALERAE S 5 H 25 A
[f] JC 1 FE 545 75 ; DBD-CP 4b 3 0] A7 2L 14 58 WPI-
CS BAPkixl ACNs BEIHAE J1 5 zkAE )y, [FIRt

WPI-ACNs-CS 5y 60 )

= 20.84  WPI-ACNs-CS

WPI-CS
8.89 1945wy
09 ECNE
19.59
m
10 20 30 40 50
20(%)

K5 ARG XRD EiS5-HTE
Fig.5 XRD pattern analysis of different samples
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222 FTIRrHT SR HH A8 B i 28 48 2T 41 5 3% o)
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AEAE AT 58T, B RE A7 B AL BB R

H WPI-CS X ACNs @R RPT, anE 6 i,
PAZH AR )T 8 iR ACNs 9 1278.26 cm '(C-
O-C #&zh) 1 1016.34 cm ' (C-O ¥Rzh) FHH LM 35
IK/BRKEERA HAE . CS 1 3348.34 cm ' (O-H/N-H {1
45PN F1 1025.13 cm™ ' (C-O-C BEH RSN Iz e H:
SR SR N R I 4%, T WPT 1Y 1630.94 em ! (BER%
1H7)5 1529.85 em™ (B 11 /7)) WX o B 1 R — 2%
LEFRAE; A5 PP, RANEE R WPI-ACNs-CS 7E
3279.14 cm™' &b L O-H/N-H IE4T 8 (A3 T WPI
31T 9 em), £ ACNs il i & & AE H & A
WPI-CS & 2% 2% DBD-CP &b j5, WPI-ACNs-
CS By C-O-C #Rahé/AERL 3 1067.26 cm™!, NESLAFEES
TFARZN A FH 2 85 o 215 3L A (-NH, . -OHD), fig ik

B B s vl P T o At 1 N 7 - 0
(1538.86 cm ™) Fl1 C-H PR3N (1405.31 cm™") (UL
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Fig.6 Infrared spectroscopy graphs of different samples

2.2.3 SEM K& il 7 Fros, H—21 g
SURRIE S B 2 22 5 . WPT PR LT BRIETE 50 (G
I MR ), A o3 A B il HL AT e B Mt 2
H(E 7A)5 CS HRZE B N FE AR AS KLU L R 4544
(&1 7B); ACNs HARNISREITEIE S5HOPRIERN,

P FE SRR (8] 7C) o (HAAEE AL, WPI-CS &
R S B 5 A T I 2 LI R S5 A —CS 43Tk
VE S = A B 48 57 45, WPT 50k DIME S 326 s 4
T CS W45 75 A Ab, TB AR 2 19 25 1) Fh i R
(Bl 7D), S5ZAHEL, R&EALEA WPI-CS & 5 ki
A ACNs il E SR MW L)y ZfLE5
(E 7E), 5 WPI-CS & &5 Uk T SARIE R S 25 S
ZIMGL S Chen S50 (RIS S5 RIS, Aihfl ] 4 B0H B
T ARG ATFAR S | TORBE AR 350K &
AR 22 & R B0 25 M 10 S 35 e AR . SR T, 48 DBD-
CP 4bFH Y WPI-CS B 5 ¥I7E5|I A ACNs JFRIE &
PV S DAL RO 3 s FLBEN 9 —4k L
IR, TR ECE AL 45, SCEIXT ACNs B9 555K
712 (Kl 7F) . LRIl 5 DBD-CP 4B -
FEO TR RS . S5 B A A s ey
FE AR (AN f 7 . B ) il a5 A A A 15 n i
o7 T ERfar 2 223, i ) i e HE R A i
BB, AR WPI-CS ‘B 285097 2, T2 )
FLERMZ4 ., [E]E), 5 FTIR JGiE 54t —3, DBD-
CP &b ¥R 5| K& 14 43 [8I4E F 15 Ak iE — A4 UE T
SEM MMELHA CS BHEBEHEL IS .

: 0 pf] 2 M; ‘ *‘,« 
Bl 7 [V B PRI A1 P B 1
Fig.7 SEM images of different samples
¥ : A: WPI; B: CS; C: ACNs; D: WPI-CS; E: WPI-ACNs-CS
(CK); F: WPI-ACNs-CS(90 kV, 60 s)

224 FSor#T OGO R RGEAL T
DBD-CP Zb BT WPI-ACNs-CS & &1 £ vk fE
FUPERFEPLE . anlE 8 Iras, 7 ACNs FRAIEFL A I K
520 nm 21T, 2 DBD-CP AbFH [ 5256 2H 28 G
AT AR S . X PR YR T B AR B
7S£ RO 25/ k. DBD-CP 2P 5 9 WPI-
CS 38 i HE 5 1Y 531 (B SCBRAE FH TR iS50 Bk 2%,
I 7 R F ACNs BYBhHedRM: . 5%, i
B AR M R AR 5 — 4 25 Ta) RIS dul a0 07 s [ 0 ) 1
ACNS F3T 11 [ SRAE RS KB =R, etk WP
T R AT TS IERR TR IL S ACNs JE BGE a1 53 FAH
HAEH, il BT s EmHEOOREEEE 5, #HH DBD-
CP b8 53 43 FR ik a0 i 38 F+ T ACNs 16
R tE, AHELZ T, RACFEXT R DR 525 1
A (WPI-CS)#23T, HAZENUE T DBD-CP XAk,
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Fig.8 Fluorescence spectra of different samples

225 CD4r#r  CD G R U R A5 A8
ARARCTBE, H TR BT s A il =7 . an
& 9 frs, B4R WPI 1y CD YGIELE 201.79 nm &b 5
PR, 7F 220.25 nm Ab S BIE I, R HAG S L -
P& R EL, 51N CS J57, JERN WPI-CS E&Y1t
% A 2 ARl ERIELRE E 207.65 nm, HTE
244.03 nm A PUHTAYIENE . 3XFRIT CS 14 BHE )
HEATRE S WPI BRI s R R A # A B AE I
JEEEMLE, PLoh T WPI a1 g-IrStge. ik
e HH LRI E S CS &% ] A P HEFR 5 WPI-CS 5%
TEANTE IR R A P, ZE&A ACNs RALFE
WPI-ACNs-CS & &, il B (201.41 nm) Fl
1E W57 (220.99 nm) [F1ES 35 422 T WPT B4 (1) 1R
. XK ACNs ¥R EETE bS5 WPTJE
A, B9 T WPL S CS Z A EAEH, 3k
WPI iR g-Hr & 4548 & AR B0, £ DBD-CP
AR S5, WPI-ACNs-CS & &9 1 1 W 37 & W 7% 28
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E ARSI EEE, g ta T —1k.
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Fig.9 Circular dichroism spectra of different samples
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