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HE: T2 (methotrexate, MTX) FE4T 45 25112 W, BREA K. AT o3 MTX VRS 44 25 1Bk, A0t
FOHF MTX 2375 22 BRI FS 4 B G ML 22 (crosslinked cyclodextrin metal-organic framework, COF) ", 15 3| %% 2513
B MTX@COF, K 77 28 190 BH2s 7 RE R A RE (2,3- i i 25 - TR 36)- = H i [(2,3-dioleyl-propyl)-trimethylamine,
DOTAP] B % /£ MTX@COF #1iil, MTX@COF@DOTAP [ 30ki i 25 ¥ A 5 35 0048, B B A5 AN [R] 1) 2 1) FRL A 4 AE
DAZK FHBE TR 2R 22 01 (pH 7.4) BT I 25 42 SR SORE 1 AR AN R TS, F 18 K BR 245 AR 80 7 AN Fo A 4 B JBURFALE
EANBE TR S B 7R, £ 7K 1 MTX . MTX@COF Al MTX@COF@DOTAP T 6 h ) 2 A BT 73 5 9 92.70%-36.31%
A1 18.19%; 1E 1 1R +h 22 ¥ b MTX . MTX@COF Al MTX@COF@DOTAP F 4 h ] B U i & 43 B 4 90.82%
79.37% 11 58.30%, 3£ W MTX@COF ] & 3 4 2 MTX HI R, 4 DOTAP 11/ J5 1) MTX@COF 7] 3 — D 4E 2 MTX
HIRERL . KR ZICE J1 20 70 45 BB oR, [ FIE S MTX@COF@DOTAP 41 5 MTX@COF 41 ke MTX 4L A Lk, 21
S5)37 B IR 18] MIRT, AT W 7] 77, P 2 28K, B MTX@COF@DOTAP 4111 2510 il 28 A [AUC,,] /& MTX 4111
1.8 1% . AW FLHI % K MTX@COF@DOTAP ki 48 J7 R ik S 45 26 LA — s IR ACR, IR 7 MTX A7 H
T, A MTX FIHTRI BT R AR AR — N3 Bk .
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Abstract: Methotrexate (MTX) injection has a short half-life and significant toxic side effects. In order to
overcome the demerits of MTX injection, MTX@COF was prepared for subcutaneous injection by loading MTX
in crosslinked cyclodextrin metal-organic framework (COF) in this study. The cationic lipid material (2, 3-dioleoyl-
propyl) -trimethylamine (DOTAP) was then coated on the MTX@COF surface by solvent evaporation. Different
surface charge characteristics were observed in the coated MTX@COF@DOTAP with no significant change in
particle morphology. The in vitro release behaviors of sustained-release particles were investigated in water and
phosphate buffer (pH 7.4), and the in vivo release characteristics were evaluated for pharmacokinetics in rats. The
in vitro release results showed that the cumulative release of MTX, MTX@COF and MTX@COF@DOTAP within
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6 h was 92.70%, 36.31% and 18.19% in water, respectively; the cumulative release of MTX, MTX@COF and
MTX@COF@DOTAP within 4 h was 90.82%, 79.37% and 58.30% in phosphate buffer, respectively; the results
showed that MTX@COF can significantly delay the release of MTX, the modification to MTX@COF by DOTAP
can further delay the release of MTX. Pharmacokinetic studies in rats showed that the mean retention time
[MRT,,,] and the time to peak (T,,,) of the subcutaneous injection of MTX@COF@DOTAP group were significantly
prolonged compared with the MTX@COF group and the MTX group. The area under the concentration-time curve
[AUC,] of the MTX@COF@DOTAP subcutaneous injection group was 1.8 times high as that of the MTX
group. In this study, MTX@COF@DOTAP particles had a certain sustained-release effect, and could prolong the

bioavailability of MTX by subcutaneous injection, which provided a new idea for the development of new MTX

dosage forms.

Key words: crosslinked cyclodextrin metal-organic framework; methotrexate; cationic lipid material; sustained-
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T 259 & W5 WS (methotrexate, MTX) H T74
7 SV RO SRR b R S VR i A H A
FH MTX A7 75 2 32 B R0 AR 9001 B AR OV RN 25 B /R
KEEGRFEUS, CHFZ KT MTIX S 2 RS,
P e MTX V5 45 24 1) Sk B, H A SE 22 MTX ORI
M5 25 RGAFEENF R SRR S . Lin
SEVVE I A B ] 2 MTX 2R R, 7T 75K B
B R RSB 15K . Modu Z51R F O/W ¥ 71145 K 7
il & MTX Gl Bk, 7T 7E 7R Sh 47 28 T8 30 K, W B S 4%
MTX R . Madhwi S0 H 2 R R B AR E S
W AR adt 35 F G IR NS, BLARAE QK S5 44 I MTX 72K
R AE VIR FH EESG IN T 29 4 65, PR RS EIIE N T 2% .
DA b J7 2 i) 4 R MITX 22 R ok B8 B AT 8 35 (I 2 R 2
R, B T2 RS ABE TR H I 5 %
B MTX B HNIKEE 37 & 22 vk, i MTX )L
FAEE T A RA AR B, 6% MTX@COF 2%
FEAMOREL F& AHIE FC I — A3 A

R KE 4 J8 A WL H 22 (cyclodextrin metal-organic
framework, CD-MOF) J& —J 8 1) 2 L 4> 7 A KL,
B R RO L AR ERE T R AR A 2 e A 02
L AN YA SR B R IR I ), D #
TR S IO A 7S ST P R P U6Vl E K AR L)
DY, FH T 0 25 1A AR SR R i Rt
#2. {H CD-MOF & /K ANFa5E, 168 1 3 58 b 2 s
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A, a8 I A 2 SRR B R T8 B 5 CD-MOF _E (1)
2 B AT B ) £ A R A MRS 42 B A ML E 42 (crosslinked
cyclodextrin metal-organic framework, COF). % /772
i1 1 CD-MOF {E7K 1 i R g M HANFZ M FI0RL K /N Al
TEAR, FE7K HRCE 24 h G ORFF LT AR5, e T
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3 ah, BT R S A 7 SE 28 2590 I R RO TR A% T
IR KT AE T, E ] 2% B 0k T 2000 6 B2 442023, [H B
F R AL (2,3- ik 2 - 74 3 - = F % [(2,3-dioleyl-
propyl)-trimethylamine, DOTAP] J& — Ff JE 95 55 3 14,
TE A N BT AR 9 % ik, B E It i LV F 5 s 6 8 1 I 2
FAH ELAE L, A& —Fh R AT I 2 R RH24231,

AR SR FH Y 7 B o MTX 35 307 Fa e M e g
() COF FLB P 1l % MTX@COF #8245 ik, 38 1 ¥4 571
7K R 1K DOTAP 41, 2 /£ MTX@COF ik % 1, i 2%
MTX RN S REZ

MRS R®
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PO RS A (38 B e AR B A PR A F]); S3400N
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AL AN (32 B ZE BRI /RBHE A F]); PYRIS 1
A AT (GEEH SRR AT,

H@EIRF - FWIRE (-CD, MR A R
N, RS (A1 > 98%, EDUGHEFE LR A R A
"), LME (4l N,N-— F JE F B % (N, N-dimethyl
formamide, DMF) (4t 5% H R BABHE A B 2 |]); Bkl —
Z W (diphenyl carbonate, DPC, 99%, b ifg [+ T 41k
BB A AR A F]); = 4% (triethylamine, TEA) &%
A T 2 R 20000+ 5 R AT AR R L LK BE IR A
B AR A AN A B ER K B 1 2 4R AR A R A
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(DOTAP, ifF CAR R AR A R A F).

SEIGENY 18 R Sprague-Dawley (SD) K i
W SR se s b ot AR E 250~270 g BT 3D
SEI6 2 HE b R 2 B L 25 W0t 9 B S 56 s A B
AUE 2 R 2 (IACUC)” HiL e, 5236 3h ) ¥ TACUC &
fit5 4 2020-04-2TW-27.

BIELZHF il Dikma Diamonsil C18 (250 mmx
4.6 mm, 5 pm); 4" Phenomenex C18 (4 mmx3.0 mm,
5 um); JiE 1 mL-min; A3 25 °C; A& 10 uL; fill
B K302 nm; FAIAH: ZME-7.0% MRS K —-2.0% TG
IKBERR A — ANV 10210280 (v/v/v, pH 6.0).

RHIMIB S BAN B RNGIE WRIEAREH
T 38 (1) 77 72208 1 CD-MOF o 1% 18 nepvor - Mope
P HRHEE R LE oA 107, ¥ W & 1) CD-MOF i #& 5 DPC
B\ 2 DMF H1 i &, LIS & TEA 1E 9 46770 n ik
N, 400 r-min’', 80 °C [ I 24 h. A8 Bk M 58 1 i, ¥
H =, IMNGARF 95% L& IR B, B0, FF
I, DUTE P SRR I Al KR TR I A R 2 IR, R TE
40 "CEZ TR T 1% 4 ho

MTX@COF HH &S5 & EME ZEMTX:COF
M BERFEE R B 501, FREUMTX 1.80 g, % T 30 mL
0.1 mol-L-" i ¥ % ¥4 ¥, N A\ AH 825t £ ¥ COF, 25 °C.
400 rmin” &1, P4 hE, B0, 3 L. SuEdn
NI 10% LFRAT IR R, 8715 pH, £ R HE s 3 X
J&, TR TEA 40 °CTHE 12 h, FREUE R MTX@COF,
I 1 mol- L S A AN i COF ), F NN 55 5 b iR
TR AN, I, e B OR s SR IR BRI
MTX . MTX [EZ AN (1) 5.

= 100% (1)

MMTX@COE

o, o R IR (2 &, My 79 MTX
98, Myrxacor N MTX@COF [HFRFE & .

MTX@COF@DOTAP §J#1&  FEMTX@COF
200 mg TR, /b & £ K I\ DOTAP & g 1% i)
(DOTAP 20 mg ¥ - 0.3 mL T /K 2. E%) 0.3 mL, PR i
FEH AR T 60 CCHUNFBRA T 4. BLEE S )32
& [F] MTX@COF #5248 5E Fl it 5

MR RAE

A H T B U8 (scanning electron microscope,
SEM) U8 RE SO R [ E TR 6, Wi, DU
HLE 10 kV AT H# IR E R R

A 3 #1 (thermogravimetric analyzer, TGA) 22
7~ H1 4 & #A0% (differential scanning calorimetry, DSC)
K 5~10 mg K OB A TBON B0 <6 HE S b, B THIR E
[l 4 25~400 °C, F+ i & £ 25 10 °C -min™!, N, L& A

20 mL-min’'s

i B A8 4 21 /b )6 3 (Fourier transform infrared
spectroscopy, FTIR) 435 MTX.COF .MTX@COF .
YIHIR S Y MTX&COF (PM) 1 MTX@COF@DOTAP
R (1:100) R &2, BT IR E F RS
BISE I . W E RSO BB R
10 pmx 10 pm, Y635 H 400~4 000 cm™, 730 #E% 4 cm '

Zeta FEAL 43I 1 mg-mL-! A AR A il VR BV
(B R 4EIK) 1 mL, 38 H 32 HH & 52 COF.
MTX@COFFIMTX@COF@DOTAPIEEIH] zeta FAL

RSN R 2 DI AR B MTX . MTX@COF A1
MTX@COF@DOTAP (#1247 MTX % 1 mg) T-50 mL
HOE R, MR 22 N T (pH 7.4) 30 mL, BT
50 r'min’!, 37 CCHMETLZEIR, 77 T 0.0.5.1.2.4.6.8
12 hBURE 1 mL, FHEAMIMEFARFUE B A . R HCRE
R, IR, 4 HPLC VRN &, e 3R E AR, AbFRiZit
HMTX B B2 R E

B[R DFEEZEE 18 R HEMEAEFE SD K (250 +
20 g) MMl R34, REgH 6 H o T RERAMITE T FiE
PR Y, 425405 BN MTX 5265 40 \MTX@COF 41
FMTX@COF@DOTAP 4., 45 25K #14) 0.3 mL, 45 24
AN S mgkg! (AMTX i), SEIENILELE 24 12 h|l
ARt SEEG AR H oK. MTX ERZ54 MTX@COF
4 MTX@COF@DOTAP #4143 5l T 45 25 il R 45 25 )
0.5.1.1.5.2.3.4.6 1 8 h HRHE J& & Bk B A ; 1f ¥ 2 AT
FZA O, 3 500 rrmin! B0 10 min, 45 55 113,
BRAFAEI

M¥RFERBILIE  HUMKFE & 50 ul, i1 =6 755
B (10 mg-mL ") FUAMFNER (EA R HUAR ML B A
TR SRR, B389 100 pg-mLt) FR bR (M R
¥ 400 ng'mL") % 10 pL, & i€ 60 s, I & i 120 pL,
IR JE 120 s, 12 000 r'min 5.0 20 min. ¥ FiERE#®
Z TR0 T, JRTE 37 CCRIER A Z R T RT, H
50 pL IR BRI ST, RS %A HURE & 20 uL,
7E N HPLC-MS/MS 4347 o

HPLC-MS/MS % % 4 i # Phenomenex XB-
C18 (150 mmx4.6 mm, 5 pm); {4 #% Phenomenex C18
(4 mmx3.0 mm); %% 0.7 mL-min’'; £ 25 °C; FFf &
20 uL; JBIAHA 0.2% H R Al 0.2% LR /KW (A)~H
% (B); B B %6 B : 0~2 min, 2% B; 2~35 min, 2%~
70% B; 5~5.9 min, 70% B; 5.9~6 min, 70%~95% B;
6~8 min, 95% B; 8~8.1 min, 95%~2% B; 8.1~13 min,
2% Bo SR IE B Fa M 55 g B AR A U, Al ik 2
SN W, B0 HL R 3.5 KV AL A IE 1735 psi; B
T 350 °C; TS AR E 300 °C; 55 F TS AR 1)
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TN 10 Lomin's R BRI 2% 2 N miz 442.1—
295.1, WAEAEE N 12 eV; MTX IR m/z 455.1—
308.1, fitfE e B A 16 eVo

FITFEFE LR HE DI £ bR 2 ROR,
FEAR I $ 8] LU R e K56 o 4 A DAS 2.0 8 4F @ i
655 R E A AR 1% S8 P<0.058
BN B G223 3

FERE5VHL

1 HASEMERE

1.1 EZHE  COF 1 [19 0% ML Ik 5 78 9 B34 55 5 B
IR, NHER I & MTX@COF K #2455, A0 78 % A
I& & 1 mol L A B A K FLIA i, I N 55 & 1) SR 1
T, DUGRIP A . VAT B L 4 I MTX@COF #(
ZHEN (9.62 £ 0.19)%. COF % T 1776 A4
K AH B AR R A8 A 0 45 22 Bl BLAE L 449 X
HME VA 1 24 1) 2 B HH AR SR ) S RN O o AR SR R
Hik, I 4 h, 115 MTX % T 5 COF 78 4 % fik, 5
A EAR MTX 4 73\ COF % 5. DOTAP 5 IE
HL, BT LA 5 R R R AH ELVE G i R P AR
F Al 4 %% 7€ MTX@COF [f] % [, 22 DOTAP & 1fi J ,
MTX@COF@DOTAP # 25 & 4 (9.18 + 0.04)%, % ]
DOTAP HI &% MTX@COF 48 24 B KA T 5
1.2 SEM DL CD-MOF £ fili, DPC 1 58 Bk 7] il
7 1) COF Tk 5 57 75 4548, MY AR $F T CD-MOF Ji
AT JORAT, 38 0] AR sk A LE 7K o (R AR e 10T,
SEM & 1 COF. MTX@COF 1 MTX@COF@DOTAP
WMHARL R 7E 2 um 247, H COF 75 f1 #8 MTX 11 J& /)
T AR KA R, R EF LT TEZS; DOTAP £ 2%
Ji MTX@COF ¥i ¥4 |7, 7] G /2 H T DOTAP ¥
2B A MTX@COF £ 218 (B 1A~C).

1.3 TGA FENHE25~100 °CHT 512974 14% I i B35
20, XA RE R BT MTX.MTX@COF A1 MTX@COF@
DOTAP fki 7 (1 F ER K B 7K i o MTX 1) 32 22
E AR RAE 230~280 °C; COF H1# MTX J&, 75 AH [F1ii3 &
R E R E SR, H G E ST COF, £ MTX
B N E N COF 75 Ji 5 T AH N4 BEVR & ) MTX&COF
(PM) Jii &35 2% 3 K 5 COF IR, ml A2 HF MTX Ji
KBIAN 52 COF R4, 32 B H ol B (R VR & 9 T 1 40 O o
fIE; DOTAP & 1fi MTX@COF J&, 7£ A1 [F] 35 T it & 41
PRI MTX I 2%, 1255 T MTX@COF, A fg /& T
DOTAP 4 £ [y #4f8 8 M AR BT 3L (1 1D).

1.4 DSC K DSC 3RHUA # MTX #i 5 #4478,
MTX £ 132.48 °CRA & 3& M i £ MTX@COF H,
MTX (IR A %, k25 R 20 7 T LLAE A 1)

20 A 6 COF (B 1E); i HLE A ) MTX&COF
(PM) 7E 137.03 °C H BiL/IN (R I F4 i, 2% BH PR AP i 2 (1]
A E AR 18085, WA T B MTX@COF@,
DOTAP 7£ 156.86 °CH — A~ Wit & [ M #h g, ] fg 2
DOTAP [ 45 [ R #47) fif i
1.5 FTIR fEFTIRGHEH, MTX FIBE i 1FFAE EEAE
1 602.84 cm™ F11 645.73 cm™ 4k ; MTX@COF # MTX
7£1602.84 cm A HIRFIEIEIL TS, 7£ 1 645.73 em I RFAE
W3 7% 2] 1 640.67 cm!, 3 B MTX # i Ll 11 %% ] COF
oy 7 1 MTX&COF (PM) H MTX [ 4FAE 14 5
MTX@COF JLF— 5, 7] fig 72 Wl 7€ A i iF 25 ik A v 38
5 i BN COF 1 BT 8, DOTAP .5 MTX@COF
Ji, MTXTE 1 640.67 cm &b IRREAE I Ik 55 (K] 1F).
1.6 ZetaBL{iL DOTAP iy iE M, 7] DL 5 7 6 B IR 4%
AHI E AR, % % COF.MTX@COF & MTX@COF@
DOTAP zeta H1 £ 1) 45 1k, ¥4 DOTAP [ £ 22 R 3
COF 4y BE 47K 1, zeta FEALZ) 9-43 mV, MTX@COF
FEAK ) zeta AL BT $]-16.9 mV, DOTAP 121 j5
MTX@COF 1] zeta AL - F+2-0.04 mV. Zeta ALY
3 8 DOTAP . % /£ MTX@COF (R T, th% T
MTX@COF K[ ()4 FLARFAIE
2 (RINEANE

MTX £k 4b 22 1R ik it 28 3% B MTX@COF 1
MTX@COF@DOTAP 2 B RFAE . MTX JFURL 2 LK
NRETAT R, 0.5 hif BIFR 0 43.23%, 6 h 51k $] 92.70%,
1M MTX@COF 7£ 6 h I AURE i 36.31%, & W] COF 4k
MTX J& ] i 35 228 MTX T /K R 4 DOTAP 1
— B E, MTX@COF@DOTAP £ 6 h{UBE/ 18.19%
(B 2A), BBGEEHt— D IE L% . 8 U A 40U Y R
TG B, SR R B R AR g2 v W (pHL 7.4) B R
MTX 76 1 R £ 2% vh A 5 0.5 h RIRE 7K 78.38%, 4 h )&
ik 51 90.82%; MTX@COF 7£ 0.5 h B i 43.08%, 4 h ;g
79.37%; MTX@COF@DOTAP 7£ 0.5 h /i 24.95%, 4 h
XM 58.30%, % B DOTAP 211 il MTX@COF B MTX
JERH 25 2 R AR (K12B).
3 SDARRANKNNFEHR
31 SDARRmMEHMGZESE KHNFRENE MK
HMTX 15 &, DL MTX R EE AR AL FR x, MTX 5 P bR
W 1 O TR R ECAB D N AR ARy, REINBL (W = 1/x2) e/
TR AT HBE, MTX LR T TR Ny =
0.007 0 x + 0.112 1 (» = 0.997 3), F B 1% J7 1L 7E 5.00~
1 000.00 ng'mL' WA RIEFHIZMER R . &IKERERE
F]5.00 ng'mL"e I AT 3 AR B S A H A
RSD < 15%, #E i J& 7F 84.93%~95.79% 2 [f], $2 H [A]
WL 79.48%~84.35%, FETRN 9 97.96%~101.59%,
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Figure 1 Characterizations of methotrexate (MTX), crosslinked cyclodextrin metal-organic framework (COF), MTX loaded in COF
particles (MTX@COF), physical mixture of MTX and COF particles [MTX&COF (PM) ] and MTX loaded in COF particles coated with
DOTAP (MTX@COF@DOTAP). A, B, C: Scanning electron microscope (SEM) images; D: Thermogravimetric analyzer (TGA) curves;

E: Differential scanning calorimetry (DSC) thermograms; F: Fourier transform infrared spectroscopy (FTIR)
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Figure 2 Release profiles of MTX, MTX@COF and MTX@COF@DOTAP in water (A) and phosphate buffer (B). n=3,x £

G HEIRE i o T DT R R R, MTX R4 20 f Nt s, i8I it ) 7, X
32 MTXZERMAARINNE AIFMHCOFEZ  50.50 h, P33 B I8 [/ MRT,,., 79 1.06 h, 2598 Pk
S DOTAP &4 25 Tk MTX@COF J&, MTX £ 4K W WSy A, I 24 R B R R B, MTX@COF 41 2 T 7
M REAT N, 5 SD KB N, RAME 4 S5 MR EE F AR 22128, T,,, N 0.67 h, MRT,, , %
2577 &, M e L2t 28 (B 3), MTX@COF@DOTAP K& 1.22 h, ®H MTX@COF ki a] 1E K MTX AE4R
M 2543 775 M 28 SR B 2 () 2R REARRALE (55 BA IS A); MTX@COF@DOTAP 21 T, 1551 1.42 h,

R AR BB R AR 1S (R D). 4 MRT,,,, &K % 2.36 h, 37 MRT, ., 5 MTX@COF 41 %
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Table 1 Pharmacokinetic parameters of MTX, MTX@COF and MTX@COF@DOTAP. n =6, x 5. "P < 0.05, “*P < 0.001vs MTX group

Parameter MTX MTX@COF MTX@COF@DOTAP
AUC, /ug'L"h 3023.86 +525.44 3 705.69 + 683.36 5365.07 =2 099.88
MRT,/h 1.06 £ 0.08 1.22+0.13" 2.36+0.55™"
tin,/h 1.07 £ 0.31 1.11+0.24 1.49+0.39
T/ h 0.50 = 0.00 0.67 £ 0.26 1.42+0.92
C ../ ngL! 3081.84 +694.20 3039.87 +478.42 212551 +974.13
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Figure 3 Plasma drug level-time profiles of MTX, MTX@COF
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