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Abstract The aim of this study was to evaluate the potential application of layered double hydroxide( LDH)
nanosheets for ocular drug delivery. Using LDH nanosheets as carriers, carboxymethyl cellulose( CMC) as a stabi-
lizer and pirenoxine sodium( PRN) as the model drug, CMC-PRN-LDH nanosheets were prepared. PRN-LDHs
nanoparticles were synthesized via co-precipitation method. X-ray diffraction, atomic force microscopy, transmis-
sion electron microscopy and laser particle sizer were employed to characterize the physicochemical properties of
LDH nanosheets, CMC-LDH nanosheets and PRN-LDH nanocomposites. Stability, accumulative release in wvitro
and precorneal retention in vivo of both CMC-PRN-LDH nanosheets and PRN-LDHs nanoparticles were evalua-
ted. It was found that CMC-PRN-LDH nanosheets were electrostatically stabilized by CMC absorbed on the
surface of LDH nanosheets, but PRN-LDHs nanoparticles aggregated in phosphate buffered saline. 12-hr accumu-
lative release percentage of PRN from CMC-PRN-LDH nanosheets and PRN-LDHs nanoparticles were 70. 44 %
and 44.21% in vitro, respectively. Compared with the commercial PRN eye drops, there existed 4. 18-fold
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increase in AUCy;, and 1. 79-fold in mean retention time of CMC-PRN-LDH nanosheets. Negligible levels of
PRN-LDHs nanoparticles might be attributed to inter-groups difference. Draize test showed that CMC-PRN-LDH

nanosheets were non-irritant to the rabbit eyes after single and repeated dosing. It suggest that this novel LDH

nanosheet could be a promising carrier for ocular drug delivery with prolonged residence time.
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SR 18] 55 B AH AR ], LDHs H 48 B4y
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52.5 mg & F7K 100 mL, 8% % B;2 mol/L NaOH
RS Co RIZITEFET B B 18 mA A
TR SR A T, MR A VR S8 i Imis W C
Z{KFR pH 8.0 0. 1, o8 b 5 #f & &4k 12 h,
A B SRR SR B LK PR 5 R ULTE B T AR A
M.,50 CHEFE T4 18 h, 7525 1 LDHs #K
2.1.2 LDHZA KR &34 & K Liddl & sa
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43HL 2 min,500 r/min A 8 h, B AIRER
75y 375 B AR VR, 7534 25 LDH 44K R s
2.1.3 CMC-LDH @4 % » £ 4% (CMC-LDH) #5 %
& FRIBGA H CMC, 23 Be il B vk o 1,2,4,
8 mg/mL 1) CMC 7KW, 7KV AT 2 58 2 %
fie R B =R MEIBEFET B LDH 44K Fr ik
EW (1 mg/mL) 1 mL 2218 % N & 55 & CMC
(B B 73 5 1,2,4,8 mg/mL) Bk Hr, fff
CMC 5 LDH R A3k 1:1,2:1,4: 1 % 8: 1,
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G
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2.3 RHFHHMT

K HPLC 1290 %E #:25 LDH 40K 5 5325
o ME A B384 R Intertsil OSD-SP(4. 6 mm x
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10) 57N 1 mL/min HE3R R 35 °C 5 KGRy
230 nm; HEEERE R 20 pl

W52, 27 T F 4145 (9 PRN-LDH 44K B2 &)
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1 mg/mlL, 7 K SRR e FLA
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0.154 nm,20 JEFE 2 ° ~70 °, T3 E A 2 °/min,
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1,2,4,6 h il & 2 25 40 K & & ) ki 42 I PRN
T,
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“2.27 I T il £ 1) CMC-PRN-LDH 44 % - & &%)
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JE0.05 mg/mL) , 73 HIMA 0. 25% = AU T
(AR ) F 6% #iZbh (B3 855 7)) , 13 CMC-
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WICE SO 538, BRI AT 3 00 Bk B AR i IR
PR S o W B S i IR A T e SN 4
%) SR 35 B 7 1) A ELARD N, B A — R 3z 3 1)
MR S B B oy A AR A, e IR sz i 3l ) o
B R G3 JEFT BR DA 3l ) 85 Ry i 52 1 3l 4 o) HIR R



452 Y@ & # X # 24 Journal of China Pharmaceutical University 2016,47(4) :448 — 456 o547 %

B SR -3 B, AP 249 By 3 53 52 1 3
PRI

3 ARSI

3.1 LDH #%* Kk
AGHBA FTBETE 5 PRN 20482 T Zn-
Al-NO,-LDHs #1 Mg-Al-NO,-LDHs # £ Zn-Al-
PRN-LDHs Fl Mg-Al-PRN-LDHs 4 244 K %7, i T
ANTA) 42 JE B 7 4L 28 245 -LDHs (RSN IUT A
B K% 5, Zn-Al-PRN-LDHs (& 5k 2B AR , 7
A& a4 Mg-AL-PRN-LDHs {5 S0F 58 . SR,
Mg-Al-LDHs F5 7€ pH KT 9 244 FIE AL, 1fi Zn-Al-
LDHs 7& pH 7 ~8 2F T AL, 4542 31 pH S350
el MRS5S 1) 5 1k A % 558 /0N , B BE AR W SEATS #E Zin-All-
LDHs J&filh bl 45 Zn-Al-LDH 9K F, 47 5 2L bt
Jio WETRH R 2 LDHs Joukqe K ip st
e PR 2 B 1 LR AR I R UM 19 LDHs (3 AR
25 LDHs) 47 # s oFoe 7 o S ot ve i il 4
PRN-LDHs /240K ki & PRN SR & Hhvd i 5
B AR Z R G ERAR 2 L B e
B4, BRI PRN 4 A Zn-AL-NO,-LDHs J2 fii] 5% il
% PRN-LDHs i 294 KR 451
25 [ LDHs JRAEWC A FL & (B 1-A) i) 25
Fum%*H%W%m%%@ﬁ%rfmﬁmT
RIRIGE (] 1-B) . LDH 4K ik (47.5 £ 12)
nm, 288 (PT) 24 0.210 £0. 021, 5 TEM 4%
LA —F (& 2-A) ,LDH 44K BB 4 A HIE
BT A R, TR AS WU ELREAR /N, et fR 5 2 —
FW] LDH 4K Fr R 20 FLR B #55) . AFM (&
3) AlREE E], LDH 442K R 0] R 51 2924 50 nm, JE
J&8 2 ~10 nm,

Figure 1 Schematic diagram and digital photographs of blank LDHs
(A) ,LDH nanosheets( B) and CMC-LDH nanosheets( C)
LDH: Layered double hydroxide ; CMC ; Carboxymethyl cellulose

Figure 2 TEM micrographs of LDH nanosheets (A) and CMC-LDH

nanosheets( B)

50 nm

A B

Figure 3 AFM micrographs of LDH nanosheets
A :Delaminated LDH nanosheets on a mica substrate; B: Height profile
of LDH nanosheets

X SF AT S TR LDH ) 5 i AR 4E
RN LDH 2 45 % 8 i i B ke 2 —
4-A =5 LDHs i XRD &, B #5111 LDH
FFIEAT I, (003) #11(006) 5187351 Ay 11.70 ° A1
23.24 ° AR d o034 7. 56 nm , FK I
#2 H LDHs HA S8 ZARE . B 4-B
FIE§J5 LDH 2K A9 XRD [, AT 5 XA R 45
RIGTETH % ,20 g 61°4b4 —~/INi) LDH = A A7
Shig(110) , L E45 R3] LDHs 25 M 8 iR,
EIRAA R .

(003)

(006)

MWMMWWMMM L v :
10 20 30 40 50 60 70
20/(%)

Figure 4 XRD patterns of blank LDHs( A) ,LDH nanosheets(B) and
CMC-LDH nanosheets( C)

3.2 CMC-LDH #4k B A4
CMC 5 LDH 43 B DAt ke 1:1,2:1,4: 1 %
8: 1 Z={bHil % ) CMC-LDH 9>k i & & W kifs Pl
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AR 1 iR, X4 CMC 5 LDH Jif & 3 i
% 4: 115}, CMC-LDH [ i v AN % A2 B B A8k, 5
ARSEIE I CMC & R M 2 R B B3 K,
I CMC 5 LDH it He b 40 LIS Se b
5¥. CMC-LDH 2K F &2 A Wi W IR A7 A B 4 1Y
TIRRIG N 1-C fi7n, 268 CMC [ in A&
S LDH 4K J AR 2 . TEM (& 2-B) AT Wi%%
3|, 5 LDH 4k A A0 b, CMC-LDH 44K 5 &%)
BT 10 R, 50 LDH 44K B 3 16 # CMC 4y
B 51 WE CMC IR M BLR A JR B 2
2~10 nm, 5 LDH 4K F 5 A — 5, & 4-C N
CMC-LDH %4k Fr 52 &%) XRD &, 5 LDH 44k A
FEARL  APATS S 1 DX PR SRR S 04T %, 13 B LDH. 44
K5 CMC 2k, R R AT ABAGK A1
BB /- HUE CMC i,

Table 1  Characterization of different kinds of CMC-LDH nanosheets

(x+s,n=3)

m (CMC)/m (LDH) Size/nm PI Zeta potential/mV
0:1 47.5+12.1 0.210 +0.021 +35.4+0.9
1:1 120.7+5.3  0.200 +0.014 -45.3£0.4
2:1 137.9+4.8  0.237 £0.017 -47.4£0.2
4:1 146.1£4.4  0.282 +0.012 -49.3+0.5
8:1 261.5+£6.4  0.494 £0.231 -49.6 £0.3

PI; Polydispersity index

3.3 #2 LDH AL A%

LDH 4>k 1 F H A B KA b e 1w A, 2024
KT EARGE Y LDHs SR 17 4% 24 & i =, LDH
KRR R AR E . B I AT aE s
Zn-Al-PRN-LDHs i J22 40 K 2% 25 5 ol (14.32 =
0.52) % , ¥ 10 245 P-4 A4 LL. 451l il £ PRN-LDH 4K
F& 4 W 1 CMC-PRN-LDH 44 X% K& &), #
“2. 37 IR R I E i, WUE KB A i,
25 A R4 5 (99. 83 +£0.13) % F1(99. 21 =
0.35)% , 15487 PRN 5 LDH DL i kbl 1: 62k 2y,
PRN A] 5¢ 40 [ff T LDH 44K Fr . Hik, L%
25)- 25K L 90 4% 19 PRN-LDH 44K 1 55 &) i
CMC-PRN-LDH gk i Z &%, — J7 If BEAR IE 2L 24
YOk R B A IR R INEE M, 75— 5 AR R 224
S SR T AT A A 2 AR ) A AR

#24 LDH 4K 5 & Wikifs 7 . pH 2
2y i M R L AR 20 B A R T TE VA A A
PRN-LDHs 1 24K FLE AW, B2 K, 1 XRD
TR (& 5-A) 2 BE d o5y A 1. 27 nm,

SISz Ee g5 R 300 . LDH g4k A B B g ft
B % 1) PRN-LDH 44Kk K 5 5 W), Zeta HL ]
(21.1 +0.6)mV i@ H Zeta BV 7E 30 mV L) 1Y
YRR e L F B 0 L HE R T R A 1
FRRGE#E PRN-LDH 442K F- 52 4 ) s (0 48 11K
XRD Z55 &l 5-B frzw, HEL T B EA9 (003) 5 1iF
S I PRN (MAG [ LDH 4K F & R AT
SE,#B 4> LDH 44K | & AR R4 A 2 IR 45
CMC-PRN-LDH 4k &2 &%) XRD 25 R WL 5-C,
B i (003) S0, BEHE CMC i A2 & T
LDH 44K J i fa et , 224 LDH 4K R {1 Lhga e
T2 e CMC

Table 2 Characterization of different kinds of PRN-LDH nanocompo-

sites (x £s,n=3)

Sample PRN-LDH CMC-PRN-LDH PRN-LDHs
nanosheets nanosheets nanoparticles
Particle size/nm 164.5 +12. 1 143.9 +5.4 205.3 £17.6

Zeta/mV +21.1+0.6 -53.0+1.2 +27.6 £0.5
pH 6.17 £0.18 7.21 £0.23 7.17 £0.29
Drug loading/ % 14.21 +0.33 14.28 £0.25 14.32 +0.52

PRN ; Pirenoxine sodium
-~ (006)
(110)
A
(003) (006) iy

PR b - B

M om PR , C
10 20 30 40 50 60 70
20/(°)

Figure 5 XRD patterns of PRN-LDHs nanoparticles( A) , PRN-LDH
nanosheets( B) and CMC-PRN-LDH nanosheets( C)
3.4 #25 LDH %4k £ &Ik oM 8 et

AN B T SE AT, AR F9E % 88 T PRN, #5245
LDH ZKE S WAER N b ke e, k3
AL PRN 7E N THHW AR e 22,6 h J5 PRN %
R 15.16% , K W] PRN £ N TIHI PAFRE
PRN-LDHs 1 )2 44K ki #1 PRN-LDH 44k H- 52 &)
BHTATIH®KO.5 h J5 H B AT WA TTsE , #E0
Ji R Sk 2 114 A 1E LA Y LDH. AR 5 R B 56 v v
(F S 7, 530 LDH HL v RREE I [ k07 a) 5 L HE
FRAE RIS, e PR A R B kg
CMC-PRN-LDH #j>k v & & #9746 N T 3H W AR
R, S A AR ok B SR AR UL E, W] CMC X
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LDH Z4k i fa EVERM, 6 h i & itk
49.41% ,5 PRN ML & 82 00 1 3.26 £, i BH 2y
Yk it #E LDH 942K i 1l )5, 76— @ B E L e
T FARG RS

Table 3 Content (% ) of PRN, PRN-LDH nanosheets, CMC-PRN-
LDH nanosheets and PRN-LDHs nanoparticles in artificial tear (n =3)
Group 0 0.5 1 2 4 6h

PRN 100 89.36 77.59 66.21 34.43 15.16

PRN-LDH nanosheets - - - - - -

CMC-PRN-LDH 100 98.99 85.29 84.9 67.08 49.41
nanosheets

PRN-LDHs nanoparticles - - - - - -

Y bR S I A5 R AT AN TIH RIS &1 &
MBI AT BT, PR R £ pH 7.4 BE R £k 52 vl
(PBS) SR AMRET AT T, B S5 % %8 T PRN, PRN-
LDH 44 >k K. CMC-PRN-LDH 44 >k K & & 4 1
PRN-LDHs {244 K RifE PBS rp A8 E M, 45 R 40
4.5 R, PRNE35 CHy PBS if 6 h &K
83.23% , 54 N TIH W P AH LG AH X £8 5 . PRN-
LDHs ¥ 2 94 %Ki B 35 °C Yy PBS Hr, Bifd 74
K,6 h J54 B ICEN t, Fae i 2. PRN-
LDH 42K F7E 35 C ) PBS Hf H U HA 2 RAEVTTE,
FasE 22, CMC-PRN-LDH 4k K &2 &4 535 C
1) PBS H ki AT /N EE BT BB, (H B S A
K, hif% J PRN & SRR X RROE o

Table 4 Content (% ) of PRN,CMC-PRN-LDH nanosheets and PRN-
LDHs nanoparticles in PBS (n=3)

Group 0 0.5 1 2 4 6h
PRN 100 99.71 98.25 94.09 88.70 83.23
CMC-PRN-LDH 100 102.95 93.67 91.90 86.75 80.65

nanosheets

PRN-LDHs nanoparticles 100 101.73  96.19 - - -

Table 5 Size (nm) of CMC-PRN-LDH nanosheets and PRN-LDHs
nanoparticles in PBS( n =3)

Group 0 0.5 1 2 4 6 h
CMC-PRN-LDH nanosheets 145.2 151.5 147.3 152.9 158.6 167.1
PRN-LDHs nanoparticles ~ 212.7 246.3 389.4 422.6 580.3 >1 000

3.5 #24 LDH %k 8 Ak shEak

PRN ¥ i . CMC-PRN %7 .CMC-PRN-LDH %}
KRB A4 S PRN-LDHs 4 |2 44 K i 5 T 7E PBS
R £k W 6 TR, PRN I CMC-PRN %
TR PP ORI, 2 h RS 4, B BT o
A—%, 5 PRN & AH L, CMC-PRN-LDH 4K F¢
&4 W PRN-LDHs Jfi 2404k 40 S LA Bk,

12 h 254 R RUR L E 53 3 43 5l oy 70. 44% Fi
44.21% , PRN-LDHs ¥ J2 44 % % 5 CMC-PRN-
LDH 4Kk i & & WA L, 25 B d B BT 2248
PRoh BEUB IR, ST MIPF RS R 5 W
T X2 W BT AS 7], 2549)-LDHs 4 ]2 40
DKL R TR 3 A A B 5 48 0 2 Al ol i > i
Fio 7 pH 7.4 200N, 254 PBS iR 2
SR 2553 SR BT ) B A o S
PRN-LDHs ff J2 44 K02 MK & F2E AR, /2 (8] PRN
5 LDH JZR &5 Ty, 8o 8 283 L K, &
KRG RS H R BUR R AK. A b PRN-
LDHs ¥ |2 4/ K ki, CMC-PRN-LDH 44k F 5 &4
H1 PRN 3BT LDH J2 A4 2% 1M, B6 25 5 g RE ik
A e B B T e, PR TR A G e
PRN-LDHs $f J22 44 K 76 B8 50 52 36 2o At v 475 8%
M REDTTEI G, vT R 5 BN o Hh K B 1
#EAGZ Hr 42 5] 2 PRN-LDHs 4 J2 40 5K ki AS £ a8
AR,

120 1
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Figure 6  Accumulative release-time profiles of PRN, CMC-PRN,
CMC-PRN-LDH nanosheets and PRN-LDHs nanoparticles (x +s,n=3)

3.6 #7Z5 LDH 9y R 2 &9 id R £ R B &R
HRE A F

TIFEHR 2525 J5 PR ¥ B8 Bifi i 7] SiE K 5 8 U
s LA L E 7, B I AT CMC-PRN il 5]
ALREREINE] 2 h JIH I i PRN MR, 1 CMC-
PRN-LDH il 7] 41 °] Ak %) 4 h p9iH W H ) PRN
W . PRN-LDHs 45 )2 40 oK i il 570 13 il A5 ) 2]
10 min JHYE H PRN ¥k B, H 2 RB K, 456018
TRHMRGE P AR SNBSS A, #E0 H F+ PRN-LDHs
THZARRI R E P 2, HARIMB A 58 4, R i
FETHV P TR AT ORI o PK Solver 34, AR
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L7 6, CMC-PRN JiR¥E 9 AUC,,, Fi1 MRT 43 5
Ji BRI 124 F1 111 4%, CMC W] fF — 2 &
JE b AR 2 AR R R i R R IR AN B
CMC-PRN-LDH 44K Jv & &5 )i IR K AUC,,, F
MRT 4351 by ol B il 50 1) 4. 18 F1 1. 79 £, HA
EERE (P <0.01) ,i3X A B 5 LDH 4K A &
53 1) 2 THT T I AH G, LDH 442K F 0] 58 2 S kA
55 78 555 1 A TSR 45 B85 T 1) 6 2 AR AR T, O
T JEE 4 245 ) A HIR 308 %) s B B 1]
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Figure 7 Concentration-time curve of PRN in tear samples of commer-
cial PRN eye drops,CMC-PRN and CMC-PRN-LDH nanosheets formu-

lations (x +s,n=6)

Table 6 Pharmacokinetic parameters of commercial PRN eye drops,

CMC-PRN and CMC-PRN-LDH nanosheets formulations (x +s,n=6)

Group AUC4,/ (g min/mL) MRT/min
Commercial PRN eye drops 34.05 +3.13 18.69 +3.68
CMC-PRN 42.35£6.51" 20.79 +1. 84

CMC-PRN-LDH nanosheets 142.28 +13.04 " " 33.51+£2.86" "

" P<0.05,"" P<0.01 vs commercial PRN eye drops group

3.7 CMC-PRN-LDH 24K i 5 &4 i R 49 IR 3R
FUP T

A R A R 7K 2H B R 45 24 ] 22 UK 45 245 O IR R
W24 73 %0 ) 2y 0.35 1, 72 iR CMC-PRN-
LDH 24K J 525 Wi R v 2H Bk 2 25 M 2 I 45 2
FRTHIR SRR P - 24 53 931 O 0. 58 F11 1. 46, R4
Draize B JIlECPE P40 b5 M, AT A0 CMC-PRN-LDH
YKL DRI O IR PR T A o

4 &

ABFFELIBTRY LDH 440K A 384, CMC A2
FE S % 1 CMC-PRN-LDH #iK 2 &4, AL
JEik i © PRN-LDHs 240N 83 oM

SENE , RAMNBEIAT o e AR IR W B AT I B 4,
F T PIRIE 2025 -LDH 90K E G Wik i 22
5t CMC-PRN-LDH 442K F &2 & W) (R S e e P4
b5, 7£ PBS HRES 18 B, S G iH W B I [a) 5
R AN LA 2§, T PRN-LDHs i /2 44
HALAGE TR , (RS B BUR TG, MR i B 45
REFBNR . VU EWF5ERY, LDH 49K [ 282y Ja
RE .5 S 1 24 ) 7 A S A8t B I I, Ay i g HLE
NS R A R T 2 2 ) B g AR S 1 A 4 0
FESRAL TR, A B N RTS8y
HEMNTTEZY LDH Q0K i 25PN 1975 2 1k
eI o
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