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BEHEH-NIL-SUENRBHAESH
& R BEMR

™, B w, o E, AmK, k%, B oFT
(1. KRR IEXF FEASSANIRFR/MIEH B FE, Hb KX 430205;
2. RE BT BETRARMMBEFTREEEZRST, Bd B 570228)

@ . RitFHZF (proanthocyanidins ,PC) & J 2 A E THMKR NG — KK EBHEM, ARG
HAMFR, 2R TRES EHEHMR, 22, LT H0 2 FH8ANH AR, it 5 L4 T
WA Tie Rt m AEE ., RRAEKE, AW CRARR A ZBALETT IR, TR A= TR
B A B R T — AR 5B FL = BAL AR 44 K BUE (mesoporous silica nanoparticles, MSNs)
KR Z ik ¥ PC fi T MSNs #4147 PC-MSNs &K, F K TR E PC &5 % A2 a7
For MSNs & An 2 2 §i AR 6% of | SFiB LI F Wi £, BF L PC-MSNs 698 L, 14
R &, % MSNs 4 5 mg/mL,PC &5 4 A 4 mg/mL, T % XA LA HF 4 .30 CLAILO0.5h, K
4 CHIR0.5h, A — KT BB, TLHR, EEHT, R HEZ RS, 5L MSNs 7T /i 3K 512
mg PC, #%#% Brunauer — Emmett —Teller 5 #7 7 47 B | b A @R G ILARA L T B, 509 PC 4R
o A B3k MSNs Bt P K A #.69 PC £ DML ket ARG T 50.2% , m ¥ PC 7 2 T MSNs
AR TR Y % BB IR, Bk N B, D RS RRE T 77. 1% , 519 MSNs T 2 %
REPCENIRTHEZT AL EMHAAE,

XEIF . RILEE; MRS kB, AR, B, BIE MiEEL
FESES. TS201. 4 XEkFRERE: A

JF4E T % (proanthocyanidins , PC ) J& MAE ) H 1
B 2wk sy, & —MEERRRITA L
RN RENE S R RS A B Ik S, ETVEBR A
HI B R 5 Jm B 1, ik REA R 21240 M JBEaod 464k, 131
RO LA A5G 2 AR T B AT LR R AL A
SRR B ), 38 T LAAE O SR s AR R A DR AP AT
B YU FEARAR [ 2R AN By 3 A AT 55 )
RE, PR32 10 78t 24t DA B At o 55 4

Wi H . 2018 —05 — 10

S, AR, T EUE T R E A N BRI, i
I 8 I AR A 2 B AR AR LA N f4 47
SALTRPED  IE 2 B AR AE /N I 1 WSO, T
AR R BRI, PR e e — A T4 A%
TR AR R GE b BEA T i, DA T S A T AL A
HR DRI 0 0 R ) 0 e T AR A D i WAk
A R HE il vh TR BOR T, 2001 4R Val-
let-Regi 45 B YAl A AL 98 K — A rek 00K AR Ay 2

HEWH ., ERERF AR AL YT R1 % B3 H (201810490015 ) 5 kil TR K2R FL &% B0 H (2018153 ) ; ML A #E T R4

ABFFEE 5 H (D20171501)

B—AEF AT R, & BRI 1) Sy s A S IR R A
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RIEF TR FE LK, A% MSNs 75 254 2% 4%
BT TIRAWFFES . MSNs HAH & 1Y L& i
FURFLARFR, w] o8 ) FLAR o Bl S Rt R T 1 b 25
TATE A 305 P 00 T 2 o B ) Ry T S T B
KRR AT EET A AR 5 45 1Y A5 0 Si0,
BLEEFTEAR BT, 25 IR 25 R K, BB 22 3 RV h
MEwE" ) BT REZMIEYRERHLS, &
WA R 2 v AR o A A AR P e K A
MR 25 25 72 G0 b A8 K R B 4R v AR R R
AHFFEHG PC 12k T MSNs 7, il % PC-MSNs & &
A I B 98 HAE B L B 17 18 ( gastrointestinal tract,
GIT) {41kt 2 P (R R T, PC - MSNs & A IR BE i %2
BB ERE R B WA 35/ B i PC, 4R &5 PC
(A R R R AR — 2 I SR

1 MR5AE

1.1 XFEi&&E

HESE (A BT 2 ) 7S e Jk = F B IR L B ( cetyl
trimethyl ammonium bromide, CTAB) | P4 2 58 3 fif: e
(tetraethoxysilane, TEOS ) | 5 1k % . ¥ Hi R ( 7 Mt
aff) WeERR (Jrhral) (B HE R (1200 Ulg) JHEER
FIE(5 x 10* U/g) MHTTHHEESY), 11 [ 25 48 k2
IR FRA ] At it B 25 FF PC (A =95% ) &
2R, BT T AR R M AR AR, TG16-
WS B ELOHL, K VPR B O LR A A FR 2 A 5 Au-
tosorblQ 7Y v 3% 17 X 5 LB EE 43 BT 4, 55 [ e 35 4
A BRAT]; JEM2100 U3 5 L+ W fBE, H ACHL
FhRa 24t TSI9302A RIS AL SR I & A, 55
TSI 2~ F]

1.2 EWHE
1.2.1 MSNs #4945 &

SR FH AT B A& MSNs'! L BREL 4.0 ¢
CTAB, fINA 1. 12 g 1 mol/L EhBRIA W 22.8 g
JoK LB 56 g 7518 7K 10,4 ¢ TEOS 4.0 g NH,CI,
371 8 £ K8 I | 187 Y O O L e
bW I K A A b A A VR A L, DLARR
R AR AU TR T TR O [ A A S
(PRHF 400 C) , 15 2] /10 kL, K 7160 0k 7E
500 °C,5 /NI BB 25 B CTAB Fn S8 4k 5%, 15 3|
MSNs 24 .

1.2.2 R@HEH
KR T AR S FLIBR RS A, 38 5200 %E MSNs

J I PC—MSNs 5 A4 2600 W B AR ol SR AiF 3L
ZALYE, FER T 60 C T A 15 min, DL BR WK
K BRJE HEAT I A, b 3R T AR A AL AR B R /N AR i
Brunauer — Emmett —Teller ( BET) ﬁﬁiﬁj\*ﬁ‘m] 5
1.2.3 MSNs #9548 T 24057
% % 5 H T 38 {085 ( transmission electron mi-
croscope , TEM ) X MSNs 119 £L i85 45 44 S FL 42 £ 47 70
B0 85 MSNs I JG7K 2B i I , SR I 7 8
FFA3H0, W B o Vs VR T R 30 8 Ak P A 4 I, T
45 CTHE 2 h Ja ATl B s A 3 7E fin s i 200
kV FR%L,
1.2.4 MSNs fi # PC TZ k4L
FIHE B 4 PC 52T MSNs 7, il 5 PC -
MSNs, FREC—E i i) MSNs F BI04, 43
A 1 mL PC W, X% R 2 64T . — B A 2 s AR
MRS AL IR AR 17 B fE . Herp, B — R Ab
PPN A3 AR T — A B 2 b, AR
B FRRL T A B IRALFE 0. 5 h SR 5 4 CAbFR 0. 5
h, A — AR IR A, A MR, 2 b, KRR
AUVEIR 9 000 r/min 5.0 10 min, % B R - 7 B
Fe gk B o g PC Rl PC A
IR PC BRI,
MK = (1 -4,/4,) x100% , (1)
T = R xp(JFHFTR) x
FSWARTY/m ( S ACREGORTTRL) . (2)
(1) H A FIERAE 500 nm AL IS RE(E
Ay HIFAE T RIRWAE 500 nm AL BIWOERE(E
1.2.5 PC-MSNs #94Kk SMBE % 5% B
TRAMNEALL GIT 144k 3ot R4 5 AR 400 11 s v Ak A
P8 AL AL/ T AR X 3 A B BEAL AR, A
T RERRAE 37 COKI 4 T kAT
1) B E I ARBT B . B— % ii it PC—MSNs,
5 4 mL B4 ME IR (o-VE 3 AT AL pH = 7) 1R
AR pH EJH T 2 6.8, F 3 min, £ F
250 r/min S HIKIEHRY , LA O R nE g
2) BB A B B, BB T A S PR
ft P 10 mL AE4DL B W (3. 2 mg/mL B 28 FIR,
7 mL/L HCl LA} 2 g¢/L NaCl,pH =2) , § 1 mol/L &
AL IR RE S pH BV E 2 W E 2 h, (A HF
250 r/min S HUKIERY , IS B IH L R
3) BN I AR B, BN E WO A R A
He , 5L EIA 0. 25 M A A AL AR WK TH AL W pHL (B
PREER T MA 13,7 mL WIEHUA I (1. 5 mg/mL fi
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EHEBW, 1.5 mg/mL JRITHEECY, pH =7) . Kk
Z pHEFELE 7, I E 2 h, fREF 250 v/min 5%
KRG , A NzE b 72

PLPC iF AL X B S 56, 07 1 & P i B PC
i

2 ZREHH

2.1 MSNs HJRAE
MSNs Al PC—MSNs 14 %0 B — 3t B <57 12K DL
1, [ Pr 4B 5 0 AL 2% 5% A % (International
Union of Pure and Applied Chemistry, [UPAC)2015 4F
AR TP T 6 TSR f A T 40y FH R B 45 UL
2, IV BISER 2 2ok A A FLIS B AR, A FLRY
AR A ey R R ) — 10K R 2 e AR LA D A M
TEBERRZE T 73T Z R AR EAE IR E /Y, TV (a)
RISER MR SR TE B AN BER S R — /N [m]
W R, HIEL 1 AT, MSNs A9 200 BT — Ao B <5 Ok it
2 /N RT3 B, 5 B AU 1Y TV () Y S5 TR
B TSR R RRIE T2
1 000 -—o— UL AL KRR FT
—h— A AR R B

e AL F - LRI A R
8001 —=— ELAETF % - EULEEAKBURLR & Ao I

600 -

400 -

U e )

200

0 0.2 0.4 0.6 0.8 1.0
Plp,

B A B B 5 2k
Fig. 1  Nitrogen adsorption-desorption isotherm

SKH BET ¥5 I 15AE S S5 280 (2 1) , MSNs
(FLAE N 3. 896 nm , LR RN 1435 m*/g, FLAFH
H1.389 em®/ g, = 1Y EL R T RS LA B RAR 1 1
W5 0 o R AR L T BETST . MSNs 2,
A FLEFAER BE , PC - MSNs A9 Eb 2 i AR LA A BH (.
W/, NFR T EAR AT LIE o e R 1435 m?/g
R 537 m*/g, FLARFIH 1.389 em’/g [ %] 0. 558
em’/g, X —45 RULH] PC B SE 4% 7 4851 MSNs 0k
I FLFLIE 1, PC —MSNs H A& 61 2% (19 MSNs fL4%
P2 7 290.3 nm, AJ RE 5 17 2RI 4 TR B2 AR A6 G
LA PC BYZEE N 1.705 g/em’ 315, | MSNs 45 Ji Y

I IR N 2. 368 g/g, PC— MSNs 2% 5 (14 55 45 i
90.952 ¢/, Bl MSNs 7 60% 1% [8] B 2l 1 48 1T
PC.

IR £ B9 MSNs BURLAG TEM LA 2,
S50 10 7R MSNs 00k 52 BB i Bk i, HLHL AT B4y
B ME | BLAR KN h 250 ~ 300 nm , B0k EE JEE K 2
20 nm, H1E A BLE AL,

#1 MSNs il PC-MSNs (&5 155

Tab.1 Structural parameters of MSNs and PC—-MSNs
) R Sy FLAEB Vy,/ iz d/
i
(m’-g~") (em’-g~") nm
MSNs 1435 1.389 3.869
PC—-MSNs 537 0.558 4. 156

2 MSNs i TEM &
Fig.2 TEM images of MSNs

2.2 MSNs fa#; PC TEZMUER
2.2.1 ZE MSNs i 3 PC &R 49 %o,

IR 1. 2. 4 5 E T FRER 1 mg MSNs, il
A1 mL 2 mg/mL PC W, T— & AT T
AT R, Ho B A 3 v g B 3 ) R R
25.30,35 .40 °C ;28T 3 A 3 v A v Ui A ol R
25 °C 30 °C 35 C LA M 40 °C, I 5E A [E IR 2H PC
AR R SR K 2,

F %2 AT LLE A8 I A0 3 A B 1Y) 7 28 0 F £
BRI T — R A B A 5 SR U O X
PC TEV IR A EEBR N0 73 e A i & 52, D3 4h,
TCIE A B — I 3 A P A 2 AR R3S B A B E 30 °C
i 118 70 8 S5 R 280 2 o 3 e e 5 DR MG AR 480 R A
AR AR A FRRR T, FLAR Ay 30 C A3 0.5 h,
SRIG4 CREFR 0.5 h, Bb Ry — AR R 3, 2
K, 32 h,

2.2.2 PC JiE o #5F MSNs i # PC 2 R 69 %

TR 1. 2. 4 AT FREL T mg MSNs, #f
PC R 4 B3R ER 1.2 3 4 mg/mL, I % A [R]
2 PC IR B gl 45 R LA 3,
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Tab.2 Influence of temperature on loading effect

Qb PR Y fEE/ % w( @A)/ (mg-g™")
25, 2h 3.98 +0. 42" 79.6 £8. 46"
] 30°C, 2h 7.11 £0. 22° 142 +4.52°
BA— 35 i b
35°C, 2h 6.86 +0. 16 117 +2. 65°
40°C,2h 5.66 £0.76" 101 =13. 63"
25°C,0.5h+4°C,0.5h 5.58 £0.23" 112 +4. 54"
- 30°C,0.5h+4°C,0.5h 8.13 £0.69° 163 +13. 89*
ASEACRR AL (2 IRTEH)
35°C,0.5h+4%C,0.5h 8.06 +1.51° 161 +10.23*
40 °C,0.5h+4°C,0.5 h 7.17 +0. 32° 113 +5.13¢
[RIFIAFEF R R 2Z 7 BE,P<0.05,
141 - 600 60 7200
. % —o— ik A
L —o—1j1 }1‘{ o *F‘ﬁzl 5, x
12 / u ~ A Dl
L B s T 4500 50 . 50
10f z 1 e
4400 ' 40F P~ 2 S0
R g 3 i RN x o e
o o = & o =
g}t / 130 = %30- T Ll 100 =
O § & & &
4200 & 20- RS
4r 1 = SR
2k =100 10F
x
1 1 1 | | | 0

1 1 1 1 1 1 1 0
1.0 15 20 25 30 35 40

pUEAEFH R )/ (mg-mL)

B3 JRAETT 3R T S O S O A R

Fig.3 Influence of mass fraction of proanthocyanidins

on loading effect

H1 1% 3 A Bl PC BTt 73 B3 K, 0%
M2y EIIREZ B, Y PC W E IR F] 4.0 mg/mL
I, 97 5 B35 512 mg/g MSNs, k2 15, 42% fY
FURFHE PC (B, 45 Bt — A v T R, T
¥ PC MR EEIE— L/, BB R EMRIRAS . Beh,
TR AL P T3 PC AR A MSNs N, ik B2y
50 mg/mL B}, %352 MSNs Xf PC 1258 1l ik 566 mg,
AT PC AR AL FAR AR 4 m f gk it
2.2.3 3 Ad1a st MSNs 7 2 PC 2R 09 %%

FHE 1. 2. 4 DT FREC 1 mg MSNs, %
T 1 mL2 mg/mL PC ¥, AR I ] 4351 4 0.5
1.0.1.5.2.53 3.5 h, @ AR M4 PC#) 728
R 2R ILE 4, RIE 4 aTRIE B
BAS B A Ab PR 57 AR A A A R, i TG
W B S L 22 | R B S SR R I B B A R B A 7>
AT RE B A A IR R0 1 e T T[] 3% b
1, PC 1R 88 ALK TR RF 7500 a5 A5 £ il 20> Wi Bf 3 %2

1
20 25 3.0 35 40
t/h

0 05 10 15

P4 Gb B )% 57 A CR A R
Fig.4 Influence of processing time on

loading effect

G T, 224 3 1T Y W B A5 9 PCOSE 4 R
J , PC 38 28 R T A FL R 5 A4 E A 80 52 BT 550 P 1) 25 i)
WHIR 25 KA HEAT W B, Bl B ) F — 2B 3 K %1 2.0 h
JE B BT R R O R PCOH BT R
PG TR 5 R AL BRI 4 BRI A 2.0 h
B, 07 R A RN 420 o 1 A ey, TR O, 6 30 A L i 1]
$#2.0h,
2.2.4 MSNs F&HmZ 3+ MSNs #i 2 PC 2L R 69 %@
PR 1. 2.4 TSR EOTIE, A BIPRE L 3.4.05,
7.9.11 .15 mg MSNs, 730 5¥ T 1 mL 2 mg/mL PC %
W, RECH 2 W, I AR PC Y £ 2808
Mt i, a5 /I 5, W&l 5 A] LA Y, - MSNs
AN 1 mg I, 7 BOREAR, (H B T MSNs /Y&
R/, FHO AT 2 AR &, MSNs i i 4t oK />
Ko FEBIEATE , BORNE IR 1 mg TR, B
MSNs FHI 38N 2] 5 mg, 71205 A48 2 & 1 b 2534
T, I 5 I A 700 P o g 34 K, B0 T W B R pC R
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» / e o WKL
I / TATARE . 150
201 / 1\ W ¥
Sy / 1158 5, =
%w\\ ; \ g &
= \ = #r 100F
= \ 1100 & iy
10} \ = &
1 e : /
5| é’/ *— \ 150 50 /
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1 1 L 1 | B 0 | 1 I 1
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K5 AL A REAOR IR AN i 0 B3 BRICR 3 R
Fig.5 Influence of addition amount of mesoporous

silica nanoparticles on loading effect

TN FE 53 A R B A A7, EAG R A P e L 2 T AL O A
A Jysm el fH2Y MSNs JRANERgR LRI, 13k R
gk, Ui MSNs i &, MSNs 2 [i] #E 4T
PC WY B 38 4, AN REIL B 3%, KL, e fE MSNs i
SR A 5 mg,,
2.3 PC-MSNs & 5 FEEIMERL GIT HHLEFR
LA 200. 0 mg PC JXf & 55 PC -MSNs & A4
(Hrp PC 28 h 200. 0 mg) ZEAAMERL GIT 161K
AARRIFALA PC i, 78T PC TEWH LR R H it
WHEN, W3R 3 FE 6,

3 B GIT AR R AR Y SR A6 75 3R B

Tab.3 Mass of procyanidins in different parts of

simulated GIT digestion system mg
. m(PC)
(VST
PC 2 PC-MSNs 4
HEA O T 200. 0 200. 0
B 155.6 32.6
Jo e 100. 4 154.2

H 3 AT LA H R4 MSNs {5714 PC 78 B
A4S A AR T 22. 2% , 16 /N 45 i R T
50.2% 4 PC, AW R HI R BAK ., T MSNs fE 1
T RsE!" , PC-MSNs &A1 H ) PC 7E MSNs
R, 75 B T AL R 16. 3% BT
FEMR B35 /Mg IR , T MSNs 78 A1 R A AR
SE VR IUME, Ki PC TR H AR/ 8 AL B R
ARS8 25 2R WOR e/ T AL RO 1A R R AT
77.1% ) PC(154.2 mg) , 4B MSNs & — 7l FHAR fr)

Ly

K6 FEBN GIT AL 2 s R[] ] A AT 3R 4k
Fig.6  Content of proanthocyanidins at different

times in GIT digestion system

PC A, AT LA sEE e HAE I A 72 v DR 7E 1 S TR
HP 18 3 T R AR EE AR /N i 3 62 B R LR i 3 4
BT PCIE RN B A A R

3 &% it

2 R R IR 5 A5 B 43 HO Y MSNs 24k
HAR W R m A, R mE & 0k 5L ] DA
h PC 1 57 2R AL AN W B A7 051 5 30 R A R Y
i, BRI AERL, TAEN LS ZH PC 5T,
ZJa R AR EE L A A E Y T PC, &
PC-MSNs B &4k, 8 7 T2 S I AR R
JZ \PC J5T i 53 %5, AL 3 ] DL Kz MSNs ¥ il £ %
PC TR A K gk m iysgm, A EERE T2
Sk FRELO0. 005 ¢ MSNs F B0 43 A 1 mL
4 mg/mL PC ¥R, % JH 3 47 78 il A2 2 Ak 34 DA AIE
TG, 30 CAEBHO.5 h,JR)5 4 C LB 0.5 h,
FHEWK, A2 NI, FERARE T, A5 MSN 2%
H ik 512 mg PC, PC il PC-MSNs & & K781k
AMERL GIT (R 2 i I AL S 58 25 - 8w, th F PC
AR , 75 8 o KR REfR 00k — 8840 AU 24
— 2 BE R K/ NI ; T PC - MSNs & 4 7 1T Lk £
PC 75 B WREIR | A 20 18 H W s 07 /N | AR S 56
HZ RS 1Y MSNs R4, 76 K& 73 PC % 42 3% 3
AN, RO H s LA W R e 38 O R 3 o & T
20, MU MSNs FLAR LA TSR S8, 38 0T DAE —
R PC AE/N A B, A R Tk B £ 1 PC
kNG, Rt — 2 S A T R R
I FH e T 8T Y LB
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Abstract; Proanthocyanidins ( PC) with high anti-oxidative activity are broad categories of polyphenol
compounds that widely exist in plants and are widely used in food, medicine and other fields. However,
PC has low bioavailability due to its poor stability, and improving its stability will help expand its
application range. A kind of monodisperse mesoporous silica nanoparticles ( MSNs) was prepared by
aerosol method using tetraethoxysilane ( TEOS) as silica precursor and cetyl and trimethyl ammonium
bromide (CTAB) as template. PC was subsequently loaded into MSNs to prepare PC-MSNs complexes
using dipping method, and the loading effects of temperature, PC mass fraction, processing time, and
MSNs addition amount were examined. The release of PC-MSNs was studied by simulating the
gastrointestinal tract ( GIT) conditions. The results showed that the most suitable conditions were as
follows; MSNs addition amount was 5 mg/ml, PC mass fraction was 4 mg/ml., and the alternating
treatment program of variable temperature was 30 °C for 0.5 h, then 4 “C for 0.5 h and repeated this
process twice. In this condition, the loading mass was highest, and MSNs loading capacity was 512 mg/g.
According to Brunauer-Emmett-Teller ( BET) analysis method, specific surface area and pore volume
were decreased significantly, indicating that PC was successfully loaded into MSNs particles. Unloaded PC
only retained 50. 2% at the end of intestinal digestion, while loading PC on MSNs system could prevent it
from damage by gastric acid and successfully arrived in small intestine. There was 77. 1% PC retained at
the end of intestinal digestion, indicating that MSNs could significantly increase the PC mass in small

intestinal juice and improve its bioavailability.

Keywords: proanthocyanidins; mesoporous silica nanoparticles; loading; release; simulated

gastrointestinal tract digestion
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