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i E: AN TRSHLHKEZA (Porcine plasma protein, PPP) #95LALME AL, R T KRB pH &4 T 4= #4 BT #5 PPP %4
K4 (PPP nanoparticles, PPP-NP) #932{L4FiEfefa K R @aGAE 1o B AF R AR BN, B =& LHMN.
B RATEE rAe R @ A AT PPP-NP 694342, w45, ZRLEH . MO R A A KR @K 7y ey hk A #47 &
AE, X JG VA PPP-NP 4 SLAL 7] 4] & Pickering i K §Lik, i@ i ad i A M JLiR 6945 8 . R AALE B . Zeta AL, i
BRI S ATIT4E T PPP-NP &9 SLILHE R SLILAR €, KRB A A2 MO A 947 T JLiR b2tk R4,
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Abstract: To improve the emulsification properties of porcine plasma protein (PPP), this study focused on investigating the
physicochemical characteristics and oil-water interface stabilization capabilities of PPP nanoparticles (PPP-NP) formed
through thermal treatment under different pH conditions. Firstly, particle size, zeta potential, secondary structure,
microscopic morphology, and oil-water interfacial tension reduction capacity of PPP-NP were characterized by the
instruments including nanoparticle size analyzer, circular dichroism spectrometer, field-emission scanning electron

microscope (FE-SEM) and interfacial rheometer. Subsequently, the Pickering emulsions were fabricated through using
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PPP-NP as emulsifier, and then the emulsibility and emulsification stability of PPP-NP were evaluated by analyzing the
particle size, apparent viscosity, zeta potential, oil droplet morphology of the emulsion during storage. Finally, emulsion
stability was quantitatively assessed through a stability analyzer. The results from analyzing the particle size, zeta potential,
FE-SEM, interfacial tension indicated that PPP aggregated orderly at pH6.5, and thereby formed the nanoparticles with an
average particle size of about 112 nm and a polydispersity index (PDI) of 0.19. The aggregates were uniform in shape and
size and showed good dispersibility and strong capability of reducing oil-water interfacial tension. Compared to the control
group, the PPP-NP-stabilized Pickering emulsion displayed high viscosity, relatively large droplet size but better uniformity
and storage stability. After 28 days of storage at 45 °C, the emulsion maintained more uniform droplet distribution. The
results from confocal laser scanning microscope (CLSM) combined with backscattered light intensity and Turbiscan
stability index (TSI) analysis indicated that the corresponding PPP-NP-based emulsions at pH6.5 were very stable, and the
oil droplets in it were uniform in size without aggregation. The TSI values of the emulsion were relatively low, which were
71.4% lower than that of the control group. Overall, PPP could aggregate orderly and form the nanoparticles with excellent
emulsifying properties through heating the solution at pH6.5, and the finding could provide some valuable insights for the

application of PPP as emulsifier in the structural and functional design of food.
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¥ 1.2 5 1 (Porcine plasma protein, PPP) £ 2
FFE = RBE A HE I (50%~60%) . BREE 1 (40%~
50% ) FNLF 4 8 1 (1%~3%) 718, PPP HAT L5
PRI | BV E NSRS e T RE R, W R
i PR SR o BEEE RS I SR T | A AT P R L M R
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ZEINFAIE B B BT KR SR EEAM A Pickering FLIK
AT, HAR e L e 1 B 50 TAR D iR R E R
FHPY, x4 PPP ZLALAE JT 4 m bt 1o L .

ARSCHRFE T ANA] pH 45148 T A3 45179 PPP
PIRE YK ik (PPP heat aggregation nanoparticles,
PPP-NP), il kifs | Zeta-Fa 7 Fl1dg A& BT B 142
BT AT pH Xt PPP-NP KiA% | 4544 . LTk
Rt A S, 38 3 % PPP-NP #4514 Pickering L
RSN BE | TS5 14 AN 9 40 Hr, B BH PPP-
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BE=95%) _LgRHr T Akl A B =] 5 HoAhi
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[ T /R 34N ] J-1500 [B —@5GiEi HAR JASCO
5] SUBOL0 I BT F i HARH I A
#]; LEICA SP8 Bt R W iiss fEEMk RIYER
A BRZSA]; TRACKER FL i 284 %= TECLIS
I ARA PR 7l MCRO2 22 AMATRASY. B F)
LR ML #$ A R4S ¥l ;s TURBISCAN TOWER £ 8
JEHIEHY ¥ E Formulaction {28 A PR H] .
1.2 LWHE
1.2.1 PPP fyglifk =353k [22] M7 kglife PPP,
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Fg 5% 55 - H8 14 PPP M AR ¥ it A8 8 4l /K v B i el
10.0% (w/v) BEE W, 76 4 °C %441 10000 r/min
B0 15 min ABR IS LT, FHBENTAS (REE 1
oA 7 kDa) Xt ISR TENT . B ST RS R
THRRDRAS PPP, & EHE BT 4 C A7

1.2.2 A[E pH F PPP-NP fyifil#s  HC 1.2.1 453K
15314 PPP BLH 1% (w/v)[¥ PPP %K, =i 300 r/min
it 2 h, VKFE PR ESIR, FTEOrOKG SRIGTE 4 °C 4%
4 F 10000 r/min. 15 min 8508 F# &, J875 pH
% 4.0, 6.5, 7.0, 7.5, 8.0, 7F 85 °C /K¥/in#k 20 min
J&i, SLRD 4 °C vKkoKS eI, 349 AN pH [ PPP-NP
PR RE B TP o RIS B X BB i, AT AT AR ER
1.2.3 Rif2FI Zeta-AAAZ I E  RifE ] Zeta-FE AL FH
Nano ZS+MPT-2 Malvern 4K B3PI E . 2
25 3CHR [23] TV, IR FEVEE Y. FHARRL pH YA
AlUKFFFEE 0.4 mg/mL, ££ 25 °C FF#7 120 s JEIRE .
1.2.4 REJEFEE B 1.2.2 §l & 0972w AEH
AR TIHRURIG, BT T R TR RS R oK
&L BMRE RO R I 51 4 8T S iU L, A R
A T A SRR S T R TSN

1.2.5 Bl @56 2% 30k [24] 5L, O
FEHILRE BBk, FARR pH BOELEACK: 1.2.2 il
MR RMFESE 1 mg/mL. A 0.1 cm BOAZELL(G
1M, 7€ 190~240 nm 3T Bl N HEF T4, B =X
ARG EE R0 A W -

1.2.6 Frmsk yilcE & Tracker LTI i 28 A1)
H T A A] pH 4 PPP-NP R A vl /K 54181 5K 77 (1) B
J1o ZF3CHER [25] 795, FEVEIE S, K 1.2.2 il
i) PPP-NP FHAHLE pH AU LlKFERE 10 1%, SR 0
Jin &) — A~ S 2% BY 58 RE S IL P (40 mm<40 mmx
30 mm), JiAH MCT @z U #IES 28 (Bl G18,
AL 0.84 mm, KB 10 cm) . FEIEE THMFATT,
W T 6000 s PN AT 7K S0 (E AR 1k, B E) 3k F)F
i BTAMETE 25 °C FiffT.

1.2.7 A[A] pH T PPP-NP % %€ /1 Pickering FL A9
HAE B 1.2.2 KIS EIFRS A (MCT) F4R
e 9:1 R A, e 55 ) 3 min JE BOML FL A, B
75 MPa = JEX BT 46 Pickering FLK o

1.2.8 FLW A kLARME {1l Mastersizer 2000 ¥4
LA 2 LI PR R/ NS A A O o 502 L
W I I INFN ST A TG O . 275 SCik [26] 7k,
I A 2L 5 i8R (288 7 /K) FEoriR A1 s EA 7
MR, Horp RS PTIR B S h 1.47, SrEGRT T R
1.33; Z23# 4 2000 r/min, i B9 AR/NFHAREUINACE
¥kt (Volume-weighted diameter, d, ;) 3278, Hrp
AKX

o= (Yn) (Sna)

S d, R A%, ums n, 25 AN d,

TR
1.2.9 FLIEFWALGEEAIE 8 Z2 AR MCR92
DL AR A AN S A A R 114 J LART - B3R5 G (pp-
25, HA% 25 mm) X FL UK U T R, 25
SCHR [27] BT IFIMME S . K51 25 1 e LI
E AP PAT AR Z ], A B 1 mme 7E
0.1~1000 s™" (¥ 55 U3 330 [l N FEA T 55 T4, wF o
FLIKZRS B i A8 1k o
1.2.10 FL Motk =25 30k [28] M1k
I LA 2R, K e ) A 1 2L (20 mL) 5% 8 5]
30 mL BEEOH Y, SRIGTE 45 °C AT S, E 3
W FLIA IR S N, . REAR RIS AR Ak, XS HA
fekaxEtE,
1.2.11 FLWEMATOW S5 SR A LEICA SP8 H: 2R fE
WOGF R WA WS ZL IR MO 544 . 225 SCilik
[29] MO T TR A& . ¥ 20 L e 2 £1.(2 mg/
mL, & TSN IAE] 1 mL FLK T, FE4MRSI5E
ARGt B )5 AL 10 pL I57E B iMss sl sl A
L ARIE B A 3 . 7E 488 nm(Ar-Kr #06#%)
ORI, 7€ 25 C T REWBERAMEECH 63,
1R ZF Sl 1024x1024 W FLIE WALEE, FFAE 45 C 1Y
I AETEAT T W LA O Es A A5 4k
1.2.12 ZHEGHEN  FHZFCHUNEAE R
FasZ PEFE %% (Turbiscan stability index, TST) FIAEXT
HU GOt (Relative backscattered light, ABS) A4 28 {1kl
PPAL Pickering ZLIK RS M. SCgb b R b, K
il B FLI (20 mL) A 3 HAR SO, ZoRFLBA
BEA S, (RS 7 B RS szt S die
J¥ M 45 °C F14H 48 h, B 1 h #EA7— w33, i %
P A B9 3] Pickering FLK A A TST {H AR 1k
TEOLLL B ABS BRI AR f i £ . iR e S 44
RGO, S HT LI RS P
1.3 HiEE

T SCs &/ E A 3 UK, S R 2 R 25 55
47 {H 47 #E 2% ( Standard deviation, SD) & /<, f# JH
Origin Pro 2017 X 25 AT G810 Hr, L9 EHE K
JH SPSS 23 #A75e1t2#534r, W] Duncan #3585 47
FE R Z M 22500 W2, 9F HAE P<0.05 B e i =
25
2 ERS59h
2.1 pH % PPP-NP Ri{2F0 Zeta-FRALAISZN

TR AR ORI R B 1 BT 451 2Z (A1
R R KA AR —FhSe 5 . MR TR
WK LA Re AR AL A A HE R I, FR Y
A1 I, MK IEA AVE R R AT, 23
LHFR T R AT R B )P RAR 4 E R 2K
(Polydispersity index, PD1) il 3838 & FH T R AL W
B SRS W B AR s Zeta-Ha 7 TR A 1A W A H,
T, ST ARl ERFE A BRI, iFgE R
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W, 8 5T Z RISV EF I S &4 H B ferE
26, T FAAREHEF A NR I TIRBE %4, # 1A
M 5E T A[E pH X PPP-NP FiA2 B2 . & 1A
JIi7R, PPP-NP HRLAEHE 45~120 nm Z ], ££ pH6.5
if, PPP YU IRPRIARTE 110 nm 24y, HAHA Sy
PDI(0.19), 1] PPP ££ pH6.5 | PPP-NP J&
SrAi e —A9. HE 1B Al %1, PPP-NP HL 7 AYLEXt
{EFEE pH ARG I, KO8R HAREMR AT
[Fl e EaTACY . FE pHA.0 B, Zeta-H B M IE, 2 2
T b BF pH<S5.5(PPP B4 45 B, 45, (Isoelectric point,
pD > 5.5, VSR IEHLTT; X pH=6.5 B}, Zeta-Fi,
LAY LEXTERE pH 5 R0 St U2 A MR 25 pI ik
SRk, #ETEE 2yt e, 28 BTIR, 7 pH6.5 T
PPP-NP kifedx K, & 110 nm. H PDI {HEAK, 151
TEIE pH F, PPP-NP (PRSI R, SrEerds.

A12()- SRR 197
R 100_ & i 06
E %0 10.5
A =
S 60 104 8
N 4 e
Q 40 ,% ’ 103
20 %/ 1022
0- ] 210.1

w

Zeta-FL i (mV)

C(;l’l pH‘4.0 pI—f6.5 pH‘7.0 pI—f7.5 pH‘S.O
Kl 1 AJE pH T PPP-NP 474241 PDI(A) & Zeta-HL{(B)
Fig.1 Particle size, PDI (A) and Zeta- potential (B) of PPP-NP
at different pH
E: AR FRER R R i Z AR #2252, P<0.05.

2.2 PPP-NP WUFRME SR

FH3% & 54 B 7 WA 5T PPP-NP [JE
B 2 s . ARPERIAALE SR, nf15 1 pH6.5 T
PPP-NP [ PDI{HAR, Rif2 s MmdE b, KL pH6.5
Hil & 19 PPP-NP A K. & 2A s, W&
PPP-NP R ~[5), FEE 2B JlR 5 T35 K B i
HESER B — IS . O R ST R/ NN A 17 AT &
K 2A BUZE SR, JXE PPP-NP DAidE 24 14 )~ il i L
Fa %2 Pickering LUK . & 2A W% PPP-NP [hifs
K/INTE 45~120 nm Z 8], F/N8 F0kr ELAa 38 it il
B2l 5%, e ATTAT LS RS AR I A 7K G R T
b, DT ST AR S B OB B IR FE, AT R AR
XE 1) Pickering FLWK ™. ¥J—14kiA 43 41 F1Ik PDI

{B & F8 %2 Pickering FLIE AYSCHE . 7E pH6.5 il £
] PPP-NP ANhiAE 5347 ¥4 5] —3, IF HARELIK [ 3
Ty IR I B B = N A

]

2 PPP-NP 14 L 1 i B 4]
Fig.2 Scanning electron microscope image of PPP-NP
TE: A B 435 PPP-NP Ji K 20000, 50000 4% #4414 L 7
(DG

2.3 pH Xt PPP-NP Z£kZE+ak05200

e FHIm 52 4 B A & pH %) PPP-NP
JeEM N . B 3 B iR, K1 T
LEMIBOE BT, 3 1 ATAL PPP A o-18iE | f-
Y& . B-5L M FIICHL G fh DUFD 2R EEFIZH 5 o-TR5E
i p-PrEACR R T A T 45H4; B-55 A A TG G Hh
MR E AR TCF LAY . 5 AREATA AL B XS A
(control group, con) #H Lk, FEVHTT pH J5 &l in#k iy
PET, a- SR BESSHE & & 2 024 19.2%~34.5%, B-
PrE B BEIN 6.9%~47.2%, JoRLE: 5B R
8.7%~20.2%. o-MRNEN/ R ELE H T b s 5
B o- MBI i I SR AT, T VB R AR AR T K
ZERI FEEAE 1P, g S i g2 i b
HEREFTIT 2R A 4544, ZR R /K R SE A, 3958 T 25 1o
(] P AR B AR, E T 2 418 B-Hrds B e 1 3
SEAARCS S ep e s S5 A B, R (pHA4.0) 2544
T o-BRE SR IR, X T RESE T -1 iE
S E /Y, T PPP A9 pl 24 5.5, HEHHEE ;20 i
FELRT, PR PRI AT BB S 1E N FR 1 Fa e i R T R N 2 1
SR Al AR 7, e m SR R .
VEF T AE s AR b 2 T B3R SR T a-B8E M43
B TR R, HABSKR YR AR H &SR et s
AL R A, B 4, Wa S5O0 2 AR P 2 AT IR
pH #AbIH, 85 1454 K AR AR AR 41, i filE p-4r
SN, 7E pH6.5~8.0 JLEIN, o-1REF p-Prs

T 20000 ——con

o — pH4.0
ol 15000 L H6S
£ 100001 —— pH7.0
) ] —— pHT75
5 S0 . THED
0

1% ~5000-1

£ 10000

Ry

B~ ~15000

190 200 210 220 230 240
FE (nm)
K 3 A pH 444 K PPP-NP Y15 — A ik &l
Fig.3 Circular dichroic spectra of PPP-NP at different pH
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Table 1 Effect of pH on secondary structure of PPP-NP
R o2 TE s it JEHLI A it
con 34.1+1.27° 32.7544.59¢ 7.35+2.61° 25.84+0.71¢
PHAO  223550.92°  482:1.69°  1.4042°  28.05:0.35°
pH6.5 24455148 4324311  22+085"  30.15+0.78°
PH7.0  262+2.12°  3033.67°  4.05:0.78°  30.45%0.78°

pH7.5  269+042°  38.85:0.07*  325:0.64°  31%1.13°
pHS8.0 27.55+0.35° 354+0.42° 8.05+0.35° 29.4+0.78°

T FFUARRNG TR B3 22 5, P<0.05,

T AL 3, VLR ILTE R N A9 pH AR LEAS 12
A5 |8 R R a5t AR . I HL, 7ELYE R Py,
pH6.5  PPP-NP [¥Y) p-¥r& & EAH I m . L&A
FSCAIFE R A, p-PrE B BB N AT BB SR = ok
S fEE S R, pH6.5 T PPP-NPE A 458
FARRAR AL T 5K S B8 T, 33X 5 e 1T A S T W R P SR
ZE AR H A IE
2.4 pH ¥} PPP-NP FRERMH4FHERIS M

FH T DAL 3 1 2 I R B AU 75 22 L R ) i
HeE, BRI SR e B A A e — AN AT 3 3k
R, PPP-NP FEVH-7K ST AW B AT RE L+ 2 /0 7R
A B 28— [Hr BY PPP-NP 2237 ZL A 1 1815 3
TH-ZK S, 5 B BOOR R R LT, SRRk b A
TR ATE . BT RLARTR  S Rt A R
FLAKAE T SR 2R, PRk T ARE pH 2544 T
PPP-NP AL 5K ST 28 4L . aniE 4 IR, BT A FE
FERT 200 s P ST 5K I (H 20 T 9%, X & i T PPP-
NP U B 5 e K AT o ATk 77 g s T 4
F& PPP-NP EA7 A EZLATN 01— D FEARRNE . B
Jei, ST TR BT S e L s B, X
TFHICRIAE T /K T A MR URNZE A FEHE, U PR
R PR R 21k 5 T i EHE. fETA pH
S, S sk YA Bt B A A RS T REAEG, 22
PPP 1] LIFEASFh pH S5 48 T 78 1 7K F T Ak 1 JiF 1451,
BRI RS R A 2 1 F EB B, P ey
U Z R EEY . 5 con AHEL, BT A RE S B &
SEHFE Y /T con, X 1] HEJE FH T con SR&EJin#AL

359 . - con

—— pH4.0
§‘30- —— pH6.5
Z ] -~ pH7.0
E® -~ pH7.5
R 90
) 20 pH8.0
E s
% 1 |

]

—_

(=]
L
oo

0 1000 2000 3000 4000 5000 6000
A A] (s)
Bl 4 AEMKSERIE pH i) PPP-NP W R4 F i sk /) {8
B 1] A 22 A
Fig.4 Changes of the interfacial tension values of PPP-NP ad-
sorption at different pH at the oil-water interface with time

R, T S0 H A AL IR AR R R AR 1 BT SR T (LA
T Bk B4 1R ER ) 2 U, 1B PPP-NP 197l 1k
PEOET PPP. A7 LR AR IR AL J5 BRI A i 7K T T 1
e i, B e T K S E e 3 es, FLAkEFNZL
fefs e e,
2.5 pH X} PPP-NP %2 %E Pickering FL & L1243 7n HY
2R

FLIEAEAIR] pH T BPRARSIATUNE 5 FioR. K
R S IR 53 AT, AH I AN TR] . 33X AT B2 i
T PPP-NP TEHIZK AT 4 5 20 e HE AT B wi ik
Mz, PN SO UGS, con 5 pH4.0 MFL
R PIIAR 53 AT AR G WV [ P AR AL, T Ao e ik
14T (pH7.0~8.0) , FLIR BRI R 43 A0 4/ INE
PIAEXT 5] o LRI RIAR 53 A0 Yo Bl R A | e {E Rk
/NFR B LW R AR s PRI, AP A T A
Pickering ZFLIEAEXIFSE . sl I, BRI EH
JEAERRC R S5 AT P PR P S SR AR s S B
AP TR, AR FLE SR I E S, M
H., B8Rk pH6.5 ZLIK FRiAE 45040 Eb e, {H Hlg it
TR TFIHAAH, S8R0 R AR N 2L i)
VT AR AT BB HH AR AL L 22 58, R vT
B3 pH6.5 FL MBI E AR TS5 14 T il
4 1 Pickering FLK -

161
144
124
<104
o 8]
= 6
4_
2,
0_
001 01 1 10 100 1000 10000
FifE (um)
& 5 A[E pH 44T PPP-NP #4:5E Pickering FLUK Y
HLPE SR

Fig.5 Particle size distribution of PPP-NP stabilized Pickering
emulsion at different pH

2.6 pH %t PPP-NP #2 & Pickering 3. 3 ML #4 B #Y
S0

WIE 6 fi7s, BT FLIR A 2 WAG B2 2 b 25 55 U)
RGN R [, I 3TV 7. 7E pH 4.0
(ILTF pDFN 6.5 B, ZLUK 22 UURE BE AL, 2B H B
R EE AN DR BEA T o BXES R 2L Y
B 2REE, LR FR I S s ARG BT YRR kA 78, 3X
5 SCERA Tl R —3 0, PP ERIRE
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Fig.7 Visual visualization of Pickering emulsion stored at 45 °C for 28 d
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Table 2 Particle size monitoring of Pickering emulsions stored at 45 °C for 28 d

A 0d 7d 14d 21d 28d

con 1.396+0.83 22.74042.66"° 26.306+1.70™ 28.245+0.81% 44.876+6.72%
pH4.0 3.490+1.12% 20.37242.394% 78.791417.33% 123.222421.95* 171.663+14.99*
pH6.5 9.963+0.70" 18.250+0.95™ 23.499+1.32% 24.003+0.78% 23.16940.48%
pH7.0 0.431£0.01® 0.452+0.005° 0.493+0.004 0.60620.11< 0.658+0.004™
pH7.5 0.373+0.006° 0.376+0.006" 0.378+0.007< 0.379+0.002< 0.428+0.004™
pHS8.0 0.280+0.01% 0.278+0.005 0.292+0.004<* 0.291+0.106°* 0.302+0.004™

TE: AR RS TR R R RS A R pHFL AT 78 S V28 5 AT AR [R)/ING PR R — pHS R O [0 FLR A 4k 22 5%, P<0.05, R3],
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Table 3 Zeta-potential of Pickering emulsions stored at 45 °C for 28 d

HEdh 0d 7d 14d 21d 28d

con 21.03+1.10% 13.63+2.63 12.43£1.60" 9.33+1.53% 6.13+0.51"¢
pH4.0 37.90+0.69* 9.8040.80" 4.54+0.38" 3.4040.15™ 1.75+0.46"
pH6.5 —31.2040.36% —29.27+1.75% —27.37+0.80%° —27.47+0.81% —22.97+0.61
pH7.0 —35.73+0.35" —-36.93£1.03™ —34.00+2.46"* —33.20£1.42°" —30.53+0.50™
pH7.5 —38.67+0.78" —37.87+1.17™* —37.63+0.76" —35.80+2.46"%° —34.26+0.58"
pHS.0 —44.33+1.84" —38.67+0.78"" —37.57+0.90" —37.43+0.95%" —35.23£0.75"
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monitored by CLSM
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