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a b s t r a c t

This paper describes the preparation of films of peptide (Glycy-l-Tyrosine, denoted as GlyTyr) interca-
lated layered double hydroxide (LDH) and its release performances. GlyTyr has been intercalated into
a magnesium–aluminum LDH, and the resulting film was fabricated by solvent evaporation method in
order to exploit new formulation in drug carrier especially used in skin medicament. Based on the results
of XRD, FT-IR, FT-IR-ATR, UV–vis, 13C NMR, ICP and elemental analysis, it was found that GlyTyr has been
successfully intercalated into LDH gallery. TG/DTA, in situ FT-IR, in situ XRD and polarimetry indicate
that the chemical stability of GlyTyr was enhanced significantly in the confined region of LDH galleries
compared with its pristine form. SEM reveals that the film thickness is about 12.6 �m with c-orientation
of LDH platelets (ab plane parallel to the substrate). In vitro release tests of the GlyTyr-LDH film in pH
n vitro release 7.4 phosphate buffered saline (PBS) showed that no burst release phenomenon occurred at the begin-
ning stage and a high release ratio of GlyTyr (91%) was obtained, exhibiting controlled release behavior.
Furthermore, the parabolic diffusion model was used to simulate the release kinetics of GlyTyr from the
LDH carrier, indicating that the external surface diffusion or the intraparticle diffusion via ion-exchange
is the rate-determining step in the release process. Therefore, this work demonstrates that Mg/Al-LDH
is an effective inorganic matrix for the peptide storage and controlled delivery at the required time.
. Introduction

Many drugs are poor water-solubility, leading to difficulties
n efficient dose delivery and unwanted side effects. Addition-
lly, there are many cases where conventional drug administration
ethods do not provide satisfactory pharmacokinetic profiles

ecause the drug concentration rapidly falls below desired lev-
ls. Therefore, drug research is currently moving towards the
ontrolled drug release, which offers numerous benefits in
edicament, by retaining drug bioactivity, reducing side effects,

rolonging duration time, balancing drug concentrations within a
esired range and facilitating to the patient [1–3]. Furthermore,

reparation of surface coatings or thin films from nanostructure
aterials with controlled release performances plays an important

ole in drug release system [4]. Inorganic materials possess many
dvantages as drug carriers, for example, they have hydrophilic sur-
aces that increase their circulation time in blood; they exhibit good
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properties of stability, biocompatibility and ease of surface modifi-
cation. Moreover, they can be prepared as solids, colloids and thin
films to meet different needs [5]. Taking into account these aspects,
inorganic materials including layered materials and composites
[6], open framework materials [7] and metal oxides in the form
of nanoparticles [8] have drawn extensive attention and obtained
huge success over the past decades in drug delivery and controlled
release systems.

Layered double hydroxides (LDHs), one family of promising
inorganic solid matrixes [9–13], can be described by the general
formula [M2+

1−xM3+
x(OH)2]x+(An−)x/n·mH2O, where M2+ and M3+

are divalent and trivalent metal ions, respectively, and An− is an
exchangeable anion compensating for the positive charge of the
hydroxide layers [14]. Recently, some biocompatible LDHs have
attracted considerable attention as drug delivery materials due to
the following advantages: easy preparation, low cost, good biocom-
patibility, low cytotoxicity, full protection for the intercalated drugs
and good suitability in cellular and animal systems [15,16]. In order

to demonstrate the feasibility of LDH-based drug delivery systems,
a series of pharmaceutically active compounds, such as ibupro-
fen, diclofenac, gemfibrozil, naproxen, 2-propylpentanoic acid,
4-biphenylacetic acid and tolfenamic acid, etc., have been inter-
calated into LDHs [17–19]. Furthermore, the negatively charged

http://www.sciencedirect.com/science/journal/13858947
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rugs in the gallery space of LDHs would gain extra stabilization
nergy owing to the host–guest interactions, and thus their biolog-
cal activity and stability can be enhanced significantly. It has been
eported that the drug–LDH composites showed high chemical sta-
ility and even can be maintained as long as 4 years [20].

GlyTyr, a kind of dipeptide, is an important source of tyrosine
n animal and human body, which plays a crucial role in treating
enal failure, easing the adverse effects of stress, hypertension and
ementia [21]. Additionally, it can also serve as precursor for some
uperior drugs. However, both the chemical and stereochemical
tabilities of GlyTyr are unstable, and its oxidation, decomposition
s well as racemization occur easily under mild conditions [22]. All
hese disadvantages mentioned above restrict the use of GlyTyr. As
result, searching drug delivery and controlled release system is

n effective solution for overcoming such problems.
In our previous work, chiral drugs l-dopa and l-tryosine [23]

ere successfully intercalated into the gallery of LDH and the
esults showed that their thermal and chiral stabilities were
mproved remarkably after intercalation. In this work, we further
tudied the intercalation of GlyTyr into MgAl-LDH and investi-
ated the influences of host–guest interactions on its properties by
n situ XRD, in situ FT-IR and TG-DTA. Moreover, films of GlyTyr-
DH have been fabricated by a solvent evaporation method in
his work, for the purpose of exploring its new type of con-
rolled release formulation for drug. Films of drug system would
e ideal for delivery of drugs in the oral cavity or in skin, due
o its flexibility and comfort relative to adhesive tablets. It can
lso circumvent the relatively short residence time of oral gels on
he mucosa, which is easily washed away and removed by saliva
24]. Many studies on polymer films as drug carrier have been
eported in recent years [25,26], but the side effects of organic
atrixes cannot be neglected. In this work, inorganic film of GlyTyr-

DH with good biocompatibility was prepared, and its application
s a novel release formulation for drug was investigated. The in
itro release behavior of GlyTyr from the film formulation was
tudied, and the results show that this drug–LDH film exhibits

high release ratio (91%) in pH 7.4 PBS solution. Therefore, it
s expected that the LDH-based inorganic film in this work can
erve as a feasible peptide carrier for the potential applications in
osmetic such as skin protection, transdermal therapy and tissue
egeneration.

. Experimental

.1. Materials

GlyTyr (purity ≥99.7%) was purchased from Sigma–Aldrich
nd used as received. Other inorganic chemicals including
g(NO3)2·6H2O, Al(NO3)3·9H2O, Na2CO3 and NaOH, were pur-

hased from the Beijing Chemical Co. Limited and used without
urther purification. The deionized and de-CO2 water was used in
ll the experimental processes.

.2. Preparation of GlyTyr-LDH powder

NO3–MgAl/LDH precursor was synthesized by the hydrother-
al method reported previously [27]. GlyTyr-LDH was prepared

sing a coprecipitation method. A mixed solution (50 ml) of 0.2 M
g(NO3)2·6H2O and 0.1 M Al(NO3)3·9H2O was added dropwise

o a solution (50 ml) of 1.0 M NaOH and 0.3 M GlyTyr with vig-

rous agitation under a nitrogen atmosphere. The mixture was
ged at 65 ◦C for 24 h after the solution pH was adjusted to
.0 by 1.0 M NaOH. The resultant suspension was separated and
ashed thoroughly using deionized water, and dried at 70 ◦C for

4 h.
Journal 157 (2010) 598–604 599

2.3. Preparation of GlyTyr-LDH film

Thin films of GlyTyr-LDH were fabricated by the solvent evap-
oration method. The GlyTyr-LDH powder (0.05 g) was suspended
in water (20 mL) and treated in an ultrasonic bath (99 W, 28 kHz)
under N2 atmosphere for 5 min. After filtration using a membrane
filter (0.2 �m, Millipore, in order to obtain uniform LDH particles),
5 mL of GlyTyr-LDH suspension was dropped onto quartz substrates
(1 cm × 3 cm, 0.013 g of GlyTyr-LDH) and dried in vacuum at 70 ◦C
for 24 h. All the quartz substrates were pretreated in an aqueous
H2O–NH4OH (3:7, v/v) solution for 30 min, followed by a thorough
rinsing with deionized water.

2.4. In vitro GlyTyr release test from GlyTyr-LDH film

A multipoint working curve was made. A series of solutions in
simulated intestinal fluids (phosphate buffers with pH 7.4) with
the concentration of GlyTyr in the range 0–100 ppm were prepared.
The UV absorbance of the solution at 275.0 nm was plotted vs. the
concentration of GlyTyr, and the multipoint linear working curve
was obtained: conc. = 0.2461A − 0.0362, where R = 0.99989.

Drug release tests were carried out at constant temperature
(37 ◦C) by immersing the film on quartz substrate in a quartz cell
with 5 ml of phosphate buffered saline (PBS, pH 7.4). The released
GlyTyr was measured at predetermined time by UV–vis absorbance
at 275.0 nm. In order to determine the drug content correspond-
ing to total release, Na2CO3 (0.53 g) was dissolved in a suspension
with the above composition and the mixture was shaken for 2 h,
and the concentration of GlyTyr was also measured by the method
described above. After the release test, the GlyTyr-LDH film was
washed and dried at 70 ◦C for 24 h in vacuum, followed by the mea-
surement of XRD. This residue was named as GlyTyr-LDH-R film.

2.5. Characterizations

Powder X-ray diffraction (XRD) patterns were recorded
on a Rigaku XRD-6000 diffractometer using Cu K˛ radiation
(� = 0.154 nm) at 40 kV, 30 mA, a scanning rate of 5◦ min−1, and a 2�
angle ranging from 3◦ to 70◦. The Fourier transform infrared (FT-IR)
spectra were recorded using a Vector 22 (Bruker) spectropho-
tometer in the range 4000–400 cm−1 with 2 cm−1 resolution. The
standard KBr disk (1 mg of sample in 100 mg of KBr) was used.
The UV–vis spectra were recorded on a Shimadzu UV-2501PC
spectrometer in the wavelength range 200–700 nm, and the quanti-
tative analysis was performed at 275.0 nm. Microanalysis of metals
was performed by inductively coupled plasma (ICP) emission spec-
troscopy on a Shimadzu ICPS-7500 instrument using solution
prepared by dissolving the samples in dilute HNO3. Carbon, Hydro-
gen and nitrogen analyses were carried out using an Elementarvario
elemental analysis instrument. Solid-state 13C nuclear magnetic
resonance (NMR) spectra were run on a Bruker AV300 spectrome-
ter operating at a frequency of 75.467 MHz for 13C with a 5 s pulse
delay. The in situ FT-IR spectra were recorded using a Niclet 560
FT-IR spectrophotometer in the temperature range 25–285 ◦C with
a heating rate of 5 ◦C/min. The in situ XRD measurements were per-
formed on a PANalytical X’ Pert PRO MPD diffractometer in the
temperature range 25–505 ◦C under vacuum using Cu k˛ radia-
tion (� = 0.154 nm) at 45 kV, 35 mA. Scanning rate was 10 ◦C/min,
and the rate of temperature increase was 50 ◦C/min with a hold-
ing time of 3 min before each measurement. TG-DTA (30–700 ◦C)

was measured on a HCT-2 thermal analysis system under normal
atmosphere with a heating rate of 10 ◦C/min. Optical rotation mea-
surements were carried out on a WZZ-1S automatic polarimeter
at 589.3 nm (Na D-line). The SEM micrograph was recorded on a
Hitachi S-3500N scanning electron microscope.



600 X. Kong et al. / Chemical Engineering Journal 157 (2010) 598–604

F
G

3

3

s
c
R
t
G
a
d
g
o
L
t
h
e
[
s
p
b
t
w
c
M
fi
(
r
o
t

t
I
3
t
b
1
t
a
t
m
t
a

C(9, 10) and 115 ppm C(11). Compared with pristine GlyTyr, all the
resonances in the spectrum of GlyTyr-LDH (Fig. 4b) shifted down-
field by ca. 4 ppm, especially C(4) (by ca. 11 ppm), which is related to
the host–guest interactions (including electrostatic attraction and
ig. 1. XRD patterns of (a) NO3–MgAl/LDH, (b) GlyTyr-LDH powder sample and (c)
lyTyr-LDH film.

. Results and discussion

.1. Characterization of GlyTyr-LDH composite

The powder XRD patterns of the NO3–MgAl/LDH precur-
or and the product GlyTyr-LDH are shown in Fig. 1. In each
ase, the reflections can be indexed to a hexagonal lattice with
-3m rhombohedral symmetry, which often used for the descrip-
ion of LDH structures [28]. The basal diffraction (0 0 3) of the
lyTyr-LDH (Fig. 1b, 2� = 6.64◦, d0 0 3 = 1.33 nm) shifted to a lower
ngle compared with that of NO3–MgAl/LDH (Fig. 1a, 2� = 10.38◦,
0 0 3 = 0.88 nm), indicative of intercalation of GlyTyr into LDH
allery. Moreover, the (1 1 0) reflection (2� = 61◦) showed no obvi-
us shift, indicating that no significant change occurred in the
DH host layers along with intercalation of GlyTyr. In the case of
he GlyTyr-LDH film (Fig. 1c), a series of reflections (h, k /= 0) at
igh angle disappeared as expected, which is an evidence for an
xtremely well c-oriented assembly of LDH platelets in the film
29]. However, it can be seen that the (0 0 3) reflection of the film
ample moved to higher 2� value compared with its powder sam-
le. This might be related to the different content of interlayer water
etween the two samples, although the drying temperatures are
he same during the synthesis process. The content of interlayer
ater imposes influence on the interlayer distance, which will be

onfirmed by the in situ high-temperature XRD in the next section.
oreover, the edge view of SEM image (Fig. S1A) shows that the

lm thickness is about 12.6 �m with c-orientation of LDH platelets
ab plane parallel to the substrate). This is consistent with the XRD
esult in Fig. 1c. As shown in Fig. S1B, no delamination or peeling
ccurred upon cross-cutting the surface, indicating high stability of
he film.

The FT-IR spectra of the solid products are shown in Fig. 2. For
he sake of clarity only the main absorption bands were listed.
n the spectrum of GlyTyr (Fig. 2a), the bands at 3361, 3151 and
067 cm−1 can be attributed to �(N–H), �(O–H) and �(Ar–H) vibra-
ions, respectively. The bands centered at 1670 and 1242 cm−1

elong to C C, C–N stretching vibrations and those at 1526 and
154 cm−1 due to ı(N–H) and ı(O–H) deformation modes, respec-
ively. The spectrum of NO3–MgAl/LDH precursor (Fig. 2c) shows
broad absorption band at 3450 cm−1 due to the stretching vibra-
ion of the hydroxyl group in the LDH layers and interlayer water
olecules. The band at 1384 cm−1 belongs to the stretching vibra-

ion of NO3
−. In the case of GlyTyr-LDH (Fig. 2b), the broad

bsorption peak at about 3450 cm−1 is assigned to O–H group
Fig. 2. FT-IR spectra for (a) pristine GlyTyr, (b) GlyTyr-LDH powder and (c)
NO3–MgAl/LDH.

stretching and deformation vibration of the hydroxide basal and
interlayer water molecule. Moreover, some characteristic bands of
GlyTyr were observed at 1668, 1608, 1420 and 1208 cm−1. Mean-
while, the band at 1384 cm−1 assigned to the stretching vibration
of NO3

− disappeared, indicating that GlyTyr has been successfully
intercalated into LDH gallery. Furthermore, Fig. 3 displays the FT-IR-
ATR spectra of pristine GlyTyr, GlyTyr-LDH powder and GlyTyr-LDH
film sample, respectively. In Fig. 3a, the strong bands at 2850 and
2915 cm−1 belong to �(CH2); bands at 1653 and 1543 cm−1 are
attributed to absorption of amide group. All these typical bands
were observed in the GlyTyr-LDH powder and film samples (Fig. 3b
and c). Both the FT-IR and FT-IR-ATR results confirm that the chem-
ical structure of GlyTyr remains unchanged in the GlyTyr-LDH
powder and film samples.

Solid-state 13C NMR was used to further confirm the interca-
lation of GlyTyr into LDH gallery. The spectrum of GlyTyr (Fig. 4a)
displays the resonances at 33 ppm C(1), 178 ppm C(2), 43 ppm C(3),
166 ppm C(4), 55 ppm C(5), 155 ppm C(6), 132 ppm C(7, 8), 130 ppm
Fig. 3. FT-IR-ATR spectra for (a) pristine GlyTyr, (b) GlyTyr-LDH powder and (c)
GlyTyr-LDH film.
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The in situ XRD patterns of the intercalation product in the tem-
perature range 25–505 ◦C are presented in Fig. 6. It can be observed
that the (0 0 3) reflection of GlyTyr-LDH moved to higher angle

Fig. 5. A possible schematic representation for the GlyTyr-LDH.
Fig. 4. Solid-state 13C NMR spectra of (a

ydrogen bonding). Based on the results above, it can be concluded
hat GlyTyr has been intercalated into the gallery of LDH.

In order to demonstrate whether the GlyTyr still keeps its
tereochemical structure in the gallery space of LDH, the optical
otation of GlyTyr before and after intercalation into Mg/Al-LDH
as measured. It was found that the value of specific optical rota-

ion for the intercalated GlyTyr (˛20
589.3 = 47.6◦, 1 M HCl) does

ot decrease obviously compared with that of the pristine Gly-
yr (˛20

589.3 = 48.7◦, 1 M HCl), indicating that no racemization of
lyTyr occurs during the intercalation process. According to the
lemental analysis data: Mg 16.8%, Al 8.58%, C 18.0%, H 4.92%, N
.56%, the Mg2+/Al3+ molar ratio determined experimentally for
he composite is 2.2, which is approximately equal to the nomi-
al ratio (2.0). The C/N ratio (5.9) is larger than that of pure GlyTyr
5.5, based on the molecular formula C11H14N2O4), indicating little
mount of CO3

2− coexisting in the gallery. Based on the elemen-
al data, the chemical formula of GlyTyr-LDH can be expressed by

g0.68Al0.32(OH)2(C11H13N2O4)0.18(CO3)0.07·1.25H2O. The content
f intercalated GlyTyr anions accounts for 56.2% (molar percent-
ge) in the total guest anions, relative to the chemical composition
f CO3-LDH (Mg0.68Al0.32(OH)2(CO3)0.16·0.10H2O).

.2. The structural model

On the basis of the basal spacing d0 0 3 of 1.33 nm for the GlyTyr-
DH observed by XRD, and subtracting the thickness of brucite layer
0.48 nm), the gallery height is calculated to be 0.85 nm, smaller
han the length of GlyTyr (1.12 nm × 0.51 nm × 0.45 nm, calculated
ith quantum chemistry at B31YP/6-31G (d,p) level). By virtue of

he presence of one carboxyl group, two amino groups and one
ydroxyl group in its structure, GlyTyr shows a three-step ion-

zation in water solution (pKa1 = 2.93, pKa2 = 8.45, pKa3 = 10.49).
ccording to the synthesis condition of pH 9.0 in the coprecipitation
rocess, the distribution coefficient of the monovalent anion was
alculated to be 77.3%, indicating its overwhelming majority in the
nterlayer gallery of LDH. Therefore, it is proposed that the GlyTyr

nions are accommodated in the interlayer region as a monolayer of
pecies with the carboxyl of individual anions alternately attaching
o the upper and lower hydroxide layers. The host–guest inter-
ctions consist of electrostatic attraction between the positively
harged host layers and negatively charged guests, as well as the
ine GlyTyr and (b) GlyTyr-LDH powder.

hydrogen bonding formed among host layers, guest anions and
interlayer water molecules. The schematic representation of the
probable arrangement for GlyTyr-LDH is shown in Fig. 5.

3.3. Investigation of thermal stability of GlyTyr-LDH
Fig. 6. In situ XRD patterns for the thermal decomposition of GlyTyr-LDH in the
temperature range 25–505 ◦C.
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290 min) was observed. The early fast release is possibly attributed
to the release of GlyTyr anions from external part of the lamellar
structure. Then the slow release is due to the exchange of drug in
the internal part of the lamellae with anions in PBS. The extended
time period for GlyTyr to release from LDH matrix is largely due
Fig. 7. In situ FT-IR spectra for the thermal deco

� upon increasing temperature. Correspondingly, the d0 0 3 basal
pacing decreased from 1.33 nm (25 ◦C) to 1.09 nm (185 ◦C). The
bserved contraction (0.24 nm) can be attributed to the loss of
ydrogen bonding resulting from the deintercalation of interlayer
ater molecules, for it is approximately close to the dimension

f the hydrogen bonding space (0.22 nm) [23b]. Additionally, the
0 0 3) reflection of GlyTyr-LDH moved to lower angle from 185 to
05 ◦C, possibly due to the occurrence of condensation reaction of
lyTyr anions. This will be further confirmed by the in situ FT-IR
pectra (Fig. 7B). Moreover, the intensity of (003) reflection signifi-
antly declined from 225 to 305 ◦C, due to the decomposition of the
uest and partial dehydroxylation of the host layer. As the tempera-
ure rose to 465 ◦C, the complete decomposition of interlayer guest
nd collapse of the layered structure occurred, as shown by the dis-
ppearance of characteristic reflections of LDH and the observation
f MgO reflections at 46.1◦ and 62.8◦.

Besides the in situ XRD patterns, in situ FT-IR was used to record
he infrared spectra during the decomposition process. For pris-
ine GlyTyr (Fig. 7A), the first change occurred between 25 and
05 ◦C. The bands of �(C O) at 1670 cm−1, �(C–N) at 1242 cm−1

nd �(N–H) at 3361 cm−1 disappeared at 105 ◦C, indicating that
lyTyr began to decompose at this temperature. Furthermore, two
ew absorption bands at 1330 and 1230 cm−1 corresponding to
mine appeared at the temperature of 185 ◦C, indicative of con-
ensation reaction occurred between GlyTyr anions. In contrast, in
he case of GlyTyr-LDH (Fig. 7B), no significant change in the main
bsorption bands of GlyTyr was observed between room temper-
ture and 145 ◦C, indicating that the intercalated guest is stable in
his temperature range. However, the band intensity (�C–H of the

ethyl at about 1375 cm−1) decreased remarkably as the tempera-
ure increased from 165 to 285 ◦C, implying that the decomposition
f intercalated GlyTyr begins at 165 ◦C. In addition, a new band at
bout 1330 cm−1 belongs to amine appeared at the temperature of
05 ◦C, indicating the condensation reaction of GlyTyr anions. The
esults reveal that the thermal stability of GlyTyr was improved
hen intercalated into LDH gallery.

The thermal decomposition of GlyTyr and GlyTyr-LDH was also
tudied by TG-DTA (Supporting Information Fig. S2). The GlyTyr
sed as a reference sample (Fig. S2A) exhibits a sharp exothermic
eak at 172 ◦C in its DTA curve indicates that condensation reaction
ccurred at this temperature, in accordance with the result from
n situ FT-IR spectra (Fig. 7A). The sharp weight loss (300–550 ◦C)
an be attributed to the combustion of GlyTyr, with a very broad
xothermic peak observed at 520 ◦C in the DTA curve. In the case of
lyTyr-LDH (Fig. S2B), its thermal decomposition is characterized
y three steps: the first from room temperature to 200 ◦C results
ition of (A) pristine GlyTyr and (B) GlyTyr-LDH.

from the removal of the external surface adsorbed and interlayer
water molecules (ca. 5 wt%); the second one (200–350 ◦C) involving
a gradual weight loss, is due to the decomposition of GlyTyr and
dehydroxylation of the brucite-like layers; the third one shows a
sharp weight loss (350–450 ◦C) with the corresponding exothermic
peak at 420 ◦C in the DTA curve. Based on the results of in situ XRD, in
situ FT-IR and TG-DTA, it can be concluded that the thermal stability
of intercalated GlyTyr was enhanced significantly compared with
its pristine form.

3.4. In vitro release behavior of the GlyTyr-LDH film

In drug transport vehicles fields, much attention was paid to LDH
nanoparticles as drug carriers [17,18,30], but LDH-based film used
as drug carrier has not been reported to the best of our knowledge.
In this section, the inorganic film of GlyTyr-LDH used as a novel
release formulation for drug was investigated. The GlyTyr release
profile from GlyTyr-LDH film in PBS solution (pH 7.4) is shown in
Fig. 8, in which a release behavior with an early fast release of GlyTyr
(30% in the first 25 min) followed by a relatively slow release (91% in
Fig. 8. Release profile of GlyTyr from the GlyTyr-LDH film in PBS solution (pH 7.4).
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ig. 9. Plots of the two kinetic models of (A) modified Freundlich model and (B) pa

o the strong host–guest interactions. The mechanism of the drug
elease is very complex and not completely understood, which is
enerally classified as either purely diffusion or erosion controlled
31,32]. In order to further study the release behavior of GlyTyr
rom the LDH film, modified Freundlich model (Eq. (1)) [33] and
arabolic diffusion model (Eq. (2)) [34] were chosen to investigate
he release kinetics of this system:

M0 − Mt

M0
= kta (1)

(1 − Mt/M0)
t

= kt−0.5 + b (2)

here M0 and Mt are the drug content remained in the LDH film at
elease time 0 and t, respectively; k is the corresponding release rate
onstant, and a and b are constants whose chemical significance is
ot clearly resolved.

On the basis of the two kinetic models, the fitting results of
rug release profiles are given in Fig. 9. It can be seen that the
arabolic diffusion model can be better used to describe the drug
elease behavior (R = 0.99242) than the modified Freundlich model
R = 0.97647). Generally, the parabolic diffusion model elucidates
hat the release process is controlled by intraparticle diffusion or

urface diffusion. Therefore, the simulation results indicate that
he external surface diffusion or the intraparticle diffusion via ion-
xchange is the rate-determining step in the release process.

To further confirm the release mechanism, the GlyTyr-LDH film
fter release was characterized by XRD, which still keeps its layered

Fig. 10. The XRD patterns for (a) GlyTyr-LDH film and (b) GlyTyr-LDH-R film.
c diffusion model for the release of GlyTyr from the LDH composite, respectively.

structure (Fig. 10b). Compared with the GlyTyr-LDH film (Fig. 10a,
2� = 6.64◦), the (003) reflection of GlyTyr-LDH-R film shifted to
a larger angle (Fig. 10b, 2� = 10.3◦). The d0 0 3 value (0.89 nm) of
the GlyTyr-LDH-R film accords with the basal spacing of phos-
phate anions intercalated LDH (d0 0 3 = 0.88 nm) [35]. As a result, the
mechanism of GlyTyr-LDHs film release can be attributed to an ion-
exchange process between GlyTyr anions and phosphate anions
in the buffer. The morphology of the film was studied using SEM.
The GlyTyr-LDH film exhibits a surprisingly smooth and continu-
ous surface in the top view (Fig. S3A). In contrast, numerous small
rifts in the GlyTyr-LDH-R film were observed (Fig. S3B), possibly
owing to the contraction of interlayer distance of LDH during the
ion-exchange process confirmed by XRD (Fig. 10b). The SEM image
(Fig. S3B) shows that the GlyTyr-LDH film exhibits good corrosion
resistance and strong adhesion to substrates during the release
process.

4. Conclusions

GlyTyr has been successfully intercalated into the LDH gallery
by coprecipitation method, and the GlyTyr-LDH film with c-
orientation was fabricated by solvent evaporation method. The
results of in situ XRD, in situ FT-IR and TG-DTA exhibited that the
thermal stability of GlyTyr was enhanced markedly when interca-
lated into LDH. No racemization of GlyTyr was observed after its
incorporation into LDH through specific optical rotation measure-
ment. Furthermore, the inorganic film as drug carrier was examined
by in vitro release test, and the result showed that the GlyTyr-LDH
film in PBS solution (pH 7.4) exhibits a release behavior, with an
early fast release of GlyTyr followed by a relatively slow one. The
release kinetics of GlyTyr from the LDH carrier was described by the
parabolic diffusion model satisfactorily, indicating that the release
process was controlled by the external surface diffusion or intra-
particle diffusion. The host–guest interactions play an important
role in the guest stability and drug release performances. It is antic-
ipated that this inorganic film can serve as a promising material for
drug delivery in therapeutic efficacy especially in surface coatings
with controllable release properties.
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