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Amphiphilic block copolymer, poly(tert-butyl acrylate-co-ethyl acrylate-co-methacrylic acid), was well
established as building block for the preparation of negatively charged micelle, which contains
hydrophobic drug prednisone (PNS) in the core. The micelle was further intercalated into galleries of

Accepted 26 March 2009 magnesium-aluminum layered double hydroxide (LDH) for the study of drug carrier and release behav-

ior. Powder X-ray diffraction (XRD), Fourier transform infrared (FT-IR) and UV-vis spectroscopy indicate
Keywords: ) a successful intercalation of PNS-containing micelle between the LDH layers. The scanning electron
ll;?zjfigoi?ble hydroxides microscope (SEM) image shows that the as-synthesized drug/polymer-LDH composite exhibits com-
PTBEM pact microspheres morphology. The release behavior at different pH values was studied in detail, and it
Micelle was found that the release rate increases with the increase of pH value. Studies on mathematical mod-
Intercalation eling of drug release show that the system approaches a release mechanism described by approximately
Composite Fickian diffusion at pH 7.2 and exhibits anomalous transport at pH 6.4, while it shows the combination

In vitro release of diffusion through the matrix and degradation of the micelle at pH 4.8. The controlled release formu-
lations in this work indicate that this drug-containing composite has potential application in the field

of site-specific drug delivery to the colon (pH 7.2), taking advantage of the long transit time and almost

complete release.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Many drugs are only sparingly soluble in water, leading to
difficulties in efficient dose delivery and unwanted side effects.
Prednisone (PNS, shown in Scheme 1A) is a steroidal anti-
inflammatory drug, whose active form is only slightly soluble in
water, resulting in poor dispersion in physiological solutions as
well as difficulties in efficient dose delivery. Attempts to effi-
ciently deliver PNS or its derivatives involve encapsulation in
microspheres, microemulsions, polymeric micelles, and polymeric
implants [1-6].

Polymeric drug delivery systems can be used not only to max-
imize therapeutic activity while minimizing negative side effects,
but also to achieve temporal and distribution control in drug ther-
apy. Micelles formed by self-assembly of amphiphilic copolymers
combining hydrophilic and hydrophobic segments for drug deliv-
ery have attracted much attention because they possess several
advantages over other particulate carriers [7-10]. The main advan-
tages include: (1) an increase in water solubility of low soluble or
insoluble drugs, and therefore, enhancement of drug bioavailabil-
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ity; (2) protection of drug from deactivation and preservation of its
activity during circulation, transport to targeted organ or tissue and
intracellular trafficking [11].

Most importantly, the micelle drug carrier can be stimulus
responsive by introducing stimulus responsive building blocks
into the polymer structure, and these drug carriers made from
amphiphilic polymers have drawn tremendous attention over the
past decades [12-14]. One area in which these properties have been
exploited is targetable delivery of anticancer drugs. The temporal
control for a drug therapy could be achieved by the stimuli-
responsive property of the hydrophilic segment(s), whereas the
distribution control, particularly with respect to the treatment of
solid tumor, could be achieved by the cell affinity of the hydropho-
bic segment(s) via the enhanced vascular permeability of tumor
tissue compared to healthy tissue [15].

Oligo(methyl methacrylate) (0MMA) and poly(acrylic acid)
(PAACc) are known to be biocompatible materials [16]. This AB block
copolymer can form a micellar structure in which a hydropho-
bic core (0MMA) is surrounded by the bioadhesive polyelectrolyte
(PAAc) outer shell. A pH-sensitive carboxylic group in the hydropho-
bic segment could exert much stronger stimuli-response than that
produced by the stimuli-sensitive units in the hydrophilic segment
[17]. There is also speculation that pH-sensitive polymeric micelles
could be interesting therapeutic carriers since certain pathological
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Scheme 1. Chemical structures for (A) PNS and (B) PTBEM.

conditions (i.e. tumors) and cellular compartments (i.e. endosome)
are associated with a relatively acidic pH [15,18].

Layered double hydroxides (LDHs), also known as anionic clays,
are a class of host-guest layered solids with the general formula
[M2*1_,M3*x(OH), [**A"~ - mH, 0, where M?* and M3* are di- and
trivalent metal cations; A"~ denotes organic or inorganic anion
with negative charge n; m is the number of interlayer water and
X (=M3*/(M2* + M3*)) is the layer charge density of LDHs. Recently,
some biocompatible LDHs have attracted considerable attention
as drug delivery materials [19,20]. Khan et al. [19] reported that
a series of pharmaceutically active compounds can be reversibly
intercalated into a layered double hydroxide, and that these mate-
rials may have application as the basis of a novel tunable drug
delivery system. Gu et al. [21] reported the intercalation of LMWH
(low molecular weight heparin) into MgAI-LDH and its dynamical
release behavior. Tronto et al. [22] investigated citrate-intercalated
MgAIl-LDHs and found that the data followed the Higuchi square
root law during the release. Li et al. [23] reported that fenbufen-
intercalated LDHs as the core was coated with enteric polymers,
Eudragit® S100 or Eudragit® L100 as a shell, giving a composite
material which shows controlled release of the drug under in vitro
conditions.

Despite the progress of polymeric drug delivery systems (PDDS),
the delivery of active components using clinically approved
polymers remains a challenge. Methods such as encapsulation,
complexation or covalent conjugation are routinely used in drug
delivery research [11]. However, the resulting complexes formed
are often unstable in a physiological environment. Meanwhile,
most techniques used to achieve specific colonic drug delivery
rely on the variation in pH values through the gastrointestinal
(GI) tract, although enzymatic degradation by colonic bacteria has
been increasingly investigated in recent years [24-26]. The nor-
mal transit time [27] in the stomach (pH 1-2) is 2 h (although this
may vary) and the transit time in the small intestine is 2-3 h. In
order to enhance the stability of polymer-drug micelle and achieve
the controlled drug release at the targeted site with the influ-
ence of acceptable environmental changes, the immobilization of
polymer-drug micelle on a biocompatible LDH matrix is a feasible
choice.

In the present study, a new method of controlled PNS delivery
system using both polymer and LDH was developed. The method
involves two steps: firstly, PNS was encapsulated in an anionic
micelle derived from a biocompatible surfactant (poly(tert-butyl
acrylate-co-ethyl acrylate-co-methacrylic acid), PTBEM, shown in
Scheme 1B); secondly, the negatively charged PNS-loaded micelle
was intercalated into galleries of MgAI-LDH by coprecipitation

method. The pH-responsive release of this drug/polymer-LDH was
studied in detail by the dynamical simulation method. It was found
that the release rate increases with the increase of pH value, and a
long transit time (up to 78 h) and almost complete release (100%)
was obtained at pH 7.2. It can be therefore expected that the
controlled release formulation in this work provide potential appli-
cation in the field of site-specific drug delivery to the colon.

2. Experimental
2.1. Materials

Pyrene, prednisone (PNS) (98% purity) and poly(tert-butyl
acrylate-co-ethyl acrylate-co-methacrylic acid) (PTBEM) were pur-
chased from Sigma-Aldrich and used as received. Other analytical
grade chemicals including Mg(NOs),-6H,0, Al(NOs3)3-9H,0 and
NaOH, were purchased from the Beijing Chemical Co. Limited and
used without further purification. Phosphate-citrate buffer solu-
tions were used at 37 °C.

2.2. Characterization of micelle formation

The formation of micelles was confirmed by a fluorescence
probe technique using pyrene [16]. The AB block copolymer PTBEM
and pyrene were suspended in distilled water, and fluorescence
and excitation spectra were measured using a fluorimeter for con-
centrations of the AB block copolymer varying from 0.0005 to
5 mg/ml. The fluorescence spectrum of pyrene at a fixed excitation
wavelength (Iex) of 339 nm, and the excitation spectrum at a fixed
emission wavelength (Iem ) of 393 nm were measured with constant
pyrene concentration of 6.0 x 10~7 M.

2.3. Synthesis of NO3-containing MgAl-LDH

The NOs-containing MgAl-LDH was synthesized by a procedure
similar to that reported previously [28]. A solution of magnesium
and aluminum nitrates (molar ratio 2:1) in deionized water, was
added dropwise to a solution of sodium hydroxide with vigorous
agitation under a N, atmosphere. The mixture was aged at 70 °C for
40h after the solution pH was adjusted to 10. The resulting white
precipitate was separated by centrifugation, washed thoroughly
with deionized water, and dried at 70°C for 18 h.

2.4. Synthesis of PNS/PTBEM intercalated LDH nanocomposite

PTBEM was dispersed in water with a concentration slightly
above the critical micelle concentration (0.625g in 200 ml). PNS
dispersed in acetone (50mg in 20ml) was added to the sur-
factant solution and stirred at 40°C under N, to allow for the
complete evaporation of acetone. An aqueous solution (50 ml) con-
taining NaOH (1.52 g, 0.038 mol) and a solution (50 ml) containing
Mg(NO3),-6H,0 (1.5414 g, 0.006 mol) and Al(NO3)3-9H,0(1.1306 g,
0.003 mol) (initial Mg/Al=2.0) were simultaneously added drop-
wise into the micellar solution under N, atmosphere with vigorous
stirring until the final pH of ca. 10 was obtained. The resulting
slurry was aged at 40 °C for 48 h. The product was filtered, washed
with water until the pH close to 7.0, and finally dried in vac-
uum at room temperature for 24 h. The product was denoted as
PNS/PTBEM-LDH.

2.5. Determination of the in vitro drug release rate

The release amount of PNS was measured by UV-vis spec-
troscopy [29]. A multipoint working curve was made. A series
of solutions in simulated gastrointestinal (pH 4.8), the ascending
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colon (pH 6.4) and intestinal fluid (pH 7.2) with the concen-
tration of PNS in the range 0-100 ppm were prepared. The UV
absorbance of the solution at 243 nm was plotted versus the PNS
concentration, and thus linear equations were obtained for the dif-
ferent pH values: conc.=34.54163A+0.03998, where R=0.99975
(pH 4.8); conc.=34.6098A+0.00402, where R=0.99952 (pH 6.4);
conc.=34.6498A+0.00412, where R=0.99922 (pH 7.2), respec-
tively.

A known amount of nanocomposite was stirred at the speed
of 100rpm in buffer solution (0.2 M) with specific pH value at
37°C. In a typical experiment, 0.5g of the hybrid in 200 ml of
buffer solution was used. At specified time intervals, 3 ml of solu-
tion was removed and filtered through a 0.2 wm syringe filter. The
accumulated amount of PNS released into the solution was mea-
sured momentarily using UV-vis spectrophotometer at 243 nm.
Runs were performed in triplicate. The release percentage profiles
were plotted versus time by using the characteristic absorbance at
243 nm. In order to determine the amount of drug corresponding
to total release, Na;CO3 (0.53 g) was dissolved in a suspension with
the above composition and the mixture was stirred for 2 h (carbon-
ate has a strong affinity for LDHs and can be expected to replace
all of the PNS in PNS/PTBEM-LDH by ion-exchange), and the con-
centration of PNS was also determined by the method described
above.

2.6. Characterization

Powder X-ray diffraction (XRD) measurements were performed
on a Rigaku D/MAX2500VB2 + [PC diffractometer, using Cu Ko radi-
ation (A =0.154 nm) at 40 kV, 200 mA, a scanning rate of 5°/min, and
a 26 angle ranging from 3° to 70°. Fourier transform infrared (FT-IR)
spectra were recorded using a Vector 22 (Bruker) spectropho-
tometer in the range 4000-400cm~! with 2cm~! resolution.
The standard KBr disk method (1mg of sample in 100 mg of
KBr) was used. UV-vis spectra were recorded on a Shimadzu
UV-2501PC spectrometer in the wavelength range 200-700 nm
after dissolution of samples in phosphate-citrate buffer solution,
and quantitative analysis was performed at 243 nm. The SEM
micrograph was recorded on a Hitachi S-3500N scanning electron
microscope operating at 20 kV. The sample was dispersed in water
thoroughly in an ultrasonic bath, dropped onto quartz glass sub-
strate, and allowed to dry.

3. Results and discussion
3.1. Verification of the formation of PNS-containing micelle

The formation of micelle from the amphiphilic block copoly-
mer was verified by a fluorescence probe technique using pyrene
[30]. The fluorescence spectra of pyrene in the presence of the
amphiphilic block copolymer (PTBEM) at a fixed Iex of 339 nm are
shown in Fig. 1B. It can be seen that the higher the PTBEM con-
centration, the higher the fluorescence intensity, indicating the
formation of micelle.

The excitation spectra of pyrene in the presence of the
amphiphilic copolymer at a fixed Iey of 393 nm are displayed in
Fig. 1A. The peak intensity increases with the increase of the con-
centration of PTBEM, especially at 339 nm. This is due to the fact
that pyrene in water has a very weak absorption at 339 nm, which
increases significantly when it is transferred into a hydrophobic
environment. This effect also supports the proposed micelle for-
mation. Fig. 2 shows the effect of the PTBEM concentration on
the intensity of 393 nm for the emission spectrum. Although the
intensity of 393 nm as a function of logarithm of the PTBEM con-
centration is constant below 316.2 mg/l, it increases dramatically
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Fig. 1. (A) Excitation spectra of pyrene in the presence of PTBEM at a fixed emission
wavelength (I ) of 393 nm. (B) Fluorescence spectra of pyrene in the presence of
PTBEM at a fixed excitation wavelength (Iex) of 339 nm. The pyrene concentration
was 6.0 x 10-7 M and the concentration of PTBEM was varied from 0.0005 to 5 mg/
ml (from bottom to top): 0.0005, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 2, 5 mg/ ml.

above that concentration, due to the formation of micelles as well
as the transfer of pyrene into the hydrophobic domain of the
micelle. This concentration can be defined as the critical micellar
concentration (CMC). Although the CMC of the amphiphilic block
copolymer obtained in this study is higher than that of the poly(N-
isopropylacrylamide-b-methyl methacrylate copolymer) micelle
(CMC=50mg/1)[17], it is much lower than that of typical poloxam-
ers (CMC=1-24g/l), indicating that this micelle is relatively stable
[16]. Based on the results above, it can be concluded that PTBEM
forms micelles in aqueous media with the CMC value of 316.2 mg/1.

3.2. Characterization of PNS/PTBEM-LDH nanocomposite

The powder XRD patterns of the NO3-MgAI-LDH precursor and
the product PNS/PTBEM-LDH are shown in Fig. 3. In each case, the
reflections can be indexed to a phase with R3m rhombohedral sym-
metry, commonly used for the description of the LDHs structure

[31]. The interlayer distance dgo3 value, representing the combined
thickness of the brucite-like layer (0.48 nm) and the gallery height,
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Fig. 2. The intensity of I393nm in the emission spectra as a function of logarithm

of PTBEM concentration. Aex =339 nm; [pyrene]=6 x 107 M. The critical micellar
concentration (CMC) of micelles self-assembled in aqueous media is 316.2 mg/I.
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Fig. 3. Powder XRD patterns of (a) NO3-LDH and (b) PNS/PTBEM-LDH.

is a function of the size and the orientation of intercalated anions.
For PNS/PTBEM-LDH nanocomposite (Fig. 3b), the basal reflection
(003) shifts to lower 26 angles (3.02°, dgo3 =29.33 A) compared
with that of NO3-MgAI-LDH (Fig. 3a, 26=10.88°, dgo3=8.13A),
indicating the intercalation of micelle into galleries of LDH. Com-
pared with the NO3-MgAI-LDH, the crystallinity of the organo-LDH
appears to be lower, as shown by the broadening and the decrease in
intensity of the XRD signals. Broadness and low intensity of these
reflections derive from the disordered layer stacking character of
the PNS/PTBEM-LDH nanocomposite and the polydispersity of the
interlayer copolymers.

UV-vis spectroscopy was used to investigate whether interca-
lation of PNS into the LDH host was associated with any change
in its chemical composition or environment. Fig. 4 shows the
UV-vis spectra of pristine PNS (Fig. 4a), pristine PTBEM (Fig. 4b),
the PNS/PTBEM micelle (Fig. 4c), the PNS/PTBEM-LDH composite
(Fig. 4d) and PNS released from PNS/PTBEM-LDH after 1 and 8 days
(Fig. 4e and 4f), respectively. It can be seen that pristine PNS exhibits
a strong absorption band at 243 nm (Fig. 4a), corresponding to the
™ — 7" transition of the drug, while pristine PTBEM displays no
absorption from 200 to 600 nm (Fig. 4b). When PNS was encapsu-
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Fig.4. UV-visspectraof(a) pristine PNS, (b) pristine PTBEM, (¢) PNS/PTBEM miicelle,
(d) PNS/PTBEM-LDH composite, (e) PNS released from PNS/PTBEM-LDH (1 day), (f)
PNS released from PNS/PTBEM-LDH (8 days).
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Fig. 5. FT-IR spectra of (a) pristine PNS, (b) pristine PTBEM, (c) PNS/PTBEM-LDH and
(d) NO3-LDH.

lated into the core of PTBEM micelle, the absorption band of PNS
resulting from ™ — 7* transition shifted to 260 nm (Fig. 4c), with
a red-shift of 17 nm compared with pristine PNS in solution. This
might be due to the occurrence of the J-aggregation of PNS in the
micelle core. Fig. 4d displays that a band at 249 nm was observed for
the sample of PNS/PTBEM-LDH composite, indicative of the inter-
calation of PNS-containing micelle into galleries of LDH. In order
to further confirm the existence of drug in the resulting compos-
ite, the released PNS from PNS/PTBEM-LDH was also determined.
Absorption bands at 246 nm (Fig. 4e) and 240 nm (Fig. 4f) were
observed for the released PNS from the PNS/PTBEM-LDH compos-
ite, with the intensity becoming dramatically stronger from 1 to 8

days release. The m — 1r* transition absorption of the released PNS
isvery close to the pristine one (243 nm), indicating its approximate

molecularity without aggregation. The results above indicate that
the PTBEM micelle containing encapsulated PNS was successfully
intercalated into the LDH host, which is consistent with the XRD
result.

The FT-IR spectra of pristine PNS, pristine PTBEM,
PNS/PTBEM-LDH and the NOs-LDH precursor are shown in
Fig. 5. For the sake of clarity, only the main absorption bands were
listed. In the spectrum of PNS (Fig. 5a), the band at 3350 cm~! can
be attributed to v(O-H) vibration. The strong absorption bands at
1712 and 1657 cm~! are characteristic of stretching vibrations of
ketone group. The band centered at 1612cm~! is assigned to C=C
stretching vibration. The other absorption bands below 1000 cm™~!
are attributed to 8(C-H) deformation modes. The spectrum of
NO3-LDH precursor (Fig. 5d) shows a broad absorption band at
3450cm~! due to the stretching vibration of the hydroxyl group
in the LDH layers and interlayer water molecules. The band at
1384cm~! is assigned to the stretching vibration of interlayer
NO3~. The spectrum of PTBEM (Fig. 5b) shows a broad band
(3494cm~!) corresponding to the stretching vibrations of the
OH group of PTBEM. The strong absorption bands at 1147 and
1258 cm~! are characteristic of the asymmetric and symmet-
ric stretching vibrations of O=C-0, respectively. The spectrum of
PNS/PTBEM-LDH (Fig. 5¢) displays a broad band (3600-3400cm™1)
due to the stretching vibrations of the OH groups in PNS, PTBEM
and interlayer water. Moreover, characteristic bands of PTBEM at
1735, 1258, 1147 cm~! were observed, confirming the intercalation
of micelle. Although the characteristic bands of PNS were not
observed for the sample of PNS/PTBEM-LDH, the UV-vis spectra
above demonstrate the presence of PNS in the composite. There
are two possible reasons for this result: (1) the movement of
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Fig. 6. The SEM image of PNS/PTBEM-LDH.

encapsulated PNS in the core of PTBEM micelle will be slower in
comparison to the movement of drug molecule out of core which
is more mobile [17]; (2) the actual concentration of PNS in the
PNS/PTBEM-LDH composite is too low to be adequately detected
using FTIR spectroscopy.

The morphology of the nanocomposite revealed by SEM is
shown in Fig. 6, which presents compact microspheres morphol-
ogy with particle size of 0.15-1.5 wm. Some agglomerates were also
observed due to the modification of LDH surface by organic micelle
intercalation.

Based on the basal spacing dgg3 of 2.93 nm for PNS/PTBEM-LDH
nanocomposite observed by XRD, the gallery height is calculated
to be 2.45nm by subtracting the thickness of the brucite layer
(0.48 nm). By virtue of the presence of carboxyl group of micelle
in its structure, it can be proposed that the core/shell micelle
(PNS/PTBEM) is accommodated between the galleries of LDH.
The interactions in the interlayer region consist of the electro-
static attraction between the positively charged host layers and
the negatively charged micelles, as well as the hydrogen bond-
ing formed among the host layers, the guest anions and the
interlayer water molecules. A schematic supramolecular structure
of PNS/PTBEM-LDH was tentatively proposed and presented in
Scheme 2.
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Fig.7. Release profiles of PNS from the nanocomposite in buffer solutions at different
pH values.

3.3. Invitro drug release behavior

It has been reported that in the stomach the pH is 1-2; in the
lower part of the small intestine (jejunum and ileum) the pH is
maintained at 7.5+ 0.4, then drops to 6.4+0.6 in the ascending
colon, and finally rises again to 7.0 +0.7 in the distal colon [23].
The ability of PNS/PTBEM-LDH nanocomposite to act an effective
controlled release vehicle for intestinal drug delivery was investi-
gated in a series of in vitro release experiments by monitoring the
time dependence of the concentration of PNS in simulated gastroin-
testinal and intestinal fluids (pH 4.8, pH 6.4 and pH 7.2).

The in vitro release properties of the drug have been investigated
by adding the PNS/PTBEM-LDH material to samples of simulated
gastrointestinal and intestinal fluid. Fig. 7 shows the release profiles
of PNS/PTBEM-LDH in solutions at pH 4.8, pH 6.4 and pH 7.2, respec-
tively, exhibiting that the accumulated PNS released into the buffer
solution increases with contact time. It was found that the release
rate is faster in the first 10h from the initial time of the experi-
ment, thereafter a slower release was observed, and equilibrium
was achieved after ca. 90 h. In the case of pH 4.8, the percentage of
PNS released from hybrid into the buffer solution is the lowest, as
shown in Fig. 7a. It was observed that the release amount of PNS
was 10% at the end of rapid release step. At equilibrium, it was esti-

Scheme 2. A possible representation for the structure of PNS/PTBEM-LDH nanocomposite.
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mated that 40% of PNS was released from the hybrid into the buffer
solution. For pH 6.4, the release amount was 20% and 60% at the end
of rapid release step and at equilibrium, respectively. However, the
release behavior at pH 7.2 was demonstrated to be the best: almost
100% of PNS could be released from hybrid into the buffer solution
at equilibrium.

It can be concluded based on the above results that the order
for both the release rate and amount of PNS is pH 7.2 > pH 6.4 > pH
4.8.This is rather different from the release behavior of intercalated
drugs upon LDHs reported previously, in which lower pH leads to
faster and more complete release of pharmaceutically active com-
ponents from LDHs [19,21,22,31]. Furthermore, it is worth noticing
that the burst release phenomenon at the beginning of release
test was inhibited significantly compared with the previous report
[19,23,31].

This difference can be explained by the proposed mechanism
of drug release from such nanocomposite, which involves an ion-
exchange process between guest micelles and phosphate anions in
the buffer and then the release of PNS from the micelles. Hence,
the following mechanism could be proposed for the release of PNS
from the nanocomposite:

(1) Diffusion of the micelle through the nanocomposite: the micelle
diffuses from the internal parts of the LDH to the external parts
(Fig. 8a).

(2) The micelle situated in the external parts of LDH is exchanged
by the phosphate anions in solution (Fig. 8b).

(3) Diffusion of the micelle in the solution (Fig. 8c).

(4) Degradation of the micelle and release of PNS from the core of
micelle (Fig. 8d).

(5) Diffusion of the released PNS in the solution (Fig. 8e).

The release rate of PNS from the PNS/PTBEM-LDH nanocom-
posite into the solution medium will ultimately be determined by
the slowest step of these processes. Generally, either step (1) or (4)
could be the rate-determining step. This will be further discussed
in the next section.

3.4. Mathematical modeling of drug release

The aim of this section is to utilize appropriate mathemati-
cal model to verify the hypothesis that the drug release from the
nanoparticulate system is either predominantly micelle degrada-
tion or diffusion controlled. This would also enable us to calculate
drug diffusivities and solubilities for nanoparticulate system, which
is a fundamental property of such a system and can prove to be very
useful for future studies.

The mechanism of drug release from matrices containing poly-
mer is very complex and not completely understood. Some systems
may be classified as either purely diffusion or erosion controlled
[32], while others exhibit a combination of these mechanisms [33].
The Korsmeyer-Peppas model (shown in Eq. (1)) was used to ana-
lyze drug release from pharmaceutical dosage forms when the
release mechanism is not well known or when more than one type
of release phenomena is involved [21,34,35].

M, /My = kt" +a (1)

Table 1
Interpretation of diffusional release mechanisms from polymeric spherical particles.

Release exponent (1) Drug transport mechanism Rate as a function of time
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0.43<n<0.85 Anomalous transport fr=!

0.85 Non-Fickian (OB
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Fig. 8. Schematic representation for the drug release processes of PNS from
PNS/PTBEM-LDH nanocomposite in a buffer solution.

where M; is the release amount of drug at time ¢; Mg the release
amount of drug at infinite time; k the kinetic constant; n an expo-
nent and « represents the drug released at zero time and accounts
for the initial burst [36]. The value of n is related to both the
geometrical shape of the formulation and the release mechanism.
For drug release from spherical particles, the value of n is used
in order to characterize different release mechanisms, as listed
in Table 1 [34,35,37,38]. The value of n is equal to 0.43 for pure
diffusion-controlled release (Fickian diffusion) and 0.85 for pure
non-Fickian mechanism; n<0.43 corresponds to the combination
of diffusion and erosion control; 0.43 <n<0.85 is due to anomalous
transport mechanism. Eq. (1) can only be used in systems with a
drug diffusion coefficient fairly concentration independent. For the
determination of the exponent n, the portion of the release curve
where M;/M;< 0.6 should only be used.

As aresult, based on the above theory of drug release from poly-
meric micro/nanoparticulate systems and according to the release
processes in Section 3.3 (Fig. 8), the relationship between n and
R (least-squares fit correlation coefficient) was given by Eq. (1)
(Fig. 9), and the fitting parameters are tabulated in Table 2. We fit
our experimental release data to theoretical release profiles given
by Eq. (1) and determined the value of the exponent n so as to
test our hypothesis. Fig. 10 shows the theoretical fit to experimen-
tal release data for PNS-loaded nanoparticles, in which satisfactory
fittings were obtained with coefficient values of 0.98123 (pH 4.8),
0.99698 (pH 6.4) and 0.99602 (pH 7.2). Based on the fitting results
above, Korsmeyer-Peppas equations are given below:

pH4.8 :M; /M = 7.16677t%230 1+ 0.44434 (2)
pH6.4 :M/M; = 1.58646t*%%0 1 18.63986 (3)
pH7.2 :M;/M; = 15.81623t%-386 1 3.07303 (4)

As illustrated in Table 2, the solution pH imposes a significant
influence on the drug release behavior for the PNS/PTBEM-LDH
nanocomposite. The system approaches a release mechanism

Table 2

Fitting parameters of drug release data to Korsmeyer-Peppas model.

pH k(h™) n o R

4.8 7.16677 0.230 0.44434 0.98123
6.4 1.58646 0.680 18.63986 0.99698
7.2 15.81623 0.386 3.07303 0.99602
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Fig. 9. The relationship between R and n for different release pH values: (A) pH 4.8, (B) pH 6.4 and (C) pH 7.2.

described by the combination of diffusion through the matrix
and the degradation of the micelles at pH 4.8 (n=0.230, Table 2).
Anomalous transport can be used to describe the release perfor-
mance at pH 6.4 (n=0.680, Table 2), with the lowest kinetic constant
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Fig. 10. Plots of Korsmeyer—Peppas kinetic model for the release of PNS from the PNS/PTBEM-LDH nanocomposite: (A) pH 4.8, (B) pH 6.4 and (C) pH 7.2.
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k. In the case of pH 7.2, the release behavior fits a mechanism
described by approximately Fickian diffusion (n=0.386, Table 2),
with the highest kinetic constant. This is in accordance with the
results that the fastest release rate and the highest release amount
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of PNS can be obtained at pH 7.2. Therefore, the controlled release
study in this work provides a novel pH-responsive drug release for-
mulation, and this drug/polymer-LDH composite can be applied for
the site-specific drug delivery to the colon (pH 7.2), by virtue of the
long transit time and almost complete release.

4. Conclusions

This work demonstrates a new approach to increase the sol-
ubility and prolong the transit time of the therapeutic with the
drug/polymer-LDH formulation for site-specific delivery. PTBEM
was well established as building blocks for the preparation of neg-
atively charged micelle containing hydrophobic drug PNS, and then
the micelle was further intercalated into MgAI-LDH for the study
of drug carrier and release. Potentially, the PNS is double pro-
tected from the physiological environment, first by the organic
environment of the micelle, and second by the durability of the
LDH. XRD displays an interlayer distance of 2.93 nm, and FT-IR
and UV-vis spectroscopy indicate a successful intercalation of PNS-
containing micelle into galleries of LDH. SEM image shows that the
as-synthesized drug/polymer-LDH composite possesses compact
and non-porous structure with particles size of 0.15-1.5 wm. The
intercalated structure of this nanocomposite was proposed. Fur-
thermore, the release behavior at different pH values was studied
thoroughly, and it was found that both the release rate and release
amount of drug increase with the increase of pH value. This is
rather different from the release behavior of pristine drug interca-
lated LDH, and can be explained by the release mechanism of drug
from such nanocomposite, which involves an ion-exchange process
between guest micelles and phosphate anions in the buffer and
then the release of PNS from the micelles. Mathematical modeling
of drug release show that the system approaches a release mech-
anism described by approximately Fickian diffusion at pH 7.2 and
exhibits anomalous transport at pH 6.4, while it shows the com-
bination of diffusion through the matrix and degradation of the
micelles at pH 4.8. As a result, the controlled release formulation
in this work provides a novel pH-responsive drug release system,
and this drug-containing micelle intercalated LDH composite has
potential application in the field of site-specific drug delivery to
the colon (pH 7.2), taking advantage of the long transit time (up to
78 h) and almost complete release (100%).
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