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Abstract: To address the low bioavailability of oyster peptide (OP) after gastrointestinal digestion, this study optimized and
investigated the preparation process and colloidal properties of chitosan-oyster peptide nanoparticles (CONP). The CONP
were characterized using scanning electron microscopy, Fourier transform infrared spectroscopy, differential scanning
calorimetry, and X-ray diffraction, with evaluations of their stability, simulated digestion characteristics, and release
kinetics. Results indicated that the optimal preparation conditions were: Chitosan (CS) to sodium tripolyphosphate (TPP)
mass ratio of 4.8:1, CS concentration of 2.4 mg/mL, CS to OP mass ratio of 1:2, and CS solution pH of 5.5. Under these
conditions, the encapsulation efficiency reached 85.44%, with a particle size of 259.67 nm. The CONP formed amorphous
nanoparticles primarily through electrostatic and hydrogen bonding interactions, exhibiting irregular elliptical shapes with
geometric dimensions around 100 nm and uniform particle size distribution. The peak thermal decomposition temperature
of encapsulated OP increased by 37 °C. After treatment with 200 mmol/L NaCl, a 90 °C water bath for 120 min, and pH2
PBS, the particle sizes of CONP were 709, 338, and 431 nm, respectively. After 360 min of continuous simulated gastroin-
testinal digestion, the cumulative release rate reached 70.80%. After 24 h of separate simulated gastric and intestinal diges-
tion, the release rate in gastric fluid was significantly lower than in intestinal fluid. The formation mechanism and structural
characteristics of CONP significantly enhanced its ionic strength stability, thermal stability, and pH responsiveness. It
exhibited high stability in simulated gastric fluid following Fickian diffusion, while showing swelling behavior and fol-
lowing Super Case II release in simulated intestinal fluid, with rapid release of OP. This study provides a theoretical foun-
dation for the application of OP in functional food development.
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Table 1 Factors and levels of response surface methodology
- K-
-1 0 1
A: CSHTPPFit Lt 4:1 5:1 6:1
B: CS¥¢ % (mg/mL) 2 3 4
C: CSHOPJFiH H 1:3 1:2 1:1
D: CS%ifipH 5 5.5 6

1.2.5 PRk RAE

1.2.5.1 hifg . £ 4780 FE 240 (polydispersity index,
PDD) Fl1 Zeta BV UMIZE  FJFH ZEN3700 /R 3L
Ko BE LA S R AR . PDI Al Zeta HL A7, SE R,
4 #5 1 CONP 75 BE 100 1%, 1t 15 B 2 5 B 114
attenuator {H 7E 7~10 Z [A] . | & &% SR B = K °F
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2.1.2 CS 5 TPP i b X CONP 52 aniEl 1
B,. B, /R, [ CS 5 TPP JFita i K, CONP 1Y
WHEZR  RifR I PDI M8 W/ o AL HE 2R /)N A
K Fi R NI W &, 1 TPP BRIt A2, §
BUAN B PASEEZTHRIE lAN KR, TG0 (o
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BOBAZEGIN; WA EER K ST R 2 R BUr T
TSZBH . 4 FE[RI PR ZE I 3G JokiA2 A PDL. 3X
—45it 5 LUO %P7 oY — 20, R AR | kL
. PDI., .. 5 CS Wk E 2 IEAHIC, 24 CS H Rk
A 3 mg/mL B, FrkilA5 9 CONP H24% = iy Ao
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2.1.4 CS 5 OP Jli & tbXf CONP fyszm  anEl 1
D,. D, JIli/x, CONP {2 OP AH X ¥k BE 1 1%
IOTEE O . X BB AT A B i OP 41
5 CS srTAHEAEM. BEE CS 5 OP it [higity
K, EBALAN PDI 285 EFHE FREEREHE, Bl
PDI 7= )3 R FEig i 2, J 308 r v AN
V55 S oy RGZ RE S5 A R PDI AR FEIH R
FEEZ WL R, 5 TPP TafEgs & A T Hfar, &
W Al 9 — B9 CS-TPP 25 [ 44 >k i ki .
AZEVEDO 258 1 L E (A R P9 CS. TPP MR
HZ e A S ECRALFN PDI IAELSEZR 1L
IR RS VT R TR R CS AN S 21400, 4 T4

%2 CONP IRAMEETAAE
Table 2 Applied release models for CONP in vitro

Y Jite TR

TR E) F1 AR Q=kt TEH Y H
— R SRR Q=I-exp(kt) W BEM REIR B

Higuchi Q=kt'? Ficky #

n<0.45, Fick#/ #§; 0.45<n<0.89, EFick¥ HL, ¥ H 5 R A Win M sk (2 bR 1 FH; n=0.89,

Ritger-Peppas Q=kt", Q<60%

Case Tl iz, #E ZH P n>0.89, Super Case- 11 iz, & 42 HL i

TH: QRTEMTA] 4L OPHY FEARBEI A, KRBT KL, R Rl s £
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Fig.1 Effects of various preparation factors on the entrapment efficiency, particle size, PDI, and Zeta potential of CONP
A, T Ay CS 438, B, M1 B,: CS 5 TPP i L, C, il C,: CS WV E, D, M1 D,: CS 5 OP [i& Lk, E, A1 E,: CS % pH;
) — 2 AN R /NS FRER R N 22 5 1. 3 (P<0.05), 181 7 [l
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[E]gELE N . 24 CS 5 OP ik kb 1:2 i, Hl15HY
CONPEAFRR @ AR, HASGE MR — MRS .
2.1.5 CS %W pH X CONP B30 UnEl 1E,. E,
JFi 7N, 4 pH4.0~5.0 JE B Py, A HE 32806 pH A3 K
B, RrARFNHA B pH AYEE MR/ . AR A1
KIFGHEF OP #y-COOH 2 i 1k /-COO™, 5 CS
Z B E RS SR . B (ORIFSE e 2 BRI I 2R
R B AL HE R 5 pH 2 8] 7F — 2 i Bl P 2 IE AR
Ko BIARFNEAL B/ NMLIFEF OP &L i1k
Ty T FL par, R 2R i A B AR IS5 . Y CS W
pH & 5.5 i}, Frilil 45 #9 CONP H £ £ MK AR 42 Fl
PDI . & AL SRR A, S A TERE .
2.2 MR EiRIE
2.2.1 W RIS T R AR A SRR Sl
KU e 5 0 B TR ZEFEARE) /NI AR TR B 4G
&), AT RERR I EIHE A, S AR AR R A as ], 32k
ARG, PP RO S R R AR I S B
AR Y B R 2R G 45 R, W PO K 2 =K AY Box-
Behnken i3, AR TR LSS0 Tl e et 55
o IS M EE IR LR 3.

F 3 man AT R AR

Table 3 Design and results for response surface experimental

A B C D

. ; . RIR fIHER v

S CSHTPP CSIIE CSHOP CSIR () (o) mmifsy
oA

Bt (mg/ml) JifElL  pH

1 4:1 2 1:2 5.5 27837 87.60  98.48
2 6:1 2 1:2 5.5 28843 75.51 89.95
3 4:1 4 1:2 55 327.03 87.20  90.94
4 6:1 4 1:2 55 42723 82.83  78.68
5 5:1 3 1:3 5 602.03 88.72  72.71
6 5:1 3 1:1 5 366.23 7093  77.30
7 5:1 3 1:3 6 315.80 80.86  88.86
8 5:1 3 1:1 6 55433 71.83  65.14
9 4:1 3 1:2 5 37523 87.56  85.77
10 6:1 3 1:2 5 450.97 80.54  75.70
11 4:1 3 1:2 6 278.30 83.38  96.11
12 6:1 3 1:2 6 350.70 70.69  78.82
13 5:1 2 1:3 55 29097 8293  93.72
14 5:1 4 1:3 5.5 34097 83.11 86.93
15 5:1 2 1:1 55 34337 76.09  82.70
16 5:1 4 1:1 55 37427 70.59 7631
17 4:1 3 1:3 55 409.80 87.33  82.57
18 6:1 3 1:3 55 312.60 83.25  90.65
19 4:1 3 1:1 55 30097 8138 91.28
20 6:1 3 11 55 56797 6795 6236
21 5:1 2 1:2 5 34097 85.59  88.33
22 5:1 4 1:2 5 514.80 83.50 73.61
23 5:1 2 1:2 6 367.03 8223  83.59
24 5:1 4 1:2 6 289.53 79.03  91.75
25 5:1 3 1:2 55 28560 87.56 9721
26 5:1 3 1:2 55 27340 8547  98.17
27 5:1 3 1:2 55 286.73 86.06 96.18

222 FERIBIAE S5 HF 258 R Design-Expert
13 Xp3% 3 il SR 264 107 224307, 158 k=
17 = 0 )T 5 R M Y=97.18—5.75A—3.21B—5.03C+
2.57D—0.9344AB—9.25AC—1.80AD+0.0996BC+5.72
BD-7.08CD—4.35A%-2.65B>~10.70C>~9.81D>, M)}
T BTy Ry 225 0T W3k 4.

F4 WRNL [T R T 225

Table 4 Variance analysis of response surface regression

equation
Hei FEFHM AMmE Bk P PE REH
TR 2477.64 14 17697 36.64 <0.0001  **
A:CSHTPPELL  396.69 1 396.69 82.14 <0.0001  **
B: CSHE 123.72 1 123.72 2562 0.0003  **
C:CSHOPF&E L  303.41 1 30341 62.83 <0.0001 **
D: CSH# i pH 79.25 1 7925 1641 0.0016  **
AB 3.49 1 349 0.7231 04118
AC 342.14 1 34214 70.84 <0.0001  **
AD 13.03 1 13.03 270 0.1265
BC 0.0397 1 0.0397 0.0082 0.9293
BD 130.83 1 130.83 27.09 0.0002  **
CD 200.40 1 20040 41.50 <0.0001  **
A’ 101.12 1 10112 2094 0.0006  **
B? 37.37 1 3737 774 00166  *
C? 611.10 1 611.10 126.54 <0.0001  **
D’ 513.05 1 513.05 106.23 <0.0001  **
B 2= 57.95 12 483
AT 55.98 10 560 566 01594 AEa
a2 1.98 2 0.9891
A 2535.60 26
R 0.9771
Adj. R 0.9505
CV(%) 2.59

e * 25 B (P<0.05), ** N2 FAl B 3 (P<0.01) o

R 4 7], Z AR R AY P<0.0001, 2% 2L 10T /Y
P=0.1594>0.05, R>=0.9771, CV=2.59%<15%, Z<H [7]
USIASEIRUAR, 25, LSRR B, SEBRE-S B AH G
Mg, W B RAFEE MR k. BHI, %
FREHU AT DU Hb Sz B 25 R 2R S 25 G VP4 I 2 R I T
M EAEdl & T2,

WIS RR 4, 25 R EXT LSS VR RZ A R/
J9: A>C>B>D. [ 2 H1, a. b, c &y 7 i+ 4
BENE, Jf B et i aE SR K 2 MRS . 4563 4 7]
VA3, CS 5 TPP fis bl CS 5 OP ikt kk. CS
HeFEF CS W pH. CS 5 OP Fiid L fl CS IF K
pH XTEE-E VT4 A BAE R 2 (P<0.01) . IR
Tt A%, C*. D* SZEG V5 A e il 25 i AH G (P<
0.01). Zf FTR, £ 5050 N 55514 Z AL
AR TET PRI S G &R, T2 R ANz H G R B,
PSS = S B 3 YR SR T e AL
2.2.3 BOUESCEG 3B A R TR T 2 KSR )
BAEHI4E T2 0. CS 5 TPP Biht kb 4.880:1, CS
HeE Ny 2.419 mg/mL, CS 5 OP JE& kb 1:2.070,
CS ¥ W pH by 5.465, Y {H N 98.983. Z jEF|SLFR
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Fig.2 Effects of factor interactions on comprehensive score
s a: CS 5 TPP Fikt L A1 CS 55 OP Ji H2 Eb, b: CS ¥R Al
CS ¥ pH, c: CS 5 OP & KA CS I pHo
BRAE, B B AEH 4 T 22898 CS 5 TPP ia tbhy
4.8:1, CSH N 2.4 mg/mL, CS 5 OP i it [k N
1:2, CS ¥ pH 24 5.5, TEULSRAF A TE8RTESC5,
il A& TR FIUR 1 AL SR 85.44%+1.24%, Fifehy
259.67+14.11 nm. RIFE K (2)IHHHIGLE G5
Y /7 100.896+3.20, 51l Y 16 Z H{LAFETE 1.93%
Rz, FRH M R AR a5 SR TS R -

23 REIRIAYRAE

2.3.1 SN  CNP X CONP HYFE S 4N
Bl 3A T~ o CONP 52 BB il 4% 45 58 8 19 I 4% &%
o XU RTFH AT A OP 4312 5N, 43 T[]
FEE AR ARG 5, SEMITE SR N AR S . R
A CNP R FEGHE, 2FLMEFRDE, 712k OP 52
ANHFGIETE . B4~ CONP B LR F24 100 nm.
CNP Az CONP R4z 5316 ANl 3B iz~ PIE R
Sy ARE5], CONP (Y-SR 4% i 3 /T CNP -1
kitt . SEM SWERE A4 0 )]/ INThr BE S AS A R
~F, XGRS SEM I S & AEASORLR TS 3EA T, T

“1007m® »

= " CONP _ -

&)

IOOLm J 10021

CONP

1 10 100 1000 10000
FifE (nm)

3 CNP # CONP {9 SEM Rk 125045 1K

Fig.3 SEM images and particle size distribution plots
of CNP and CONP

:: A: CNP Fl CONP (1) SEM [& (it K 4% %% 50k F1 150k), B:
CNP Fl CONP BYRiAR 534

BRI SR AE R A P AT, 23 S EUBRIZIK
X—45155 dos SANTOS 450 (fIT ol S —24
2.3.2 FTIR 43#r CS. OP. CNP A CONP (4L 4k
& 3% 40 &l 4 F s . CS 7E 3600~3200 cm '( O-H Fil
N-H #45) . 2875 cm '(C-H A X FRHELE) . 1633 Fl
1550 cm™' (A% 1 Hr FNEE [447) . 1153 F1 1076 cm™
(C-O-C Fil C-Of# %5 ) w7~ H 45 fiE 113, OP 7E
3600~3200 cm '(O-H F1 N-H {# 4 ) . 2930 cm '(C-
H {45 PR250) . 1662 F1 1568 cm™ ' (kA 1 M5 F gk i
ITH7) . 1400 cm™ ' (COO *F FRAF4LE) . 1037 cm ' (C-
O P M FNES i) W R FRAEIED, CS 7E 3469 cm™' &b
IR B T CNP 3437 em ™! &b, 45F N . 40 F
o] S A A e IR S AR [ (R 8RS 2, AR

1631

CONP

3343.

1662

o
]

?

CNP

B (%)

3469134

w

@QQ ’5@6 A;\»QQ q‘poQ '\P‘QQ ’&QQ \@Q \'\»@ S &
P (em™)
4 CS.OP,CNP, CONP (] FTIR [
Fig.4 FTIR spectra of CS, OP, CNP and CONP
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Ve, B CS 5 TPP X |8l iy i B A &R AH BB FH
9, A2 WA I CNPPRY, CNP 1 3437 cm ! 40/ O-H
PLAPLE CONP R 3l # B AN AL 3430 cm™' &b, 7T
YA PR T35 f B MR 14 OP 4yF 547 IE HLfaf 1) CS 2 ]
PR A B AE AP, AHEET OP #F 1662 cm™' 4b 11
W, CONP [m] BEAIR I 4 1631 cm ™' 485y, &
BH OP 114-C=0 5 CS J-NH," & /= S A T AR Y.
£5 R, CONP HJE e i A S A B AR FH Y 4h
R CSJmF1LAY-NH; 5 OP LB+ 1{hiy-COO™ &
Wi AR AN EAEH, CS IY-NH, WE S &5
i, OP BY-C=0 1E NS Z 1A, SEHH F=EEA
HAHEAE . BE/E TPP 5 CS M =A: i Ha Fll & 58 AH
FAE, X P58 A AR AR F AR SRS Al
 HARERMNZELEH) . DU S5 F1 HOSSEINI 4554
B 5Tt 2 B K s B S s B HR CS S kP
A= F A A S AR EAE o

2.3.3 DSC/r#r CS. OP. CNP & CONP /1) DSC
mhekan® 5 Fros . 7E 30~120 °C JEEIN, CS. CNP,
CONP #pB s~ AN [RIRR EE (g W ilgs, 53 )= Rl 7Rk 453-2%
%31, CS. OP. CNP, CONP £k iy - E R
fH#ERSZ: 200 °C LSS Ao iR, 330U DRI ARE it 2 R 4
f#PC, OP FI CONP [ HRIEAE IR B 53 53] 2l 228 Fil
265 °C, OP 5 E4E &R EFHE T 37 C. CS
Tl PGB I3 FE AE 300 °C LAJi, CNP 1 CONP £k
 CS FRE G TE S UESE T CS 5 TPP. CS 5
OP 2 [a] iy i AN EAE AR B AE B, DSC fligk iy
TCHS B0 W PR AR FEAE 5 1 JE S AR S5 A4 P, 156 BH
OP UTCETEAATAE

i (mW)

R

30 60 90 120 150 180 210 240 270 300
R (C)
5 CS,OP, CNP, CONP ¥ DSC &
Fig.5 DSC curves of CS, OP, CNP and CONP

2.3.4 XRD4r#t CS. OP, CNP A CONP [ XRD
SYATUnEl 6 s, 7E XRD T, FRnEAT ST i
KA L IMATAEESR AR AP, CS Fil OP 7E
20°/fF T 5t TE S5 I, Dy MLR A 5545 HR A . AT
CS #1 OP, CNP £l CONP g T . s EE A, X
FASEIH T CS 5 OP " A= AH B AR, A ALBH A%
OP 73 T IKHEA - HES I, AT BRAB I N # 3F-[al i
VE AU R 265, DT A= i TCRE TE BN RSB  To
FE M A1 A AR FR ] vE IR AL S8 i AR I A Y 3% A

10 20 30 40 50 60 70 80
26 (°)

Kl 6 CS,OP, CNP, CONP [¥) XRD ]
Fig.6 XRD spectra of CS, OP, CNP and CONP

2= WA AR A4 S B, T 38 S 2 P PR A
R RIS R A R P S, SEEORE HEREC

24 TREMSH

2.4.1 BFIREREN WE 7A, . A, s, BEESL
BT AN, CNP 1 CONP FPRiA2F1 PDI 2432
Wi, AR KRB AR b, 24 NaCl ¥k ik
100 mmol/L i, CNP 742 Rl 2148 K 2 1262 nm.
TER = R B TR T (=100 mmol/L), CNP 3 H
ZERIFRE M . 33X S PR T X SR L o [
FEAH B AE BRI ), 3B FAE s i e A
T4, FEmk T CS Al TPP Z [l 5| 7, SEUmitk:
fasE M T, FEERESFAYSZIN T, CONP H CNP H
25T/ NPPRIAE AT PDL, 4 NaCl ¥ & iX5 200 mmol/L
B, CONP 095454 709 nm., OP FyZR AL T #ir,
FEERAH BAE, F8532% phah 25X . S e i AR
VEF, MITTHE SR AN KU AE 5 25 FomBE N ifese .
242 pHEaEM WE 7B,. B, i, BiH K R
pH i 2 FI = 6, CNP Fil CONP A49ki4%Fl PDI #i%
B, M HALE /N . 24 pH2 B, CONP L
e s 1 B s P, REAR M 431 nm. CS 2 L 76 850
pH &M N R TbiF R IER, 55 TPP. OP F=AE#
AT S AN AR, L EFR KNS T PBS ISP ES
TRV IR . 24 pH6 B, CONP fkifik 3]
IE(H 8172 nm, PDI 1A% 1, I} CS &EILETH 1k,
OP 5 TPP #HAHSF, SEUAR R TR, Xifn]
LIS f BT+ pH B9 251k, CONP Lk CNP L
TR BPRARFT PDL. 257 L Prif, CONP FRHL H AR 78
) pH e P, BRI M A4 F 2 B0 H A s i B
PE, TESSBRTER MRS R B S s IRA T -

243 PEREME PSR A 0 K B S A B
AP R A AT B R, G E 7C, . C, TR, N
T CNP F1 CONP FEAS [F]ELE AN AL BRET [E] T A9F2 2
Mo B AL ERAS [a] AR BE A9 Jin, CNP FI CONP
FRPRIARAN PDI M i, 33X 229 R F G IR
VER, /& il H) 55 T 5 i S IR S B E FH SR e 9K
ek VE R 1, [R5 T A1 IS 3l X ok i A
Fg 2, SO 42 F PDI S/, CNP Z&4f 70 C.
120 min ZbFE)S R4 A0 PDI 43514 1132 nm #11 0.45,
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Fig.7 Ionic strength stability, pH stability and thermal stability of CONP and CNP

: A, Fil A,: CNP Il CONP AU Fait B R e T, B, Al B,: CNP Fil CONP B pH Fa 2 43477, C, Fl C: CNP I CONP A

SE AT

.35 /T 2853 80 1 90 °C. 120 min 40 ¥ )5 iy (P<
0.05), FH] CNP 7 70 °C HEh &R E
PEo BEZE PALERAS [a) AR L A9 3% 1, CONP t CNP
HAG T/ INFPRIAZ AN PDI, OP FYUZEA T 558 TR 5
PIFaEE . CONP #EZ:5d 70, 80, 90 °C, 120 min
Kb BB S BB AR 4351 A 304, 311, 338 nm, PDI 435
S 0.35, 0.36, 0.41, 1K F AR KA REFIREK, £
CONP 7EHIREE N BB i Fa e M, X — S i
T DSC 195347, OP Mz A$RAE T # i Fil S S8 AH 5.
VEF, AR TR | D o2 SR A a5
2.5 AIMEILELAR
CONP 1E 3% 2 B 480 H g W v i e il ith £k
K 8A TR o 455 W R, CONP #5410 3 1k
120 min J&, {XFEHL 11.81% 14 OP, 4k L7 Wk
H1b 30 min, BFRURECRBENY 25 22.33%,, &K LGE
LAk 360 min, FEABUREHCRIL 70.80%., WAk, £8ik
24 h PSRBT E T Ak, CONP 7EAR L B A H

BRI BAR TR T B . g5& SRR
fase S n] i, CONP FERRTEFFEEAT L ) Y
FRAF IRl AE BAE R EN, FEIR A = A E T,
TTAE H P BRI B (R A ) PR S Al i AH B A A
U855, R IKAT S, IR RS OP, DU 45
WAS N T 2RI FE S R .

Ik 4 RO Bh J1 2L RIS K] 8, g AR an
¥l 8C. D. E. F i, H, Ritger-Peppas FE A&
FHTXIAT 60% BEERIHATIIE R, Bl E ML B
PG 45 5 = i J2 Ritger-Peppas #R8 (R?=0.95742,
n=0.38) Fll Higuchi %I (R*=0.92447) , B iz i 1k
B Bz #L -G 45 S i = 19 S Ritger-Peppas #5578 ( R*=
0.98637, n=0.96) Fll—Z 5l )] A A8 (R°=0.98147) .
XF TR JE AL T 5, Ritger-Peppas £ % n=0.38<
0.45, W] CONP 7EALILLH W Hh B OP BY L 2
LA Fick "8 EF19 . X FAUE I LTTF, Ritger-
Peppas 157 n=0.96>0.89, AU 1 1k B RS
H3EG Super Case Il iz, & PIREIKIT M ESAY.
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Fig.8 Cumulative release profile of CONP in simulated gastrointestinal fluids
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