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(PPI-Cur) Z#BHEM 3 KHE (ZEERREIK
B pH A A, BN EA T EEE) BT EL
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A i 2 A ) A0 K 3 1 AR G B R LB AR G

1 MRERE
1.1 MRS

Bi G B (PPL A A =72%) , & AR 7
HEPHEL A R A 28R (Cur, =98%) , B Bk
SRR IR E] B A G T R 2 43 b 4l
%,

SPS202F 434 KF FE20K %Y pH i, # 4 i
FER 20 A 3K15 W RO HL, 72 Sigma 24 F
NanoZS Zetasizer ZS90 4 GHL A, U E Malvern
Instruments 23 &) ;SUS020 A4 F B is, HA
Hitachi 2 ] ; UV-1780 24 a] WL 43 6B BE I, H
A SHIMADZU %\ ] ;Chirascan V100 & — i 3%
1, % E Applied Photophysics 23 Al .

1.2 REHE

1.2.1 BiEHHBERWKE S HE RN R
SCH B AR E S YR R pH SKEh
%, 2 M8 Chen SF0R il &5 05 ik F A B0, Bk
F -2 % R 40K 2 49 (PPI-Cur) il £ (1) 8 R K 52
BRI E LR pH 44, Bk
IR E BT EAGRE G, BEEK
AR B R B (Y R

1) e il & e B A 50 me/mL B 8 58 1R
W, 8 1 mol/L. NaOH ¥ K 99 &2 28 1 22 4 i)
¥ pH {4 9,10,11,12,13, £ 600 r/min % 1 i
PE 1 h PSS R TT HR EE (0.1,0.2,0.4,0.6,
0.8 mg/mL) Y 22 B 22 A WS Jn 1) 9 5228 1140 0
b IREE T G FE 30 min, 1 mol/L
HCI % W0RF 9 28 U 0 pH e 6,7, 8,
WEOGRE IR 1 h J5, BRI WAE 20 °C,8 000
r/min F &L 15 min, W ERSNESK, BT 4
CIKH

2) Gy il e i 5 VR B A 40,50,60 mg/mlL (1)
BiGEARMR, A 1 mol/L NaOH ¥4 I 5 Wi
R S5 pH AE R 12,13, £ 600 t/min #
FIREFE 1 h PSS U N 2 R AR (T R
0.6 mg/mL) , H-AE % T #E L HE 30 min, £ H
1 mo/L. HCI % WK £ pH (B 23 51 98 % 7.0 1
8.0, WL S BEFE 1 h J5 B FE S A 20 °C
8 000 r/min F #5.0> 15 min, B 35 5% A1 %7, B

T 4 CvkH .

122 2205 3 HACR (EE) Ak & (LC) 19 I
SE O B R A EUCR (EE) R 8 (LC) 1Y 3T
12 M8 Zhang SFW0 7 IR A B, (A CK
LTI PPI-Cur 90 K & & 9 b 4R 15 3k nh 22 2%
.6 02 mL PPI-Cur 255 1.8 mL JE/K L
RAIFRIZURES, RGP TE 10 000 r/min, 25 C
B0 15 min, ISR AT 0L 2 00 BE 3 AE O K
426 nm b 5E o I A AR T K T v R i S 22
B3R (0~10 pg/mL) 2 il AR ifE 4k y=0.0904x+0.004
(R?=0.9973) it LR AR, Ik,
fdi ] BCA iR & (Beyotime ) Il 5 ¥ 5 v o] 75 1 1B
FI R B R 28 A0 ] DL 40 0 BE TR R K 562 nm
AR 5E WG RE L 0.05~0.5 mg/mL 4 Il 75 &K (A N
v I 2 S ' B - 22 s o i £, AR 90 s
M2 THARE S T R A M X () Al
(2)11%8 EE AILC,

b) = L E MR (ng)
EE(%) = i 2w it (mg) <0 (D
LC(pg/mg) =
2 F BT R T (ue/mL) 2)

B 5 Al R R S (mg/mlL)

1.2.3 R E AR T it — i A
P B R (LA P E Y & i i
/S =k i = L DA 17T w1 B .
F Box-Behnken FFE I | B $E X 25 48 50K Rl
HEAEMMN 3 ANHEE . pH A G, ZEETRIK
JE Wi SR AR R, B 3 R 3 KF i
AT R, AR 17 4, Hp gl s
A e 7 T R PR 2R KO DR 1 o T e 1T
WL 2,

124 Rife JHRALHNE BIEEH-LERN
KBRS Bk A% AN ¢ B A A2 B % Lin S50
(77 1 FEPEE R . #F PPL PPI-Cur B 2158 24 Jf
IR S, OB RGN e - BR AR ¢
O, B I 3 e s s N kAT R R 3K,
125 HAMBTFRME KUEA-ZHERRPK
WURL B9 O S0 28 2 % Yuan 251 J5 3% R AR
B, AR 7 BRI S PPTLPPI-Cur 1)
TEASRRIE | SR R 4 R B A0 2R 14 7 55 4 45
1B Y — )2 & mE R 3 kV FIEH



%24 4% 4 10

pH B F EH &5 LB G- 2R FARBER L SR 217

F1 WORwEEEKE

Table 1 Response surface factor and level

A(pHIE B((#ZRER CHRZEBOQRFR

A 214) JE )/ (mg/ml.) JE)/(mg/mlL.)
-1 12-7 0.4 40
0 13-8 0.6 50
1 13-7 0.8 60
F2 WA E K&
Table 2 Response surface test design
. A(pHMEZ  B(E%FM CHLEka
e &) FAE)  REA)

1 -1 -1 0

2 0 -1 -1

3 -1 0 -1

4 1 -1 0

5 1 1 0

6 -1 1 0

7 0 -1 1

8 1 0 -1

9 0 1 1

10 -1 0 1

11 0 0 0

12 1 0 1

13 0 0 0

14 0 0 0

15 0 0 0

16 0 0 0

17 0 1 -1

B

1.2.6  55060E iR SRS —0T Doy ot B
K 200~600 nm L [FE, W& Cur PPI 1 PPI-Cur
)5 AR IO, 2B K Bk 2 EE Y A R
i, 3 R B K e e K £ R 2 R IR0

127 B B 0 R AE SR Jiang S
17 % FEVEAE el (8 FH R — (5 335430 2 PPT PPI-
Cur ) 454, 4 E AR E R 0.1 mg/mL
FIRE ST, BT OERE N 0.1 em MA LT % 2
A 0.2 nm, H7 58 2.0 nm, Y VE Fl 190~250 nm,
FHEE FE 200 nm/min, A F [E — 1% B B R 2
W REA TGN BR Z2 h i (1 FE 2R 63 | 3T H Jasco #K
A A5 20 1 S 3 BB (8 7 46 o JEE JR W 181 2.6 , IF

F CDPro B AF X AE 5 B9 CD SGil AT — 9254 &
=T,

128 SEitrr BTl s i E 3 e, A
SPSS 20.0 HAF 537, BUH LAV By i e bl 227 3%
7~ f#H Design—Expert 13 R4l Box—Behnken %
THAE TS, dl AR N e e Bt {8 Origin
2021 2zl 3%

2 ZBR55W
2.1 PPI-Cur kB H FH AR ZIZHHH

M\ PPI-Cur 2K JHURE ] £ () 5. R 3R 52 90 245 5L
AL EHRREHCR S pH HE EW R
W B DA R 9 B e vk B UM G, A a~
le AJ A1, A pH 44 1 5 19 PPI-Cur 44K kL,
£ 9-6,9-7,9-8,10-6,10-7,10-8,11-6,11-7,
11-8,12-6 1 13-6 ) pH A& H & &8 T, £
R HCRIRAR, I HAEAS 7] 22 8 38 o i ok i
(0.1,0.2,0.4,0.6,0.8 mg/mL) T, 3R AF]
5% , %45 R pH AT, Rl A it
1 PPI-Cur 44K UKL il 5, i X ) g & 7€ pH
49,10, 11 WSS T, B 88 1 ER Y B K
B C s I, MR s o En 52 ER
Il W TS R TR A,
ST [ 72 B[R] PN B 1Y 22 88 3R /0 P 22 1 R
T 78 pHAE N 6 M55 MR T IR 8, KRB I
b AT DNTTR A SR S k= AN N ¥ ¢
12-7,12-8,13-7,13-8 /Y pH & Hl & &4 T,
PPI-Cur R RAF 3R JF H W& THE
pH 44 (P<0.05), pH 13 1 pH 8 414 fEAH [ %
BRBIMEM T, SR 0208 R R ER0R
¥y THE pH 44, I HEEZE R RN
A, 2 W R BRI RRTE 45% L) I bz
T, pH 4G 13-7 094 FE i 22 0 R 3L AR ISR
T 13-8 1Y pH 414, 14 ,pH 45 12-7.12-8 55
A T 2 AR R B AT o BRI 7 e Y TR A
R pH A Ao 12-7,13-7,13-8, fER 34
KA AT o

& Ta~Te /N [7) 22 B 22U N a4 25 28026 52 T
(45 AT 7E 50 mg/mL B 58K H B P4 B R
TN [) J5 45 V€ BE (0.1~0.8 mg/mlL) Y 2 B % fh A,
% pH WEh 4 & R HR WAL HEAE R, Hrp
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P o A R A ik

HH PR E N 50 mg/
i

mL Y22 8 3 808 5 5 T 40 mg/mL F1 60 mg/
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M 1f AT, FE pH fE4L AR 12-7,12-8,
LA 50 mg/ml.
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2.2 MRz ERA IR T E D

TETT A AL R Z S0 g e At b, A ST ) T AR
RIS T 230, A pH B (A) HEH KT E
W (B) B R E (C) N HHREE L
REBOR M A N IEM A bR, FIH Design—Expert
10.0.1 B A 0 30 B0 A7 e i H 43 Fr, 1538 =k
Z I BT 7 Y wpe= 58.878 + 4.576254 -
7.4175B + 0.38375C - 0.5175AB - 0.41AC -

0.4325BC - 27.329A + 1.7285B> — 0.744C*;Y spn=
6.452 + 0.42254 - 0.06125B - 0.25125C -
0.0054B + 0.094C — 0.1025BC - 2.94475A4% —
0.69225B% - 0.00225C%, & 1 474 5o A AL i) A
M, X I 7 2 23 A B 28R A T AR RS R 4 i)
HEAT T 22563 o0 B, Il VARSI (4 7 25 43 A 45 SR an
#34PR,

R3 EKHEMBEARBMFESN

Table 3  Analysis of variance for load factor regression models

7 E KRR T 75 Fa B WL 7 A F1a P1a B3
=) )3 AR A 3776.32 9 419.59 11.64 0.0019 ok
A 167.54 1 167.54 4.65 0.0680
B 440.15 1 440.15 12.21 0.0101 *
C 1.18 1 1.18 0.033 0.8617
AB 1.07 1 1.07 0.030 0.8680
AC 0.67 1 0.67 0.019 0.8952
BC 0.75 1 0.75 0.021 0.8895
A? 3144.73 1 314473 87.25 < 0.0001 ok
B? 12.58 1 12.58 0.35 0.5732
c? 2.33 1 2.33 0.065 0.8066
& A 252.31 7 36.04
& WR 76.24 3 25.41 0.58 0.6601
Yk £ 176.08 4 44.02
&t 4 028.64 16
1 :R?=0.9374 ,R,’=0.8568 , Ry,./=0.6289 ;. 25 Ik 3, P<0.05;**. 2R % ,P<0.01,
x4 HBEOERBNFESHK
Table 4 Analysis of variance for the loadings regression model
T ERR 7 Aa B WL I E F1a P& M
= )2 AE A 41.76 9 4.64 47.26 < 0.0001 ok
A 1.43 1 1.43 14.55 0.0066 ok
B 0.030 1 0.030 0.31 0.5975
C 0.51 1 0.51 5.14 0.0576
AB 1.000x10™* 1 1.000x10™ 1.019x107 0.9754
AC 0.032 1 0.032 0.33 0.5836
BC 0.042 1 0.042 0.43 0.5338
A? 36.51 1 36.51 371.94 < 0.0001 ok
B? 2.02 1 2.02 20.55 0.0027 o
c? 2.132x10°7 1 2.132x10° 2.171x10™ 0.9887
2% 0.69 7 0.098
% LR 0.36 3 0.12 1.45 0.3544
Yk £ 0.33 4 0.082
&t 42.44 16

11 :R’=0.9838 , R,’=0.9630, Ry,/=0.8530; *. 2= 57 2 3 | P<0.05 ; %, 225K 3, P<0.01,
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M % 3 2e R M A RER gy 22 A Fr el i, el 1
LAY F AN 11.64,P {H R 0.0019(<0.01), F 7~
Z AR A B RPLI FAESN 0.58,P fH K
0.6601 (>0.05) , 7 KU B 2F |, I Ah | 52 e 2%
BECRM AR T 2SR ST /NHET . 223
R E (B)>pH 416 (A)>Bi 7.8 1 T Wk i
(C), BRI e E AL R* 2 0.9374 K 1E J5 P &
B R.7=0.8568 , & WL AU AT iy 25

1 2% 4 gkt nl A RS Jy 22 e Fr el i, el I
PRI F{E A 47.26, P {H<0.0001(<0.01) , £ /R %
Il 5 A A A W 2, R F{ECH 1.45,P{H A
0.3544(>0.05) , F7n R AT B 3 AN, 520 £
AR AR TS 8% Tk K/NEF 2 . pH 46
(A)>Hi G 8 A 8 W (C) >3 8 R i 2 WK JE
(B) , ZA R (A He 2 50 R S 0.9838, it BH 452 764 41
AR, JFH R.2=0.9630, AEW M Bk 5
96.30% 11 1 3 AEL A5 Ak, I 5 FUilAH OC 22 %K Red® HH
ZEARK, F WA A 228 e UG 1 B

25 LR B X LS L R AU M | I
ToUIm A5 A AT DL T 0 AR 1 - 22 B AR A K U
#T 2k,

2.3 PPI-Cur g4k Bt i £ #l & TZ M WIER I

K2 02 pH dlf . 228 R T Wk B RN v 2R
IR R Z MW AR, X2 EE
R AR R Y R T R R L R
2a F1 2d AT AT, pH 41 A F1 22 B 28 5 i 1k R) 1 58
A X 2 R R A ) 1 A 1 R R R i
AR, X RY pH 25 RN 22 8 R T R R [A) 19 42 B
P I X 22 8 R A R R T B S e B 3 L AH A
M5, pH 26 R 2% 5 22 5T vk B 1 28 B A R i
FCER I 2 & 2b Al 2e AT AT, pH 4G
8 5 AR P e Y JE [ 52 A G e 2 R 67 3
i A RNTE I TP R 3 N O )
EiN a7 i R A = i 9 A BN R (A E PO
HEMOB R WAL E, HEGLREARED
Bk

Mk — i AR, DA R ke ok
R gEA ik B AR, i3 Design—Expert 10.0.1 3 {4
BATER E pH G R WA EKE ¥ U H
PR RE R LR m T, ROisl & T 28 . pH
HEH 13-8, Z R T E WK E R 0.455 mg/mL, Hi

R R O 43.64 mg/mL, 78 I SR R
T 1125 2 Rl 64.648% , T8N 6.256 pg/mg.
R KA PRI 45 5, 455 S2 s T2 Ml A7 4% B
pH 416~ 13-8, £ 8 K it 7 W JF N 0.46 mg/mlL,
Wi S8R H R N 43 mg/mL, $EAT 3 17K
55, AR R R RN 62.55% , F ¥ i wE N
6.10 pg/mg, X 15 455 AU T 285 S 4 30, 2 I T i
M) 7 A 78 43 BT O A 2 28 2 B R ) T A K
AIAT AN FHOCHIF ST E T U 25 22 38 2 AF PBS T
P i B R 88.54 ng/mL™ i AR W 5E 45 2 1) PPI
YK I G W rh A B Y 22 8 R A K R B
fift i o0 287.73 we/ml., fi 228 KK PE D
=
2.4 PPI-Cur 44K BRI AL 12 & AR

TEDK ik AR TEN ™48 B kA
9 1~1 000 nm (49 FIURE , GEAR hy 49 K JORE Y 44 K ot
L RUST X A W 39 P 4 JO ) % R DA B X e A
Yy R FH B B 8 8VE 8 VTR OG o Y 3R R AR /N
T 500 nm B AT 4k 2 B R A 0k 1Y A T ) o
B AE YR EER 3% 5 R PPI-Cur 44 K k: 14 °F-
VIR AR ¢ AT 455, BT E AR R
(1 619.0+34.22)nm, i pH 9K 3h i il 4 19 B &
B -2 B R YRR IBURL ) - 24 R0 42 2 (254.5+9.00)
nm, Zeid pH 9K 3h 3k kb B IS 0K KL 42 /N T 2
85% ,iX 5 Zhao PRI &5 ARl £ A EN
KL 2R 1] HLAaf 48 7R 4, — R, 43 F 540 1
LT /N ¢ R B A o R, IR AR R e
PPI () ¢ B4 R (=28.7+0.71)mV , i@ i pH 3K 3 %%
# Cur J5 ,PPI-Cur 40K K T 1% ¢ A7 B & 28R
(=39.7+0.14)mV (P<0.05) , iX — B L UE W Cur 5
PPI £ 143 T AH45 & H PPI-Cur (R RFE

i A HL 8 2K T PPL Al PPI-Cur 44K 55
BRI SR, anlEl 3 firzs , PP J0U0k: 52 40 00 1) Bk
AR, A5 M B R mE W pH IR Sh L £ i KT
PPI-Cur 44 KR AS S H A0/, RSF 252k 200 nm
AA X 5 B A (DLS) 6 1) 5 ¥ k2 42 )
SE LA
2.5 ESMtik

EVIN TSN RN | B S AR VRPN
O3 F A BAE DA R oA S i AR 4k, &l 4 s
PPI-Cur 24 K ol fr 1 B B T 3 o &7 2 1 A6 D K
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260~280 nm Zb Py WY T BRIG i, IR RAEWERS, AR IR TR A RRAE ML X Ll Bl i) 2 8 E A
X5 Li FYERGEAPOREIEZHZOURD K 430 nm & A RRAE M0 2 AR W kA T
MIZE R —F0, IO ZEPEA 275 nm Zb PRI IR, LRI R RIIBI G E S 2 R Z M
i AR A O A A LR (Tyr M Tep) SR IEAARAE AR,

WS | 3585 2 PPI-Cur (6173 K 410 nm

R R
Z o8 Loading rate/%
80 g
o 10 g
N "
< 60 = Z
%350 BT
w2 40 253
E % = w06
1 i § 5
i <
20 W g
N8
= 5
8. /l{ 08 - \‘ \1.,__\ 4 g
et \/ B a0 & 04
" N

0
ApH 4 &
A: pH-driven combinations

() pH 215 12 8 58 5k ¢ J3E 170 0 A X 28 2 3 19 R g

g
Loading rate/%

60

EF RS
Loading rate/%

C: i AR 1 T ik VR BT
C: Mass concentration of pea protein/
(mg/mL)
3

C.
. MGSS f “ 1 0 1
o .
A:pH A&
A: pH—driven combinations
Fotel.a/ P, -
(b)pH ZH 7 58 W28 1 J5 ki P2 1) 58 B AR 08 2 233 1) 5 o)
HR

= Loading rate/%
=
£
& g
TB =
¥ 3
= {5
o
3 §
¢ p

: .
Mass o' @é"@ E
c, O 04 0.8

0.6
B W R T

B: Mass concentration of curcumin/

(mg/mL)

(o) 2 B3R [0 hk i 22 1990 T 2 11 J9 a9 2 1) 5 T R 2 33 11 52 1)
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fdk it
= Loading capacity/(jLg/mg)
o E 0.8
2 w
E §3
& F BEE o
2z 55
E i
— x
% ]
’ = 0.4
s I~ -1 0 1
ApH A5
A: pH-driven combinations
(d)pH ZH & 122 58 3 o7 45k ok 4 1) 38 A TR 5 28 4k 1 52 1)
Uik
E Loading capacity/(ug/mg)
5]
£} £
< Fe
E A
" = 5
g = =)
ﬁ/ S jl% £ & 50
&< WP
¥ g
! 8 =
=] O
= S
C. . )
“ss E 40
© - 0 1
A pH A&
A: pH-driven combinations
(e)pH 2H & FI%E 72K 1715 4 Ve J3E 1) 3¢ HLAE OGS B 26 0 52
Bk it
E Loading capacity/(jLg/mg)
o
E 3
5 #
" 2 'S
® g g 2
¥ o} &
()
-
- =
! /I{'QSS c-&g@@ <
0"1?0@,7[1\ 0.4 06 08

B LW R BRI

B: Mass concentration of curcumin/

(mg/mL)

() 22 98 3% Joi ok e J3E R 90 2 2 0 Ok R 32 i A D X 7 2k 14 2

2 pHAR ZEEZFERENREEARERENZHEZRHE HENIZN
Fig.2 Effect of pH combination, curcumin mass concentration and pea protein mass concentration on loading rate

and loading of curcumin



524 % %10 pH 3R ) ik #) & 5L &

O -E kAWM AT ER LM EIE 223

%* 5 PPI.PPI-Cur K FEHIE { BAL
Table 5 Mean particle size and {—potential
of PPI, PPI-Cur

20 5 F 3 5 42 /mm ¥ 45 /mV
PPI 1619.0 + 34.22¢ -287+0.71"
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Fig.3 Scanning electron microscopy
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Preparation and Structural Characterization of Pea Protein—Curcumin Nanoparticles
by pH-Driven Method

Ren Jie', Lu Zhihao', Wu Hanshuo', Qu Linghang’, Jiao Xinru’, Liu Wenying”, Li Guoming"”
('Bejjing Engineering Research Center of Protein and Functional Peptides, China National Research Institute
of Food and Fermentation Industries, Beijing 100015
*Department of Environment and Life Sciences, Beijing University of Technology, Beijing 100124
*College of Food Science and Engineering, Beijing University of Agriculture, Beijing 100096
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Abstract The poor water solubility and instability of curcumin hinders its widespread application. The use of plant pro-
teins as delivery vehicles for curcumin can effectively improve its solubility and stability. A pH-controlled method was
used to realise the nanoencapsulation of curcumin using pea protein (PPI), and the effects of pH combination, quality
concentration of curcumin and quality concentration of pea protein on the loading rate of pea protein—curcumin nanoparti-
cles were investigated by one—way experiments. Taking the loading efficiency and loading amount as indicators, the
preparation process of PPl—curcumin nanoparticles was optimised by response surface methodology experiments, and the
optimal preparation process of PPl—curcumin nanoparticles was obtained, i.e. the pH combinations of pH 13 and pH 8§,
the mass concentration of curcumin at 0.455 mg/mL, and the mass concentration of pea protein at 43.64 mg/mL. The

PPI-Cur nanoparticles prepared by the optimal process were then systematically characterized in terms of particle size, -
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potential, appearance and morphology, UV spectra and secondary structure changes. The results showed that the average
particle size of the PPI-Cur nanoparticles was (254.5+9.0) nm, the {-potential was (-39.7£0.14) mV, the PPI-Cur
nanoparticle system was stable, and the complex interaction between curcumin and pea protein complexation existed, and
the secondary structure of PPI-Cur nanoparticles changed, with a significant decrease in B—folding from 33.6% to 25%
(P<0.05) and a significant increase in random curling from 23% to 31% (P < 0.05). The results provide an optimal
process for the preparation of PPI-Cur nanocomplexes by pH-driven methods and a parametric basis for the development
and application of plant protein—based delivery systems.

Keywords pH-driven method; pea protein; curcumin; structural characterization
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