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Preparation, characterization and pharmacodynamics of colon-targeted/
enzyme-sensitive nanoparticles loading celastrol
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Abstract: Objective A colonic targeted and enzyme-sensitive nano-delivery system was constructed based on the inflammatory
microenvironment to address the delivery challenges of celastrol (Cel). Methods Firstly, hyaluronic acid-adamantanecarboxylic
acid (HA-AD) polymers were synthesized and confirmed by '"H-NMR. Next, Cel/NPs were prepared by dialysis method and
optimized the preparation process with encapsulation efficiency as an index via single factor and Box-Behnken design-response
surface method test. Moreover, the particle size distribution, { potential, morphology, stability, enzyme sensitivity, drug encapsulation
rate and drug loading capacity of the Cel/NPs were determined. The release behavior of Cel/NPs was examined using the dialysis bag
method in vitro. Confocal laser scanning microscopy (CLSM) and flow cytometry (FCM) were used to analyze the intracellular
uptake of drug by NCM460 cells. Finally, an acute ulcerative colitis (UC) mouse model was established to comprehensively study
anti-UC effect of free Cel and Cel/NPs in vivo. Results The best preparation process was Cel 2.04 mg, cyclodextrin 27.19 mg, HA-
AD 7.96 mg, DMSO 3.0 mL, reverses osmosis (RO) water 10 mL, stirring time with 2 h. Cel/NPs showed smooth rounded spherical
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shape with an average particle size of (152.37 + 1.42) nm, polydispersity index (PDI) of 0.262 + 0.009, { potential of (—32.1 + 0.8)
mV, respectively. Moreover, the encapsulation rate and drug loading capacity of Cel were (94.18 + 2.36)% and (5.17 = 0.13)%,
respectively. On the one hand, Cel/NPs possessed good storage and gastrointestinal stability. On the other hand, the stimulation of
a-amylase in the colonic microenvironment could lead to a rapid disintegration of cyclodextrins, which could destroy the Cel/NPs
and release Cel rapidly. Cel/NPs increased intracellular uptake of Cel by NCM460 cells. Furthermore, the anti-UC results showed
that Cel/NPs significantly ameliorated UC symptom, decreased the disease activity index score in mice, restored the state of mouse
colon tissue, increased the length of the colon, decreased the weight of the spleen, and restored the integrity of the epithelium of the
colonic mucosa in vivo. Conclusion In summary, the Cel/NPs can facilitate targeted delivery of Cel and improve UC symptom,
which provides new strategy for drug-targeted delivery at the site of colonic lesions.

Key words: celastrol; colonic-targeted drug delivery system; enzyme-sensitive; ulcerative colitis; Box-Behnken design-response
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Table 1 Design and results of univariate experiment
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1 gu"ﬁ
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1 20 200 150 3.0 100 2.0 6733 10 3.0 200 15.0 20 100 2.0 4317
2 3.0 200 150 3.0 100 2.0 6598 11 3.0 200 15.0 30 100 2.0 6598
3 40 200 150 3.0 100 2.0 5078 12 3.0 200 15.0 40 100 20 6215
4 30 100 15.0 3.0 100 2.0 4232 13 3.0 200 15.0 3.0 80 2.0 63.17
5 3.0 200 150 3.0 100 2.0 6598 14 30 200 15.0 30 100 2.0 6598
6 3.0 300 150 3.0 100 2.0 7532 15 3.0 200 15.0 30 120 2.0 6527
7 3.0 200 5.0 3.0 100 2.0 70.78 16 3.0 200 15.0 30 100 1.0 64.11
8 3.0 200 150 3.0 100 2.0 6598 17 3.0 200 15.0 30 100 2.0 6598
9 3.0 200 250 3.0 100 2.0 50.09 18 3.0 200 15.0 30 100 3.0 6573
P I TRDX gt SR M) o #z2 ARBITESER
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3.0 20.0 15.0 66.26| 14 3.0 20.0 15.0 68.07
2.0 20.0 25.0 58.19| 15 2.0 30.0 15.0 87.24
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Table 3 Results of variance analysis
KR CEAM AmE By FE PE BEM| CKE CFAM ABRE ®F O FHE PH BEK
AL 5168.17 9 57424 59.49 <0.0001 MEZ|Xx:? 194.17 1 19417 20.12  0.0028 &3
Xi 12137 1 12137 1257 0.0094 &3 | X2 750.89 1 750.89 77.80 <0.0001 &
X2 272987 1 2729.87 282.83 <0.0001 T | X2 218.53 1 21853 2264 0.0021 &3
X3 659.21 1 65921 68.30 <0.0001 M|z 67.56 7 9.65
XX 319 1 319 033 05836 KW 3834 3 1278 175 02952 A&
Xx; 5573 1 5573 577  0.0473 RBF |HrE 2923 4 7.31
XoXs 44880 1 448.80 46.50  0.0002 MREFE|SEZE 523573 16

Y%

% 4

& 220 R T E

Fig. 4 Response surface plots for various factors
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T £5%, RIIZETN S50 UF 25 R I AR —FL.
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({7 ¥9ki4E. PDI Al ¢ AL,

ZERWE S iR, M3 Cel/NPs HISFH4ki4E N
(152.37+1.42) nm (n=3), PDI A 0.262+0.009
(n=3); CHNIN (-32.1+0.8) mV (n=3), £H
43 Cel/NPs FiAR /N, H—PE R AT
26.2 JBAEFEL HMFEEN Cel/NPs BiIFiRiE
LB b, AR 2%BHERAL A, e
e = N ETEET TEM Mg, 4R ER,
Cel/NPs TEA R, At (B 6).
263 fEfFERAENEES XA Cel/NPs ffA 4k
FREMEHAT VRO o R 47 1 Cel/NPs B S IB v 2
HIET 4 CUKAERAT, E8E 7d WEHKZ, PDI

a b
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Fig.5 Appearance (a) and particle size distribution (b) of
Cel/NPs

10 000

6 Cel/NPs B TEM RIS
Fig. 6 TEM morphology of Cel/NPs
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4 Cel/NPs HUEIHI1Z. PDI #0 { BRI TLEE (X %5,

Table 4 Investigation on average particle size, PDI and {

n=3)

potential change of Cel/NPs (Xt s,n=3)

#d  CFERIA/am PDI ¢ HAL/mV
0 15204132 0.263%£0.009  —32.10%0.90
1 15233+127  0.258%+0.011  —31.80%0.80
2 153.17£145  0271£0.013  —32.30%1.00
3 150.56+1.89  0.205%£0.007  —33.70%1.20
4 151.574£2.18  0.214%£0.014  -31.80%0.70
5 153394255  0.185£0.026  —32.70%1.10
6 154.894+2.08  0.228+0.016  —33.19%0.60
7 15676129  0.206%0.019  —32.90%0.80

24 h
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0h
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24h

Oh

T T T
1 10 100 1000

BifE/mm

10 000

2.6.4  Cel/NPs BURMEFE L 4 Cel/NPs F it VA
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) PBS ¥&LHEE, W E 24 h 5, BUHFER, &
MR A, KR TEM 01805 99K )
ISR . 25 Rk 7 FioR, KA a-iekn
WEFRJE TR A3 A AN —, LT 2SRRI
g, M TEM EIHa] DORERBIGK S5 M7E o-TE KD i
MVER N A T 248, HE RIS R R T i
IR o DRI, &5 R T L0 3 B Al 45 (1 4l oK A
A HEHURRE

26,5 QHEFFILARERMNME 2.0 mL HET
Cel/NPs FEM¥ATR 1.0 mL 1, e, @A, {F
il £ IR 9 OK B0k 78 A AR, i 0.22 pm A ALIENR,
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Fig. 7 Size distribution and TEM image of Cel/NPs after 24 h incubation in PBS and 10 IU-mL™! ¢-amylase
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2.7.1 Cel/NPs 18 M SIBEAT NESE )
PRI, B I sh S 0 pH 2R AL SRR e AR PR
AN CelNPs MMRAIMREIUE . R ENTRIEF S
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KIEWRE TIENTR GEREEAX 2T E 30000 H,
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A7, A A: NI B (SGF, pH 1.2), W& 0~
2h; MM B: AT/ (SIF, pH 6.8), Hf[a] 2~
6 h; i C: N4 (SCF, pH 7.4), f[H] 6~
48 h. 2pHF 0.5, 1. 2. 4, 6. 8. 10, 14. 18,

24, 48 h i}, B 1.0 mLZEHTR (J54M7E 1.0 mL &
WA E, SEFFENTRAARFAAAS), #E4T HPLC A&l
EHTH Cel FriE. LAENTES [RINREAAAR, BN
H Cel (1] BB AR, el R IMRETRUIN 28
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SR 8 R, WEES Cel 7E SGF H EAREKL
1.14%, SATAE Cel/NPs &30 - AR Al £ Cel R
i UEES Cel £ 6 h W RFIBNEIRL 22.87%, 1
Cel/NPs [1] ZFRE il & W AR T 25 Cel ORI 24
R [) IS 48 h, JiEE Cel M RFURINE A
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Fig. 8 Release of Cel/NPs in different pH media (X £ s, n=3)
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4 2.0 mL PR IETREE T BT B AR 70 7 i
30000 H, FLEED, BT 30 mL BB, A
i A NEH 0.5%FK 1448 80 (1) PBS (pH 7.4), 47
i B AEH 0.5%5 LA 80 F1 10 IU/mL o-E # g
1) PBS (pH 7.4). Z37lT 0. 2. 4. 8. 12, 24,

48 h i, HY 1.0 mL &N (547 1.0 mL &/
i, HEREENTIARIAA), HEHAT HPLC RiENT
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Fig. 9 Stimuli response of Cel/NPs in colon (X £ s, n=3)
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FHE R 36.49%, TMifE o-TEREERIRE T, 9Kk
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2.8 Cel/NPs £ NCM460 {ApRIEENEE 1 E R
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C6 VENRALEZGY), #2822 755 F J7 i % C6/NPs.
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F 3G TR N A FUE B C6. CO/NPs DL &
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e 3 ke N 1 F R AR KA, RAEOEILERAE
BB ILEE NCM460 41 5 2454 () 3B I o

g 10, C6 B4k, C6/NPs [958
TEE R ESR TR C6, FHUH CO6/NPs ] DL
NCM460 4 faxF 254 5 . 1H 25 NCM460 4 iz
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S, G5 A W33 W R 1A A AE AT S 4
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IR EUE L. B NCMA460 AR T 6 FLAR
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(T IMIE B e 72 58, [ FRFE S 4 he 77 285
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i, MR EH R, S5EES e R —E.
2.9 Cel/NPs B{&Min UC {EA#AR

F DSS %W (30 mg/mL) ig 7 d &57 UC /N
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IF g Co6
20 pm

C6/NPs

C6/NPs+
EYIR

DAPI (401 )li %) FITC (C6)

DIL (41 i) Merge

B 10 58 C6. C6/NPs F1 C6/NPs (EFARELTIALIE 2 h) ¥E 4 h /5 NCM460 IR EVAL HBRERME S E
Fig. 10 Laser confocal microscope analysis image of NCM460 cellular uptake of free C6, C6/NPs and C6/NPs (pre-treatment

with hyaluronic acid for 2 h) after incubation for 4 h

RS NCM460 ZHREPI R 2ot B AR S ZB R E B 74T
ZR (X+s,n=3)
Table 5 Quantitative analysis results of intracellular
relative fluorescence intensity of NCM460 cells determined
by FCM (X *s,n=23)

A5 FEXT 5% e 5 A5 AR 5% e 5t
X & 100.0+0.0 C6/NPs 105.4+6.7
W Co 87.3+38 C6/NPs+HA 85.2+3.0%

e Co HIL#R: "P<<0.05; 5 C6/NPs 4Lb%:: *P<0.05.

*P < 0.05 vs free C6 group; "P < 0.05 vs C6/NPs group.

PR, B ICR HEME /N R (22~25 g) BENL A 4 2.
YR, P2, YiFES Cel ZH. Cel/NPs 4, 44 6
Ho BRXFHRZLAN, SRI0 28 1 KA K K He il 3% DSS
KBRS HEWH 7d JEF1E, #ECKEK. WS 3
RITIaes 2, 27 d RRER ig. Hrhxt R4
B ig A FRERIK, VRS Cel ZHAN Cel/NPs ZH % R
/INER ig 2 mg/kg (BL Cel 1) ANFEFIZLHI 258 B H
/N AR BT EAR A, WEEHORETEIR, (F IS,
5 DAL ¥y (DA PP RAE LR 6. SEIGSE ARG

# 6 DAILFENIRAE
Table 6 DAI scoring criteria

o TR TR % FAEMR BRI
0 o EH oA
1 1~5 B, % Faufn (+)
2 6~10 BE, B Reufn (++)
3 11~15 {88, AFW, Ak B ()
4 >15 B, BRI, ARIY PR fE

fiEiilINER,  EUMAERR E B, ek FE/ANRE W
A, R H&E Jetidint 4% 2 5 H I [ 52 16/ B
SEIm A AT e kb3

DAT= {45 [ 43 50+ RAF R 20 B+ 16 i 434

INBARREA LA B (B 11) £, BRI/
AR R BT R (P<<0.001), SZU6 S5 R i 44 5 &
TRER] 75%; AL TR, WFE Cel S/
M5 B R BR B R (P<<0.001); Cel/NPs ZH 525
ZEWET, ANRATEEIIEKEA .

DSS IR I F R e b, S EUIE 20 KA
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AT AR T 0 d B/ %
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#/d
XA "P<0.001; HEAANK: ##P<0.001; B 12 [,

P <0.001 vs control group; #*P < 0.001 vs model group; same as Fig. 12.
B pREFRERAETLEE (X+£s,n=6)
Fig. 11 Trend of changes of mice body weight with time
(Xxs,n=6)
LR S A (S MLAEAR A5 I AAE IR, DAL 173 2
UC J*HEREREH— bR, W&l 12 Pios, Cel/NPs
ﬂﬂ%%Cd@WTuKWEW%%ﬁ¢ﬁDMW
G APR I Bl 5 I 5503 LA AIE, Ferpr Cel/NPs
ﬁﬁ%%?ﬁ%Cdﬁo
DSS i3 UC #RR 5) AL A AL 2 304
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o LIGEERWR T Pow, SR AL, Cel/

NPs 2H A1 B Cel ZH35 ] LIS /N iR &5 K o
PR NP UR R 2 B, MUk R4 UC %
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—— IS Cel
6 4 —— Cel/NPs
<
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44 Hith
5 4 i
0 - hd A 3 ) g A v B 73 0 h g v T
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t/d
12 DAL VRS FERTEI A (LpZE (X £ S, n=6)

Fig. 12 Variation curves of DAI scores with time (X £ s,

14 NREA

Fig. 14 H&E staining results of pathological sections of mice colon tissue

=7 UC/IMREBHKEMBIERE (Xts,n=6)
Table 7 Colon length and spleen coefficient of UC mice

(X£ts,n=06)

21531 K /em JLE 22 5
payi 9.10£0.12 0.1310.04
gt 5.5040.35" 0.31£0.08"
T Cel 7.304+0.98™ 0.21£0.04
Cel/NPs 8.2040.21% 0.154+0.09*

XA LR "P<<0.05; SREAAE *P<0.05.
*P < 0.05 vs control group; *P < 0.05 vs model group.
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WL HH R R R IKIRTS, SN & MY
IR N, WS Cel AUEASARE: TR —
SEMIIFHE, Cel/NPs 415 %} FR 4H /N BR.45 7 6 W 5 [X.
il %WCWM%@ME%%@m/MWﬁ

MRS A LYREEY] i H&E Jetasgh | (F]
14) A RI0, XFRRAL /N R 45 I RS b 40 i 25 1)
SR, R EE TR, MRS Ee; (AR
HANRGEIBESE, ARG, MRS K,
HAEE KE R IEH IR SN LRI, Cel/
NPs 41z &5 Cel ZHX 4734 %@mﬂﬁ%ﬂ%E
Horp CelNPs B E AR EMA L, HiEHHX

J’““rrrr‘”””

® ® o w
£
L

<
o

]
(] u
]

Xof HR i) T Cel Cel/NPs

E13 UC/IREFEEER

Fig. 13 In vitro colon images of UC mice
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