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REMLE. 25K H]: GLD/HP-B-CDH GLDIN L& Z AL % 73 1 90.03% . 14.51%, #ifAHP-p-CDRE(EGLDTEK H1
() PR e P22 S35 2 0 £2109.36 mg/mL. SEMZ /R GLD/HP-B-CD [ 4 59 ARSI iR . DSC i/~ GLDAE
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Release Characteristics, Mucus Permeability, and Cellular Uptake of Glabridin/Hydroxypropyl-S-Cyclodextrin

Inclusion Complex

LI Defeng, FAN Jinling*, YAO Peipei, REN Guoyan, DU Lin, ZHANG Xiaoyu
(College of Food and Bioengineering, Henan University of Science and Technology, Luoyang 471023, China)

Abstract: GLD/HP-f-CD inclusion complexes were prepared by encapsulating glabridin (GLD) with hydroxypropyl
(HP) and f-cyclodextrin (5-CD) to improve the solubility of GLD in water. The morphology, the existing form of GLD,
the interaction between GLD and HP-f-CD and the spatial conformation of the inclusion complexes were investigated
by scanning electron microscopy (SEM), differential scanning calorimetry (DSC), Fourier transform infrared (FTIR)
spectroscopy and molecular docking, respectively. Furthermore, the dissolution and release characteristics of GLD/HP-/-
CD inclusion complexes were investigated in vitro in simulated gastric and intestinal fluids. The permeability of GLD/HP-
S-CD through the mucus layer was studied using the Transwell method, and the spatial conformation and interaction of
GLD and mucins were investigated by molecular docking. The small intestinal uptake of GLD in GLD/HP-$-CD inclusion
complexes was studied using Caco-2 cells, and the effect of the vector HP--CD on GLD uptake and the possible underlying

mechanism were investigated. The results showed that the encapsulation efficiency and drug loading of GLD in GLD/HP-
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S-CD were 90.03% and 14.51%, respectively, and HP-f-CD could significantly increase the saturation solubility of GLD in
water to 109.36 mg/mL. SEM showed that the GLD/HP-$-CD solid inclusion complexes were irregularly flake-shaped. DSC
showed that GLD in the GLD/HP-$-CD inclusion complexes was present in an amorphous non-crystalline form. FTIR and
DSC fully demonstrated that HP-$-CD encapsulated GLD in the cavity to form an inclusion complex. Molecular docking
showed that GLD molecules were able to completely enter the cavity of HP-4-CD, the optimal binding energy between GLD
and HP-f-CD was —7.37 kcal/mol, and the interaction between molecules was mainly maintained by van der Waals force.
Compared with free GLD, the cumulative dissolution rate of GLD/HP-f-CD at 1 h in simulated gastric and intestinal fluids
was increased by 15.75 and 12.4 folds, respectively, and the total cumulative release rate at 24 h in simulated gastric and
intestinal fluids was increased by 54 folds. The apparent permeability coefficient through the mucus layer was increased from
9.24 x 10” to 1.43 x 10~ cm/s. Molecular docking showed a strong interaction between GLD and the mucin MUC2, and the
uptake by Caco-2 cells was increased from 0.039 to 0.349 mg/g. The present study shows that GLD/HP-4-CD complexes can
significantly increase the dissolution and release of GLD, and greatly improve the permeability of GLD through the mucus
layer of the intestinal epithelial surface and the uptake of GLD by intestinal epithelial cells, thereby having the potential to
enhance GLD absorption and improve the bioavailability of GLD.

Keywords: glabridin; hydroxypropyl-f-cyclodextrin; dissolution; inclusion complex; release; mucus layer permeation;
cellular uptake
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B RN TS A ) R P AR AR S IR B

1 ME5HE

L1 MRS

GLD  V&BHE M AR AR A A 0.45 pmyEE
H AMillipore A & ; HP-B-CD (647 % B, HL
R N5.8~17.5) WAbEG THRAR; MTT
MR AR R AR TR CEE. AT, S
B, . R AELE. R AW, KRR, —
RN, mhilf-80 KA T8 Bk 220 A IR A A
B Bl TR AR AR Transwell-24
Ltk EEBETHBRAR; Biltim LiEEAGLT
MEHIR AR HAELG4ERENLE (800~1 000 Da)
s EENRHEARAR: FWERT  RiEERAY
BHEARAR: BCAHEAFWAME  EigEEEDR
HAHRAR; MEMEFFRIEE, WHL  F[EHycloneA #];
JaEifiE  EEGibco AT JHEEE (L) 1 ]
Merck /A ]; Caco-240fl 55 [H S EE 7= R 0
12 a5k

L5SSEAM GV Wi E E A A PR A A
TENSPOR27 FTIRJ:iY%  f#[EBruker/A]; SCIENTZ-10N
AURTIRNL PR T RHEA IR AR, DSCIAIDSCAY
i LU AT PR A 7] s EClassical 31007 XA 23
(high performance liquid chromatography, HPLC) 1%
TN R I TS AR AR SEM  Jbpi a5 s R
HAHBR AT DE-101S/AKB G hiseds  DFr R
AR AT PR A F s KQ-S00DE M ¥ 4% b 75 ik i v 2
BUIH K IR B A PR A 715 SW-CJ-2FD U LT 8 14
TG M@tk &AMRAR: CQT-191TRE Ik
BIAE iR EYREAA IR AR RS-232CHEFIRX
£ [EBio-Rad /A A .
1.3 Jiik
1.3.1  GLD/HP-A-CDA, &M %

W R L1 153 3R BUE & 1 GLDFIHP-4-CD,
SR J5 F I LT 185 Rk 52 2930 mg/mL K GLD K s
FH 25 B8 7KK FLE BGAR B2 29.0.04 mol/L [¥JHP-B-CD I -
B WRABIR A, JEAE25 'C 200 o/minZk N FFEER
24 h. fENEEZRREE (45°C) FRREFBHRTIEE
B, ZJETE—20 CHMEEPHRI2 he G ER TR
TRRVLPERT, BET RS0 Hi, EIERITH
aEY.

1.3.2  GLD/HP-B-CDEAWIMM A . BA R
2R [P 52
1.32.1 MRy
EEREZET (25°C) f&BhE~A, {#£GLD/HP-5-CD
A5 WTEL mLK R 2 PEDIRAS . E0L0.45 pmPE iR
J& . HIETH80% £ B v Wik AT AR . 7E281 nmik K Ab
MEWROEIE, FEARYE A3 2 WO v IS W P GLD I &
B, BN .
1322 QAEFMBHR
ZSCHR[15-17] 2 BIRRECH 3 S5 53910 mgff)
GLD/HP--CDLAEY) . o — a1 mL2& & /K%
i, NN mLZ K, ¥HAE25 CH&MUTN, SHEab
20 min. 5 000 r/min 05 minji, B & A B 5
OEF, ORI f5. 7E281 nmi K bl i Ik
B, RIEFRAE ML H AP GLDR iR, BN
AR GLDI SRR, B — 00 &Y Ak
(400 uL) ¥ fE, BEOJEFE RER (BREREAER
GLD) : HEEHAMEPR: TR XN, 5RE 5 1
Bt s 4 IR AWIRE S A GLD S5 & I 25 B ko
UEAE i R I GLD R s b A7 I, B4 & (1 GLD i & .
3G e RO RSV NI R TR

a4 GLDR &/
EHIT= X100 (1)
A YIFE i HGLD S /g
W& GLD R &/
WL %= SRS 100 2)

LG YIRS SR B g

1.3.3  GLD/HP-B-CDE 40 &4 (1) 45 6 R A1k
133.1 SEM

#GLD. HP--CD. GLDS5HP-4-CDIIY)HIRE W
(LR FI &L 1841384 ) K GLD/HP-B-CDE AW H
S H RO R [ e AR ARG B L, EmTEEE S, fE3 kWK
USRS R TS .
1332  DSCAHHT

4% MIFRELS mgffIGLD. HP-A-CD. GLD5HP-4-CD
EIR A (LB R 1 155118 4 ) K& GLD/HP-
B-CDEEWtATDSCIHIM E . A= N10 mL/min,
A8 B EE25~300 C, JHE#EFR
N10 C/min, JFLAEFAES AT, DA FES T
DSCHhizk.
1.3.33  FTIR)GiEE

#iE B GLD, HP-A-CD. GLD 5HP-4-CD#) 3
REY (IR E1:132)184) KGLD/HP--CD
E 5 5RO R LU R 12 1003 5 1R A, ARG TE
R 7R 0T B, R A RE S o R FHFTIRAS MUAE &y
BF, 5 S IETE R R SR AR TR R . R
SEHA00~4 000 cm ', ArEEZE N4 em”T!, 32 K.
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B-CDRR I SCAFAE M i 4504 22 (https://cede.cam.
ac.uk/) RE, HHS5 N1107194, E£H,0, FH
Gauss ViewK {447 AN B A HE R T 16 R EEHER
ST S, BARENT; B Gaussian 0934 2
LI EILMPMOEH, X LT BT R4k, 13 FIHP-B-
CD#EA, GLD 3D S #E PubChem#( 42 & Chttps://
pubchem.ncbi.nlm.nih.gov/) W F#;, HCID% SN
124052, F|HGaussian 093+ [{IDFT 5% (B3LYP/6-
31G) X3DMEAYFEATH AL, T Open Babel GUIE K
Al J5 130 A A% Ak Aypdbig .

K F Auto Dock Tools 4. 28 Fxf %24k (HP-B-CD) 5
Fifk (GLD) 4y AlAb3E, WINR -7 A FHE T, JR7E
GLDZr ¥ P 15 B 1] g% st i AR, Jb3ar 2
I AR PR AT N pdbat SCAF R 2o X 452 77 VK FH 2 2t
P Ay TR, UK & 1 O sUR S AR LA
L, FHE TR E H60 AX60 AX60 A, RS
Bk FH P 2 o AR SE DR B9 . IR BB N 100, RE
BV B KE H 155250 000, oAl S HECER A o
1.3.4  GLD/HP-B-CDHEAWILE B Wil h i H

B-CDAE B K /N o A N i s i Y. %8
Maltais5!" {1 7 VA BC fil A& I A B OB . il
100 mL 25 & FACK AEF PRI INaCL (2.0 g) FEARTE A
o, IR ERER IR T pHIE 25 1.2, B H . F250 mL
EB TR FR I KH,PO, (6.8 g) A MAELEM
i, 0.2 mol/L NaOHE ¥ A i pHIE £26.9, R A4
Mo EHH900 mL B R EHR, ¥4 IHE T1 000 mLAE
M, TEREHA B LRI 2 RE 13 EE 38
BEATHERE, HOKIRMRFR (3740.5) C, PRI EG R
50 r/min. FREL—EEMIGLD. GLD5HP-4-CD4) 3
VRE W M GLD/HP-B-CD# i (GLDE & 4100 mg) , 47
BN, FESLRIFF A TER s /3 RlfE2. 4. 64 8.
10, 15, 20, 30, 45. 60 minff " HL 1 mLyEH W, [F 6
ISR A A . B RE L 0.45 pm (AL
JEME S, HX0.5 mLIuEW, FEmHdinA4.5 mL 2,
HAMRAJGE, #E5 000 r/mingS.05 min, B EIEW, 7
281 nmyE AL E WG EE, & Ak H 2

900X A+B

I %% =— 2 X100
FREH A= 000 (3)

X ANE B ST mLAER P W
GLDJFi & /pg; BN A BT A I 1A 5 BCH 91 mL i 44
GLDJFi &/ug.

1.3.5  GLD/HP-B-CDE A WITE S Wil iR i
1.3.5.1  FEHTISTALIE

BIEHTLS (800~1 000 Da) BI8~10 cm/N%, 2
BT KGR T

13 AT TR RIS . . EENE. B
W BN — & ErIE-80 (AR %02%) 1ENE. 1
WRERA T, Hodh IR -80 T EGLDTE A i HH i i
1.3.53  HPLCIAIMEGLDE &

¥ FEClassical 3100 HPLC £ %4 Il 5 GLD [{) & &
@&, @A ZORBAX SB-C,y (4.6 mm X250 nm,
L7pm) 5 JEIH: ARK (F1%KETR) , BNONE, K
FA:B=40: 60T 4 FEHEME: #1730 °C: Ytk 1 mL/min;
BEFEE20 pL; MV K281 nm. GLDJR & K &
0~100 ng/mL, FrifE k75 FEAy=0.164 92x+0.117 58,
1354  BEEs

et N300 mL B8 BT T (52 %0 i - 80 [ 45
PLEBD 5 FEHAREL— € EGLD/HP-A-CDFE i, 3
W EBEF/KT, [EGLDR&EIKREY N2 mg/mL. 435l
I3 mLAE SRR TR BRI B AT 48 b, YT KW
Uig, JRNBEM R, CRIEIZENT R AR R E R B
FREMTIN3T CoKitmr, BEIEIRE— B [E] (0.5, 1,
2h) MBEM A ECH T mLAS AR, R R 78 1 mL 3 6
BB BT . 2 WG, B R v R TR I B 4 Ry
W R A T, FIFEREIAL R — BB IA) (4. 7. 164 20,
24h) , MM ECH ] mLASAMAW, [ AN 7S] mLF
5 14 i VBORE TR Y I

W R A [ B[] B HE B T mL B A i T AR T
AL AT . MAN0.2 mLZFEREAT R, 0.45 pmiEfE
e, RAHPLCHEGLDRIKREE (i tFi1.3.5.3
) o WEI mLBA TP GLDR &, JE4% F Ui
RRREIE

%ﬁﬁmﬁ%zj%g%%ixwo (4)

A AN AT mLRER PR GLD
ings BN HTFTA IR SURCH A T mL R A A R O 1

GLDJii &/ug.
1.3.6  GLD/HP-S-CDAL-EWITERER Z K983 1
1.3.6.1  ZHA

BiillpH 7.41) S ¥, SRJEFRI— € EMR E H
R WA pH 74 S I, B IR R & A

W
13.62  FRZESLY (Transwell/)N %4 HUiZ)

FIH24 fL.Transwell/)s % B 58 A [F] GLD-A¥ i 7£ 2
BEHMY BT N, ZEEAE - MUMAENZAE, H
B HH R S SRR R IS - B R, B RE SUVPRLT I H B
ANfEBIEEL . Transwel /NS AEME AT, ARSI 32 44
EREINNPH 7. AR ERZZ P, “F4530 min, #40 pL
PIEE BB B A S B b, ZREmA
1 000 L BERRZEMhE, = 05N A200 pLAH A5 #ik
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FZ 11 mg/mLGLD/DMSOEL # GLD/HP-A-CD¥E WL, ¥
B HE T37 CHAIE 100 r/minfl 32K F35356 h, T1.
2. 3. 4. 5. 6hiy, MAZAREHECHO.15 mL, FmE

NG ) TR G s
1.3.63 GLDZEINE

GLD/DMSOZH FIHE i B & T R T L % T
JEIMA200 uL 2557, 0.45 umyE it g, % FHHPLCYE:
K b GLD R & &, HPLCE: &4 W.1.3.5.37; GLD/
HP-A-CDZH [ 5 B 5 7T B 82 FH 58 A2 6 FE TRl
HR R T H P GLDI & & .
1.3.6.4  F£WBEZRH

T BESERARNBERY (P, Fow, HEA
/(T

P Cemss) =22 %1
awl SCMVSTT ),

K dQ/de N B2 AR = A AL R 3R1F 1 25
B/ (ng/ (mL+s) ) ; ANTranswell[{ R H/em’; C,
NG R E/ (pg/mL) .

13.6.5 GLDHFEAKIS TXHH%

N AutoDock Tools 4. 28 ¥ & H (MUC2)
5GLD#HT 2 FX . GLD TR 2 [81.3.3.4
A7 MPDBHHEEH A E T HAMUC2 (MUC2-1)
(PDB ID: 6TM6) FIJiERAMUC2 (MUC2-4)
(PDB ID: 6RBF) , *H| Auto Dock Tools 4.2 T. H. %}
IR A AR AR AA AT R AR R, 5 H Autogrid i
AR B BE A i, ARG IR IEAT 7 T4, 153
ZEERE, HITGLD S FIAMMUC2Z 18] (I35 F1 F1 . FEF
PyMOLAIDiscovery Studio 4.5 4% 73 F % #1047 Al AL
ST
1.3.7  Caco-241 0 %} GLD £ HX
1371 FEA#ER

FIDMSOfi#GLD, F44 H 1 pli32.44 mg/mLI¥ £F
W, SR FHMEMES 75 57 8 N AN [FAR FE A i (DMSO
R %00.1%) , FLIREESY 19104 304 50, 70, 90,
100 pmol/L, 2 NGLD/DMSO#; JIMEME; 3% 3% i fif
GLD, e ] s £ k6 B[R GLD/DMSOZH I %, 18K
GLD/H,0%1. HIMEMZ%: 735 ¥ GLD/HP-5-CDE &4,
FHTC ] A B P 1 [Rl GLD/DMS O ZH (¥, ic AGLD/
HP-A-CD4..

1372 FES R Caco-240 il i) 40 fa 2575 F

K FMT TN & AS [R]3 BEFE it Caco-2. 48 fi 4 58 1)
FkIVE, T Hi5E Caco-240 g S5 X 52 56 tH GLD () %2 4=
W . 7£37 'C. 5% COUMRRIMEIR SR AT, #
Caco-24HEAE 5 20% a4 ik 100 U/mLX$t FIMEMES
FREEP IR E0% CHRMIK) o FJRBEIH LS min/F,
A MR B 1 X 10° AN/mL, K H 3R 796 Lk T,

(5

£:L200 uL, H57824 ho FEEIEEFRIE, INA200 pLjr
e EE FEIE AL L, MER4 he S, AR RSl
(phosphate buffered saline, PBS) J&¥:2 ¥k, HFLIIA
200 pLFFTEEET IR IO WLIJMTT, 4EZ:{E4 he 35
R, WAN150 uL DMSOVE R, 10 minf5, JHEFFR
AT AL 50 nm b 5E BALOEE . RIFIMMTTRLIE N
Ay TINEEARRRREFRILBIFLIC A, IIIMTTRIFE S L
NAy BEAFER6 NTATAL, ARYE T T 540 A 2
(4, —4) — (A,—A4)
A,—4,

IOAEIE R % = X100 (6)

1.3.7.3 4SRN s

U HUE K I Caco-2 4 BB B AT W4k, - %0UR DL
2.5X10° AN/mLeEF7E6 FLALA, BEFLIIAN2 mL4H g &
W, 1E37 C. 5% COSARRIEIRIG FRM 55 7% frdtiff
Bl G 280%~90%)5 CERWIIK) , KBRIHEFRE, 4
IS0 pmol/LIFE ik, &4L2 mL. 35574 hj5 Wi
Rigedt, FPBSEEIRL2 IR (UL RGNS CHMUET
HEAT) 5 IIAN0.5 mLEEFN 48 min, f11 mL MEMK;7#
e Ak WEEAME2 mL O AN, 1500 r/min
B3 min, EFR BB AT mLITA K% 5 TKE S
AN, AR (hE350W, TAE3s, £10s, TAE
30 W, AR ATHUKIRRIR 24 1C) 5 Bl 5 =l A
BLOALES L (10 000 t/min, 10 min, 4 °C) , WEHL Fis
0.9 mLHFJ5 45850 .

Hop, S 1i&0.9 mL S #10.8 mLES O
EHTAGTEIFT%GT. % T/, GLD/H,0. GLD/
DMSO4IHE i IA0.2 mLZ 5347 2% GLD/HP--CD
HFESSEIMA20 pL LB F/K, JEMA0.18 mLZJEREAT
B B EREMA0.45 pmPER IS U8, R HPLCYEN
& IR IGLDIRE (il 464 11.3.5.3) &

RS, FFECLR0.9 mL EiEW A #9120 pL, SKH4.4'-
TR 2-I6EIRRYE  (bicinchoninic acid, BCAYE) HEAT
4 L B S A
1.3.74 BCAEMEAREA ST

PRt 2 2t K B A bR ME S (1 mg/mL) #%
0. 20, 40. 60, 80, 120, 160. 200 LI EE 4 BN
F1.5 mLE OB, IINARAE SRR, (F iR R
FUR200 uL,  HpmdE =R AR KO0, 0.1, 0.2,
0.3, 0.4, 0.6, 0.8, 1.0 mg/mL. ¥4 FiRkrul iz &
WREERE AR IIN96 FLARH, &FL20 pL, HAEAL3 4F
17, &L IIN200 nLIIBCA L, E37 CHEAH
N30 min, H e EBEARX 562 nmil 52 A AL IIROLE
exfilbrdE i e, HAAARONE AR IR, RN
WG RE . FRifE 2R 7 FE Ny=0.614 7x+0.013 3.,

I E A S ERNE: 1£96 FLR AR, &1L
20 pL, BEAFES3 ASPATIL, BALEIIA200 pLIBCA
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R, 1E37 CHL4EY R M30 min, 7E562 nmig KA E &
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Fig.1  Visual appearance of GLD/HP-g-CD solid inclusion complexes
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Table1 Encapsulation efficiency, drug loading and saturation
solubility of GLD/HP--CD
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GLD/HP--CD  90.03+2.89  14.51+0.84 109.36+0.13
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Fig.2  SEM image of GLD/HP-4-CD
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Fig.3  DSC analysis of GLD/HP-$-CD
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FTIR analysis of GLD/HP-$-CD
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Fig.5  Optimal energy conformation and interaction of GLD with

HP-$-CD investigated by molecular docking
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Fig.7  Continuous release curve of GLD/HP-$-CD in simulated

gastrointestinal fluid
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Fig.8  Effects of different concentrations of mucin on the cumulative
permeability of GLD/HP-4-CD

D mEMAR  BRER BBk O e O n-bikk

A. GLD-Zi% (1 544; B. GLD-Fh & AV R4,
K9 GLDSMUC2%y 1%k
Fig.9  Molecular docking diagram of GLD and MUC2
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Fig. 10  Cytotoxicity of different concentrations of free and

encapsulated GLD to Caco-2 cells
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