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Abstract

In this research, the release kinetics of atorvastatin, which is Received: 20 August 2023
a hydrophobic drug, from the drug-intercalated layered double hydroxide Accepted: 14 January 2024
(LDH) nanoparticles is investigated. For this purpose, LDH Page Number: 77-92

nanoparticles were synthesized by co-precipitation method, using two
mixing methods (magnetic stirrer and homogenizer) then, atorvastatin
was loaded between the layers of LDH nanoparticles. Synthetic LDH
particles were characterized by FTIR, XRD, and SEM tests. The SEM test
showed that, with the increase in the mixing speed in the synthesis,
the size of the particles decreased significantly. The XRD test also
determined that the crystallinity decreases as the particle size decreases,
which is due to the existence of more violations in the structure of smaller
particles. The d-spacing distance between the layers for LDH particles
was 7.8 angstroms before drug loading and increased to 33.3 angstroms
after drug loading. Visible ultraviolet spectroscopy was used to calculate
the amount of loaded drug and obtain the drug release pattern.
The obtained results showed that the amount of intercalated drug between
layers of synthesized LDH particles with the help of a homogenizer is
about 1.8 times more than the amount of drug loaded in LDH particles

synthesized through a magnetic stirrer. Drug release was also studied Keywords:

with four kinetic models of penetration-dissolution of zero order, first Layered Double Hydroxide,
order, Rigter-Peppas, and Higuchi. The study of the release kinetics of Drug intercalation,
atorvastatin drug from different samples showed that the Higuchi model Atorvastatin,

has the highest and the zero degree model has the lowest agreement with Kinetics of Release

the experimental results.
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Figure 1. (a) Schematic representation of LDH structure [5], and (b) chemical structure of atorvastatin.

1. Layered Double Hydroxide
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Table 1. Synthesis conditions of LDHs particles and drug loading amount

(The reaction time was 20 min and the washing solvent was deionized water).

Sample

Mg/Mn-LDH-M

Mg/Mn-LDH-H

Mg/Al-LDH-H
Mg/Mn-LDH-M-AT
Mg/Mn-LDH-H-AT
Mg/Al-LDH-H-AT

Mixing type Drug loading amount (%)

Magnetic stirrer

Homogenizer -
Homogenizer

Magnetic stirrer B
Homogenizer 352+1.2
Homogenizer 65.3+25

61.7+21

1. Spectrophotometer

2. Suspension
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Figure 2. FTIR spectra of LDH nanoparticles, atorvastatin and drug-loaded LDHs.

a
003
2
7]
=
(]
-
= 006
0 015 18
10 20 30 40 50
20
b
) —— Mg/Mn-LDH-H
—— Mg/Mn-LDH-H-AT
2 003
2
£
2.5 5.0 7.5 10.0 12,5
20

.Sa ¢S sbLlgy 4o Mg/Mn-LDH-H-AT ¢ Mg/Mn-LDH-H (slads o (b) 9 Mg/Mn-LDH-H & 9o (2) XRD (5 o811 ¥ i
Figure 3. XRD pattern of (a) Mg/Mn-LDH-H sample and (b) Mg/Mn-LDH-H and Mg/Mn-LDH-H-AT samples at small angles.

(1Y) by 9 340 0)loud — gy Juw = Ol (peud (i &g i




VYA & — ol g gl S

e dansS 9 3ad O1390L Jl uibiwly g5 (5915

—~

0000000000000 0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

LDH (5L b 1St 45 ol il 05 o (6 5ok 0
Jsl Gha 3 sl Lajsly 0y 5 ()l an > o 90 Jul
Sosban o oo plowl (g laSaiun b (lojem Loyl ol s
Sl U rlonts oS aiSTy gl o a5 ledius a5
00 Sl S oley Ghb leaius 5 o)l 0l cuo 8 ST
gt D3 BINI I e (o259 lml el g9d90 (l 5 3l
LS LSl g ols5 LY et pus g slsySad 5l ooliczal b Ll
plosl (lejed jobass laai s 0l oS CdS g oo iiw (o)
Sl @555 5 Sewl osgame SG 50 O3 slal aisys g 095 o0
Oy olayl Gglas wod oo 8L 0 palai 3l as (6 K0 &S5 0l
S 3 sl G 55 sl ailols 0 5,00 )5, 3l
S gy g phite a5l @l,d JSE s o [ gl 6,080
JALDH zhas (55, 45 (25500 Slyd (s ,5 0l GiSeny Jdoa,
Slyd S vy Soym Jlod O3 adasels g [YAlclass 5
23 amsload G555 azlye o Vb (55, casiodz (g9l
029 95 72 50 9510 G ISk Sl 45 995 o0 000 SEM sl
o=l wloas azglS &3 50 g 0ad 55,5 &y b5lasl (g
S 2310 558050 32,50l (LS pm 4 Wl oo £9:090

Lloads ‘571Ja..» ods> a5 3¢ oalos

ouu 6105 5L (69,15 Hlado Cyni F-Y
Jo—b 0 UV-Vis v wead L oo a8 b gg)ls jlads
Al ol Jolin ;o g5l 9,50 LS logai g YO NM z5—
3® S bt slaasgel 53 0aB5 N5k (59l e
E9 5 i b, 0] Cwddy S el Cawlodsl (V) Jgaz

S9u> VO ;o e SYL degae ;a5 (V) 1) Sy oo degorne
o Aol 6 1 Soslasl (gl g 09 o ol (Cu Ko Liuls (sl #+°
5O+ )) lacSy degomme 39,00 50 Y ;0 (5318 (555 50
35 6Nl g il oY pleduzr o5 Gl sbaasly o (+1))
2 Ol 5 55 slaSly s o lis | e (28,5 )| Bea
WX ul—“’ I, LDH la ol (a-(V)) JS 3 =S 6Lm4i5|)'
Cols 905,00 S diged (K5l (e gl Sy ) el
4o yo g Sl Lol el )| b conlite o)l 5 55 slacsy
XRD 5 o [¥0l el la) T i jsb b canlite Sy glis)|
Ologeo 09—:-;" 599380k 51 e (0-(Y)) UK o oalsonls oyl
4o (00 ) 35 5 oylie (Lol Cundse o sladgl; 0 YO
ol Y0 e ¥ Tecilanily ol cabgn o slay o dlols
VIA sl d o (b-(Y)) JSeis yo o liie g 3 S VYV
LDH bl jo saosgjélole ol S dasine Sy o ]
Sl 50wl SSTV/A () alols ol 2ol581.((Y) Jso) ol
98 among8lbe oo inSST YY/YA ay Mg/Mn-LDH-H-AT
0S e b 1) sl oloe Alols ioly 8l g eas¥ e ,o

(V) Jgoz)

s Mg/Mn-LDH-M-AT Mg/Mn-LDH-H Mg/Mn-LDH-M
o=l o @3 b5lasl a 595 Slog—ai Liol o M@/MN-LDH-H-AT
slml ghylo jluKen SeSay 00l yisew &ly396 a5 w0 lid
Jgere (by) b osdiin (S1)3 g Cel 63 S0)b @i 9 5 Sz sS
SloRes leolaiuwl a5 was o Hlis geb50 (pl LCawlodds aSglS

O D3 abasslS g oz eaa Sl Glie DS Ce s s

XR (9051 3 oaloswads (s ¥ SLALDH sladuaddis Y Jgua

Table 2. Charactristics of synthesized LDHs as obtained from XRD analysis.

Mg/Mn-LDH-H-AT
Mg/Mn-LDH-M
Mg/Mn-LDH-H

Mg/Al-LDH-H

d-spacing
2.64 33.394
11.34 7.96
11.27 7.95
11.34 7.96
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Figure 5. Cumulative drug release diagram from Mn/Mg-LDH-H-AT, Mn/Al-LDH-AT and Mn/Mg-LDH-M-AT
nanoparticles in PBS at 37 °C as (a) weight and (b) percentage.
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Table 3. The amount of initial release of the drug after 28 hours and release after 428 hours.
Release (%)

Mg/Mn-LDH-H-AT
Mg/Al-LDH-H-AT
Mg/Mn-LDH-M-AT

12 63
25 97
24 71
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Figure 6. Fractional drug release from different drug loaded LDHs. Experimental data points and predicted data from different
models; (a) Zero-order, (b) First-order, (c) Rigter—Peppas, and (d) Higuchi model (symbols represent the experimental
data and solid lines represent the predicted model).
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Table 4. Comparison of R2 value obtained from fitting experimental data to the different models studied.

Zero-order

Mg/Mn-LDH-H-AT 0.8412
Mg/Al-LDH-H-AT 0.8243
Mg/Mn-LDH-M-AT 0.8415

First-order

0.9949
0.8665
0.9464

Ritger—Peppas

Higuchi

0.9922 0.5434 0.9941
0.9938 0.4881 0.9978
0.9876 0.4372 0.9942

5 osdaslllas slaable ;o gl Gils, ,Sg5le a5 WS o sl

&S azeis ¥
LS 692t 99 9 (29w jm2 (B9l LDH Sl,39L (g cnl )0
FTIR sloggesl L s i GlugSon 5 (oupblisn (500 L)
059554 ysliwlg g1 (59,1 e 2 obidasie SEM g XRD
810! qu s ooy Oly3sil sl i (6 I35, LDH &34l
VYoM 05 85l uSilee b s Ll o 5 S L
il L as ols Lis SEM fgesl bl i oo YoM s
SolS s oble Jladedy &3 85Il i 5o LS s s
B 55 (Kinygb 5alS ISl 525 XRD il lis 5 b os
il 5,5 slaali 3525 3l ol Yaim! 45 59y 5S> oS
i) ps eSS VIA I LDH &3l sbaasy oy Aols
oli8l (gl (6,105 5l ) ﬁsf‘-*iﬂ YYIY a0 (g0 ,135,6
el ot Jiie 5SS Al 4 (1) Sy g 8L
Gl e & lowa (51, (UV-ViS) iul, 35 5
ool g)lo Lol se S 0 gl wsds § oo, 138 ,b
sz L LDH aldgil 5l usbinlg, sl (59 ks (5lwsli] Sitw
Jl dm s ho i s Je Juls  Joonl 358 (St Joe
il Sz Al ad (B3l (55 5 ol 7
iale, Sl a5 ols lis calises sladiges | pslinlg,gs]
i g3l 5 ceul Giule, Lo g 3 85lasl L8t cos
T Jame a5 ol lis mmlas 0ei oo ploml Sga5 bl

)l callas oy 36l 5l gsle ole, JLE) L

Clile faseis Copat] &) s oo Bdigas inle, 555 dulio |
Lgas ;o a5 (g sbas 0y o 5 LAY J31s )0 006 A5 (555l
)51 5l 6)S b Jlorie & iy 45 Mg/Mn-LDH-H-AT
oS le) 695 g oS Lo ol @ ola)
S S ey any Wl 9090 (il 09 o0 ovaline
sbad padp 5 Sl cnl o Gla¥ i o)lo lasSdse Siss3
Slodd px> 4S5 obay 09d bgpe 9l slaJsge b sl
5 ol Loz @y o JsSge 3548 5 o5 o Sl a5 Lol 51 s
PG g)ls slaggil 5 95 yaS 05l 00 ol B 1) Jobs Lyl 1
395 Ly MG/MN-LDH-M-AT Ligai 1o 555 L, ailgi oo
igad ayliio gloainJ,uS uls) (o8l (S (51051 jlade
algi oo Egmdge (pl o aS 05 oo 00y MG/MN-LDH-H-AT

25500l Cand dilabus @l 343L 83100l 4y
s 8lacily Sl (pig ol (i 9y Lo aged ] e
)3 55001 b syl b Linle, 5 ((F) JSE) ol 6555
S it (ol a5 shw (FSasS DS sd e J5US
S o sSse (uizpp sl olisS Loo)] 45 398 pans 5 30
s o ]y 055wl oo bl welas 518 U5l iy o
aS Iy il il s m 5 Folel Glale; g il laad
boee 4y LDH (o 5ls 5l g)ls 395 e 555 sk 851l 5o
245 ek ples —aas oo (i mls SsBise 5 SYeb Sls,
ole) (Ks5x St —Swl i (B) Ju 5 @ (7)) S
alllan 550 Blolw ds (gl io & o Aoles 5l ooliial L o
S 3g s Aobre olslyy 4 25 Kad Joe e enlie
a0l ot 3 (o @l b Glkail G it S (0 )
5 M/MN-LDH-H-A 8505 55 clys 3 ol — s, Js
G5 L ams e ol |y asd s 3l M/AI-DH-H-A

(1&=Y) Ylubig o 9 340 0 jlouds — gy Juw — Ol poud (e &3 puits

© 0000000000000 0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

YY-QY & po - ol g 1SS0

—

eSS 93 D1)39b I puiliwlg i T s9uld Lol ) St d=llao



VYA & — ol g gl S

e IS 95D c.'.')|)395U il Q.a.v“"l.'a'.wb),.'i' Sl

—~

0000000000000 0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

(1]

(2]

(3]

[4]

5]

(6]

[7]

(8]

(9]

[10]

[11]

Trucillo, P. (2022). Drug carriers: A review on the
most used mathematical models for drug release.
Processes, 10, 1094.

Ghafouri Taleghani, H., Salimi Kenari, H., and
Cheraghi., M. (2023). Investigation of the controlled
release behavior of amoxicillin  from dextran
hydrogels. Iranian Chemical Engineering Journal,
In press.

Daniel, S. and Thomas, S. (2020). Layered double
hydroxides: fundamentals to applications, in "Layered
double hydroxide polymer nanocomposites"”, Elsevier,
1-76.

Abdelgalil, R. M., Khattab, S. N., Ebrahim, S.,
Elkhodairy, K. A., Teleb, M., Bekhit, A. A., Sallam,
M. A., and Elzoghby, A. O. (2023). Engineered
sericin-tagged layered double hydroxides for
combined delivery of pemetrexed and ZnO quantum
dots as biocompatible cancer nanotheranostics. ACS

Omega, 8, 5655-5671.

Bi, X., Zhang, H., and Do, L. (2014). Layered double
hydroxide-based nanocarriers for drug delivery.
Pharmaceutics, 6, 298-332.

Zhang, K., Xu, Z. P., J. Lu, Tang, Z. Y., Zhao, H. J.,
Good, D. A., and Wei, M. Q. (2014). Potential for
layered double hydroxides-based, innovative drug
delivery systems. International Journal of Molecular
Sciences, 15, 7409-7428.

Shokrolahi, F., Latif, F., Shokrollahi, P.,
Farahmandghavi, F., and Shokrollahi, S. (2021).
Engineering atorvastatin  loaded Mg-Mn/LDH

nanoparticles and their composite with PLGA for
bone tissue applications. International Journal of
Pharmaceutics, 606, 120901.

Constantino, V. R. L., Figueiredo, M. P., Magri, V.
R., Euldlio, D., Cunha, V. R. R., Alcantara, A. C. S.,
and Perotti, G. F. (2023). Biomaterials based on
organic polymers and layered double hydroxides
nanocomposites:  drug  delivery and  tissue
engineering. Pharmaceutics, 15, 413.

Laipan, M., Yu, J., Zhu, R., Zhu, J., Smith, A. T., He,
H., O'Hare, D., and Sun, L. (2020). Functionalized
layered double hydroxides for innovative
applications. Materials Horizons, 7, 715-745.

Jijoe, P. S., Yashas, S. R., and Shivaraju, H. P.
(2021). Fundamentals, synthesis, characterization and
environmental applications of layered double
hydroxides: a review. Environmental Chemistry
Letters, 19, 2643-2661.

Malafatti, J. O., Bernardo, M. P., Moreira, F. K., Ciol,
H., Inada, N. M., Mattoso, L. H., and Paris, E. C.
(2020). Electrospun poly (lactic acid) nanofibers
loaded with silver sulfadiazine/[Mg-Al]-layered

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

&l
double hydroxide as an antimicrobial wound dressing.
Polymers for Advanced Technologies, 31, 1377-1387.
Cao, Y., Wu, X, Li, B, Tang, X., Lin, X., Li, P.,
Chen, H., Huang, F., Wei, C., and Wei, J. (2023).
Ca-La layered double hydroxide (LDH) for selective
and efficient removal of phosphate from wastewater.
Chemosphere, 325,138378.

Rives, V., del Arco, M., and Martin, C. (2014).
Intercalation of drugs in layered double hydroxides
and their controlled release: A review. Applied Clay
Science, 88, 239-269.

Gao, X., Lei, L., O'Hare, D., Xie, J., Gao, P., and
Chang, T. (2013). Intercalation and controlled release
properties of vitamin C intercalated layered double
hydroxide. Journal of Solid State Chemistry, 203,
174-180.
Trikeriotis, M.
Intercalation  of
antibiotics  in
International
176-184.
Choi, S.-J.,, Oh, J.-M., and Choy, J.-H. (2010).
Biocompatible  nanoparticles intercalated  with
anticancer drug for target delivery: pharmacokinetic
and biodistribution study. Journal of nanoscience and
nanotechnology, 10, 2913-2916.

Choy, J.-H., Jung, J.-S., Oh, J.-M., Park, M., Jeong,
J., Kang, Y.-K,, and Han, O.-J. (2004). Layered
double hydroxide as an efficient drug reservoir for
folate derivatives. Biomaterials, 25, 3059-3064.

Tran, H. N., Lin, C.-C., and Chao, H.-P. (2018).
Amino acids-intercalated Mg/Al layered double
hydroxides as dual-electronic adsorbent for effective
removal of cationic and oxyanionic metal ions.
Separation and Purification Technology, 192, 36-45.
Bohari, F. L., Sheikh, Mohd Ghazali, S. A. I,
Dzulkifli, N. N., Baharin, S. N. A., Fatimah, I., and
Poddar, S. (2023). Studies on the intercalation of
calcium-aluminium layered double
hydroxide-MCPA and its controlled release
mechanism as a potential green herbicide. Open
Chemistry, 21, 20220291.

Panda, H., Srivastava, R., and Bahadur, D. (2009).

and Ghanotakis, D. F. (2007).
hydrophilic and hydrophobic
layered  double  hydroxides.

Journal of Pharmaceutics, 332,

In-vitro release  Kkinetics and stability of
anticardiovascular drugs-intercalated layered double
hydroxide nanohybrids. Journal of Physical

Chemistry B, 113, 15090-15100.

Shah, S. R., Werlang, C. A., Kasper, F. K., and
Mikos, A. G. (2015). Novel applications of statins
for bone regeneration. National Science Review, 2,
85-99.

Iranian Chemical Engineering Journal — Vol. 23 - No. 136 (2025)



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Zhang, Y., Bradley, A. D., Wang, D., and Reinhardt,
R. A. (2014). Statins, bone metabolism and treatment
of bone catabolic diseases. Pharmacological
Research, 88, 53-61.

Gu, Z., Wu, A, Li, L, and Xu, Z. P. (2014).
Influence  of  hydrothermal  treatment  on
physicochemical properties and drug release of
anti-inflammatory drugs of intercalated layered
double hydroxide nanoparticles. Pharmaceutics, 6,
235-248.

Zhang, X.-Q., Zeng, M.-G., Li, S.-P., and Li, X.-D.
(2014). Methotrexate intercalated layered double
hydroxides with different particle sizes: structural
study and controlled release properties. Colloids and
Surfaces B: Biointerfaces, 117, 98-106.

Del Arco, M., Fernandez, A., Martin, C., and Rives,
V. (2009). Release studies of different NSAIDs
encapsulated in Mg, Al, Fe-hydrotalcites. Applied
Clay Science, 42, 538-544.

Gu, Z., Thomas, A. C., Xu, Z. P., Campbell, J. H.,
and Lu, G. Q. (2008). In vitro sustained release of
LMWH from MgAl-layered double hydroxide
nanohybrids. Chemistry of Materials, 20, 3715-3722.
Lonkar, S. P., Kutlu, B., Leuteritz, A., and Heinrich,
G. (2013). Nanohybrids of phenolic antioxidant
intercalated into MgAl-layered double hydroxide
clay. Applied Clay Science, 71, 8-14.

Muréath, S., Dvornikova, N., Moreno-Rodriguez, D.,
Novotny, R., Pospisil, M., Urbanova, M., Brus, J.,
andKovanda, F. (2023). Intercalation of atorvastatin
and valsartan into MgAl layered double hydroxide
host using a restacking procedure. Applied Clay
Science, 231, 106717.

Cunha, V. R., Petersen, P. A., Goncalves, M. B.,
Petrilli, H. M., Taviot-Gueho, C., Leroux, F.,
Temperini, M. L., and Constantino, V. R. (2012).
Structural, spectroscopic (NMR, IR, and Raman), and
DFT  investigation of the  self-assembled
nanostructure of pravastatin-LDH (layered double
hydroxides) systems. Chemistry of Materials, 24,
1415-1425.

Cao, F., Wang, Y., Ping, Q., and Liao, Z. (2011).

Zn—-Al-NOs-layered  double  hydroxides  with
intercalated  diclofenac  for ocular  delivery.
International  Journal  of Pharmaceutics, 404,

250-256.

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Eili, M., Shameli, K., Ibrahim, N. A., hmad, M. B. A,
and Yunus W. M. Z. W. (2015). The effect of the
divalent metal on the intercalation capacity of stearate
anions into layered double hydroxide nanolayers.
Journal of Industrial and Engineering Chemistry, 22,
63-69.

Shafiei, S. S., Solati Hashjin, M., and Salarian, M.
(2009). Evaluation of structure, thermal property and
drug release of nano-structure clay (layered double
hydroxide) containing ibuprofen. Iranian Journal of
Biomedical Engineering, 3, 119-125.

Jadam, M. L., Mohamad, S. A. S., Zaki, H. M., Jubri,
Z., and Sarijo, S. H. (2021). Antibacterial activity
and physicochemical characterization of
calcium-aluminium-ciprofloxacin-layered double
hydroxide. Journal of Drug Delivery Science and
Technology, 62, 102314.

Kong, F., Zhang, Q., Xie, Y., Ding, J., Zhao, H.,,
Zhang, Z., Ma, Z., Cong, H., and Meng, Z. (2023).
Controlled release of herbicides through glyphosate
intercalated layered double hydroxides and
enhancement of anti-scouring ability via
poly-l-aspartic acid and chitosan modification.
International Journal of Biological Macromolecules,
253, 126750.

Szabados, M., Gacsi, A., Gulyds, Y., Konya, Z.,
Kukovecz, A., Cséanyi, E., Palinkd, 1., and Sipos, P.
(2021). Conventional or mechanochemically-aided
intercalation of diclofenac and naproxen anions into
the interlamellar space of CaFe-layered double
hydroxides and their application as dermal drug
delivery systems. Applied Clay Science, 212, 106233.
Vy, N. T. T., Khanh, D. N. N., Khanh, P. D., Phat, N.
T., Anh, N. T., Nguyen, N. L., Anh, T.N.L., Vy,
N.N., Dan, L.T.M., and Phuong, N.T.K. (2023).
Drug-Intercalated Zn—Al-Layered Double Hydroxides
as Antibacterial and Anti-inflammatory Delivery
Systems for Wound Healing Applications. Journal of
Cluster Science, 1-14.

Celebioglu, A. and Uyar, T. (2020). Design of
polymer-free Vitamin-A acetate/cyclodextrin
nanofibrous webs: Antioxidant and fast-dissolving
properties. Food and Function, 11, 7626-7637.

(1&=Y) Ylubig o 9 340 0 jlouds — gy Juw — Ol poud (e &3 puits

YY-QY i po — o500 g ] S0

—

eSS 93 D1)39b I puiliwlg i T s9uld Lol ) St d=llao



