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ABSTRACT: A stable drug release system with magnetic targeting is essential in a drug
delivery system. In the present work, layered double hydroxide assemblies stabilized by
layer-by-layer polymer multilayers were prepared by alternative deposition of poly-
(allylamine hydrochloride) and poly(acrylic acid) species on composite particles of Fe3O4
and ZnAl-LDH and then covalent cross-linkage of the polymer multilayers by
photosensitive cross-linker. The successful fabrication was recorded by Zeta potential
and Fourier transform infrared spectrum measurements. The formed assemblies were
stable in high pH solutions (pH > 7). The drug loading capacity and release behavior of the
assemblies could be controlled by treatment with appropriate acidic solution, and were
confirmed by loading and release of a simulated drug, methylene blue. The formed
assemblies possessed enough saturated magnetic strength and were sensitive to external
magnetic field which was essential for targeting drug delivery. The formed assemblies were
multifunctional assemblies with great potential as drug delivery system.
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■ INTRODUCTION

Layered double hydroxide (LDH) is a hydrotalcite-like material
with exchangeable anions in the interlayer of the positive
brucite-like sheets. It has been extensively researched in
biomedicine-related fields, such as drug delivery and release,
due to its biocompatibility1−4 and colloidal stability.5−7

Additionally, LDH is easily degraded in acidic environments.8

Smart LDH nanohybrids show even more superiority; among
which magnetic LDH nanocomposites display promising
properties as drug vehicles due to their targeted drug delivery
by magnetic manipulation.9

Zhang’s group10,11 prepared core/shell magnetic LDHs
through in situ coprecipitation, where the LDH shells wreathed
the magnetic nanoparticle cores, and presented a pulsating drug
release behavior toward an on/off alternative magnetic field.
Recently, they improved the magnetic response of the magnetic
LDHs by alternating the magnetic nanoparticle cores with
magnetic clusters.12 Although introduction of magnetic
particles on LDH increases its response to external stimulation,
it brings about another disadvantage. The introduction of
magnetic particles on LDH decreases the stability of LDH
colloids due to the magnetic attraction of inter particles, so the
nanoparticles must be coated to prevent dissolution and
aggregation of magnetic nanoparticles under physiological
conditions (i.e., neutral pH and high salt concentration), to
protect against protein adsorption. As such, improvement of
the stability of magnetic LDHs in aqueous solution by surface
modification with organic species is essential.

Layer-by-layer (LbL) technique is a widely explored facile
nanofabrication method in construction of functional devices or
systems.13,14 The technique involves the alternative deposition
of species with complementary groups for chemical interactions
and could be employed effectively for interfacial modification of
particles.15,16 The Lin group17 modified the surface of
lignocellulosic fibers by LbL technique to increase their thermal
stability. Moya’s group18 adsorpted positive or negative
polyelectrolytes on nanotubes to prepare polyelectrolyte-coated
carbon nanotubes. In the present work, composite particles of
Fe3O4 and ZnAl(SDS)-LDH (Fe3O4/ZnAl-LDH) were used as
drug delivery systems and their surface was modified by LbL
deposition of poly(allylamine hydrochloride) (PAH) and
poly(acrylic acid) (PAA). However, because the interlayer
driving forces involved in LbL assemblies are generally weak
supramolecular interactions, the stability of the assemblies also
needs to be improved to widen their applications under
extreme conditions. In general, converting the interlayer forces
from weak supramolecular interactions to strong covalent
bonds is an efficient way. Among the applied methods, post-
cross-linkage of the as-prepared assembles is an easily
performed method. Generally, linkable groups such as
thermo-cross-linkable amino and carboxylic groups19,20 and
photo-cross-linkable phenyl azido21 and diazonium groups22
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are introduced in the block of LbL for post-cross-linkage.
Among these, the formation of stable LbL films using phenyl
azido groups is the most broadly used way because phenyl
azido groups can easily photolyze upon UV irradiation to
generate highly reactive nitrene intermediates that react with
almost all kinds of organic matters to form covalent bonds.23

Recently, small molecules with double post-linkable groups
were used to stabilize LbL films. Glutaraldehyde24,25 or
epichlorohydrin26 were used as cross-linking agents to
accomplish the bridging of amino groups in the building
blocks to obtain stabilized multilayers. Our group has used the
small photosensitive molecule 4,4′-diazostilbene-2,2′-disulfonic
acid disodium salt (DAS) as a post-linkage agent to modify
magnetic MMT.15

In the present work, Fe3O4/ZnAl-LDH composite particles
with pH responsibility and large drug capacity were modified by
LbL of PAH and PAA and then stabilized by DAS though post-
photolinkage. The drug loading ability and release behavior of
the covalently LbL stabilized LDHs toward a simulated drug,
methylene blue (MB), could be adjusted by treatment with
acidic and basic solutions and was monitored by UV−vis
measurement. The as-prepared assemblies possessed not only
magnetic response ability, but also adjustable drug loading
ability. Even more, the formed assemblies were stable under
physiological conditions due to the LbL modification. The
prepared LDH assemblies are a stable multifunctional drug
release system with controllable drug loading capacity and
release behavior.

■ EXPERIMENTAL SECTION
Materials. PAH (Mw = 15 000) was purchased from Sigma-Aldrich.

PAA (Mw = 240 000, 25% aqueous solution) was obtained from
Polysciences. DAS was purchased from TCI. MB was from Jingwen
Chemical Reagent Co., Ltd. All other chemicals and reagents were
obtained from Sinopharm Chemical Reagent Beijing Co., Ltd. (Beijing,
China). The reagents were all analytical grade and used without
further purification. Fe3O4/ZnAl-LDH composite particles with a Ms
of 4.40 emu/g were synthesized in our lab.27

Characterization and Measurements. Zeta-potential values and
particle size were measured using Zetasizer Nano ZS90 of Malvern
Instruments Ltd. Field emission scanning electron microscopy (FE-
SEM) images were acquired from a LEO-1530 operated at 5 kV.
Transmission electron microscopy (TEM) imaging was carried out on
an FEI TECNAI G220 transmission electron microscope. Atomic
force microscopy (AFM) measurements were performed with a Nano
Wizard atomic force microscope (SPA400 Probe Scan Microscope,
Japan). The Fourier transform infrared (FTIR) spectra in the 4000−
400 cm−1 region were obtained using a Perkin Elmer Spectrum 100
FT-IR spectrometer. KBr was used as a background material and disks
of samples/KBr mixtures were prepared to obtain the FT-IR spectra.
UV−vis spectra were obtained on a UV-765 spectrophotometer. The
magnetization, Ms, was measured by a PTMS-9T Vibrating Sample
Magnetometer at room temperature.
Preparation of Fe3O4/ZnAl-LDH. Seventy-five mL of a solution

containing 0.02 mol Zn(NO3)2·6H2O, 0.01 mol Al(NO3)3·9H2O, and
75 mL of sodium dodecyl sulfonate (SDS, 3.0 g) solution were added
to a solution containing a certain amount of Fe3O4 at a pH of 10. The
mixture was aged at 65 °C for 8 h. The resulting precipitates were
filtered, washed by deionized water, and dried at 70 °C.
Partial Exfoliation of Fe3O4/ZnAl-LDH. The synthesized Fe3O4/

ZnAl-LDH (0.1 g) was dispersed in formamide (0.1 L). The mixture
then was sonicated (Branson 5510 ultrasonic water bath, 180 W, 40
kHz) three times in successive intervals of 5 min. Following this
treatment, the suspension was vigorously stirred for 72 h at 25 °C.
Finally, the resulting translucent colloidal suspension was characterized
and used for fabrication of the assemblies.13

Preparation of Covalently LbL Modified Magnetic (PAA/
PAH)10-LDH. The Fe3O4/ZnAl-LDH particles obtained by magnetic
separation from 1 mg/mL suspension were added into PAA (1 mg/
mL, pH = 6) solution for 10 min with agitation. After collection by
centrifuge, the particles were washed by using dispersion-centrifuge in
deionized water for 3 cycles. The particles were then immersed in a
solution of PAH (4 mg/mL, pH = 9) also for 10 min and washed as
the process for PAA. The above two processes were performed
successively until intended multilayers were obtained. After the surface
modification, thorough DAS was infiltrated into the multilayers by
dispersion of the samples in an aqueous solution of DAS (5 mg/mL,
pH = 3.8) for 1 h. The samples were then dried and subjected to UV
irradiation by a UV lamp of 500 W from a distance of 20 cm for 1 h to
covalently cross-link the multilayers. The obtained magnetic DAS-
(PAA/PAH)10-LDH assemblies were immersed in basic (pH = 10−
11) and acidic (pH = 2−3) solutions separately for 5 and 1 h to form
LDH assemblies with different drug loading ability, and the
corresponding assemblies were assigned as B-DAS-(PAA/PAH)10-
LDH and A-DAS-(PAA/PAH)10-LDH, respectively. The control
sample, which was not further stabilized by DAS, was assigned as
(PAA/PAH)10-LDH.

Loading and Release of MB. Loading of MB was realized by
immersion of magnetic LDH assemblies into aqueous solution of MB
(8 × 10−3 mg/mL) for 24 h. The samples loaded with MB were then
immersed into PBS (pH = 7.4, 10 mM, 16 mL). After a 24-h interval, a
magnet was put close to the bottom of the vial to give supernatant in
the upper layer of the vial. Then 4 mL of the supernatant solution was
taken for UV−vis measurement and returned to the vial afterward. The
measurements were carried out until the absorbance of the
supernatant solution was stable for at least 3 days. Every supernatant
solution was measured three times and the averages of the values were
used to obtain the release profiles.

■ RESULTS AND DISCUSSION

Partial Exfoliation of Fe3O4/ZnAl-LDH. The synthesized
Fe3O4/ZnAl-LDH was first exfoliated in formamide to form
colloids with different concentrations. The stability of the
colloids with time was determined by turbidity measurement
and is shown in Supporting Information (SI) Figure s1. The
turbidity of the colloids with concentration of 0.05−0.5 wt %
Fe3O4/ZnAl-LDH all decreased, showing a relatively higher
turbidity change compared to some reports about clays.28,29 As
the concentration of Fe3O4/ZnAl-LDH was 0.05 wt %, the
turbidity changed about 150 within 30 min, indicating a
comparatively stable colloid formed. The particle size of 0.05 wt
% of Fe3O4/ZnAl-LDH colloids was determined to be about
700 nm (medium particle size) according to their particle size
dispersion shown in Figure1a; the width of ZnAL(SDS)-LDH
sheets observed by SEM was about 300 nm (Figure s2).27 So,
in the colloids, Fe3O4/ZnAl-LDH existed as partial exfoliated
assemblies with the interlayer space preserved. This conclusion
also was confirmed by AFM measurement. The AFM tapping
mode images in Figure 2a and 2c showed the height of LDH
was about 13 nm before exfoliation. After exfoliation, the height
of the nanosheets (Figure 2b and 2d) varied from a minimum
of 1.53 to about 2.71 nm. Considering the known thickness of
the brucite-type layers of LDHs with organic intercalators was
between 0.7 and 2.5 nm,30 Fe3O4/ZnAl-LDH was partially
exfoliated to two or three layers with some of the interlayer
space preserved, which was the place of drug loading. Then the
partially exfoliated Fe3O4/ZnAl-LDH was surface-modified by
LbL to further improve the stability of the assemblies.

Fabrication of Stable LDH Assemblies by LbL Process.
To prepare assemblies with partially exfoliated Fe3O4/ZnAl-
LDH as cores and polymer multilayers around the LDHs as
shell by LbL technique, the Fe3O4/ZnAl-LDH were dispersed
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alternatively in aqueous solutions of PAA (1 mg/mL, pH = 6)
and PAH (1 mg/mL, pH = 9) until the core−shell structure of
(PAA/PAH)10-LDH was obtained. The immersion time for
each step was 10 min. Between successive steps, the composite
particles were thoroughly washed with deionized water using
three dispersion-centrifuge cycles. The fabrication process is
illustrated in Figure 3. The surface-potential (zeta-potential) of
the composite particles shown in Figure 4 switched alternately
between −42.8 mV and +43 mV, demonstrating the alternative
switching of the LDH surface with PAA and PAH, as well as the
successful formation of core−shell assemblies. Meanwhile ,the
high absolute zeta-potentials showed that the formed
assemblies were still stable colloids in water.
The successful modification of LDHs by 10 layers of PAA/

PAH was also confirmed by FT-IR spectra as shown in Figure
5. In Figure 5a, the broad adsorption band at 3500 cm−1 is
vibration of structural water within the LDH interlayer. The
characteristic symmetric and asymmetric stretching vibrations
of −CH2 at 2918 and 2851 cm−1, and the vibrations around
1207 and 1120 cm−1, were ascribed to SDS molecules
intercalated in the LDH interlayers. The peak around 580
cm−1 was assigned to the stretching vibrational peak of Fe−O

bond in Fe3O4 nanoparticles. After LbL modification of the
LDHs (Figure 5b), the characteristic peak of COO− appeared
around 1558 cm−1, and the less intense peak on its shoulder at
around 1620 cm−1 was attributed to − NH2.

31 The appearance
of the vibrational bands corresponding to COO− and NH2
indicated that PAA/PAH multilayers were successfully
fabricated around the LDH cores. However, as the multilayers
around LDH cores could disassemble if the assemblies were
immersed in water or acidic or basic solution for a long time,
the outer layer of the assemblies was further cross-linked by
DAS to widen their applications in certain circumstances. After
immersion in DAS (5 mg/mL) for 1 h, the characteristic
vibrational band corresponding to azide groups around 2100
cm−1 in the FT-IR of Figure 5c appeared demonstrating that
DAS permeated into LDH assemblies.32 Then the outer layer
of the assemblies was cross-linked by UV-induced photo-
chemical cross-linking.33 After UV irradiation for 1 h, the
characteristic peaks of the cross-linked (PAA/PAH)10-LDH
had no obvious change with its precursor (Figure 5d) except
the lowered vibrational peak of azide groups. Under UV
irradiation, a large amount of DAS decomposed to generate
nitrenes, resulting in the decrease of the vibrational intensity of
azide groups. Then, the nitrene species would react with their
adjacent groups in an unselective manner, to generate covalent
bonds.34,35 Thus, just as shown in Figure 3, the polymer
multilayers were stabilized by covalent cross-linkage.
The particle size and the size dispersion of the assemblies

after stabilization by covalent LbL layers (shown in Figure 1b)
almost did not change compared to its LDH precursors (Figure
1a). These data indicate the covalent LbL modification mainly
took place on the surface of individual assemblies and the size
of the target particles was not influenced by the LbL process. So
the further combination of assemblies was not dominant in the
LbL process.
The morphology and composition of the DAS-(PAA/

PAH)10-LDH assemblies are shown in Figure 6. The SEM
showed DAS-(PAA/PAH)10-LDH existed as polydispersed
assemblies (Figure 6a). The connection between assemblies is
not obvious. For one assembly it is irregular particles with more
wrinkles due to the partial exfoliation (Figure 6b). The
composition of the assemblies was further analysized by EDS
analysis (Figure 6c). The EDS data (Table s1), which reflected
the surface composition of the particles, showed that high
content of C, S, and especially N elements appeared. As only
PAH contained N elements in the building blocks, so polymer
multilayers loaded on LDHs and the target particles possessed
core−shell structure.
The XRD patterns of the prepared DAS-(PAA/PAH)10-

LDHs (Figure 7b) displayed the characteristic peaks of lamellar
structure of LDHs corresponding to (003), (006), and (009)
crystalline faces.36 Meanwhile the (003) crystalline peak
corresponding to the basal spacing of LDHs was still at lower
angle (2θ = 3.4°) than its precursors (Figure 7a), showing that
SDS was still in the interlayers of LDHs, and LDHs still had the
ability of loading drugs in the interlayers. The LbL and cross-
linking process had little effect on the core structure.

Sensibility of the LDH Assemblies to Acid and Base.
As the protective polymer multilayers are cross-linked by
covalent bonds, generally it is stable in acidic and basic
solutions; but, as LDH is acid sensitive,in acidic solution the
LDH cores of the stabilized LDH assemblies could be etched
gradually, finally resulting in the collapse of the LDH
assemblies. As the LDH assemblies were immersed in acidic

Figure 1. Particle size of (a) Fe3O4/ZnAl-LDH, (b) DAS-(PAA/
PAH)10-LDH, and DAS-(PAA/PAH)10-LDH colloids after treatment
by a solution with pH of 2−3 for (c) 0.5 h, (d) 1 h, (e) 1.5 h, and (f)
by a solution with pH below 1 for 12 h.

Figure 2. AFM images of Fe3O4/ZnAl-LDH (a) before and (b) after
being exfoliated in formamide and (c, d) height profile along the lines
in images (a) and (b).
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solution with pH = 2−3 ([H+] = 0.01−0.001 mol/L) for less
than 60 min, the continued existence of the obvious vibrational

bands corresponding to COO− and NH2 (shown in Figure 8)
indicated that the LDH assemblies were still stable. But as the
immersion time was as long as 60 min, the vibrational band
corresponding to COOH at 1720 cm−1 appeared25 and the
vibrational band of NH2 (1620 cm

−1) was more obvious. These
data indicated that as the LDH assemblies were immersed in
acid for enough time the polymer shell would expand and the
electrostatic adsorption between the carboxyl and NH3

+ groups
was weakened, resulting in the partial etching of LDH cores.9

The particle size (medium particle size) of DAS-(PAA/PAH)10-
LDH decreased to 396, 287, and 220 nm from 700 nm as the

Figure 3. Illustration for the fabrication of stabilized ZnAl-LDH via LbL process.

Figure 4. Zeta-potential as a function of successive LbL.

Figure 5. FT-IR absorption spectra of (a) Fe3O4/ZnAl-LDH, (b)
(PAA/PAH)10-LDH, and DAS-(PAA/PAH)10-LDH (c) before and
(d) after UV irradiation.

Figure 6. (a) SEM, (b) TEM images, and (c) EDS analysis of DAS-
(PAA/PAH)10-LDH.
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etching time increased to 0.5, 1, and 1.5 h in pH = 2−3
solution. The particle size of the DAS-(PAA/PAH)10-LDH
after immersing in acid solution with pH below 1 for 12 h
(Figure 1c) was greatly decreased, confirming the above
speculation. So LDH assemblies treated by acid had smaller
cores and changed drug loading ability compared to DAS-
(PAA/PAH)10-LDH assemblies. But as the stabilized LDH
assemblies were treated with base (pH = 11−12) or aqueous
solution for as long as 24 h, their FT-IR spectra had no obvious
change, indicating that the assemblies were stable in these
solutions. Figure 8b is the FI-IR spectra of base-treated DAS-
(PAA/PAH)10-LDH.
To understand if the polymer shell could be dissolved into

the acidic or basic solutions, the weight loss of the assemblies
before (Figure 9c) and after immersing in base (Figure 9b) and
acid (Figure 9d) for 5 and 1 h, respectively, was measured. The
weight loss of DAS-(PAA/PAH)10-LDH (Figure 9c) showed
loss behavior in three stages which ranged room temperature to
150, 180−250, and 250−550 °C. Just as Fe3O4/ZnAl-LDH
(Figure 9a), the weight loss in the two lower temperature
ranges corresponded to the removal of adsorbed water and the
decomposition of the SDS in the interlayer of LDHs.27 The
weight loss in the higher temperature range between 250 and
550 °C was contributed by the degradation of the cross-linked
polymer layers37 and the collapse of the LDH layers. The
weight loss of the base-treated assemblies (B-DAS-(PAA/
PAH)10-LDH) below 450 °C where organic composition
completely decomposed almost overlapped that of DAS-(PAA/
PAH)10-LDH, indicating B-DAS-(PAA/PAH)10-LDH and

DAS-(PAA/PAH)10-LDH had the same amount of organic
compositions and base treatment had less effect on the polymer
multilayers (Figure 9b). The weight loss of B-DAS-(PAA/
PAH)10-LDH after 520 °C was not as dominant as DAS-(PAA/
PAH)10-LDH, giving higher residue content. This may derive
from the dense packing of B-DAS-(PAA/PAH)10-LDH which
results in incomplete degradation of the polymer shell and
more C deposition on LDH. The weight loss of the assemblies
treated by acid decreased almost linearly with temperature as
the temperature was higher than 280 °C (Figure 9d). The
weight loss of A-DAS-(PAA/PAH)10-LDH cores was covered
by the degradation of polymer layers. The residue weight of
ZnAl(SDS)-LDH and the assemblies was in the order of
ZnAl(SDS)-LDH > B-DAS-(PAA/PAH)10-LDH > DAS-
(PAA/PAH)10-LDH > A-DAS-(PAA/PAH)10-LDH, indicating
that the organic content of the assemblies was in the inverse
order as residue weight. These data further confirmed that as
the assemblies were treated by acid, only the LDH cores were
etched and the polymer shells were not obviously influenced.
Furthermore, the magnetic properties of the LDH assemblies

were studied after organic modification by covalent LbL
multilayers. The saturated value of the magnetic moment of
DAS-(PAA/PAH)10-LDH and B-DAS-(PAA/PAH)10-LDH at
300 K was about 4.40 emu/g as shown in Figure 10a and 10b.
But the saturation magnetization of A-DAS-(PAA/PAH)10-
LDH decreased to 1.28 emu/g, as the stability of Fe3O4 in
acidic solution is weak.9 It has been confirmed by our group
that a montmorillonite (MMT) particle with 3.5 emu/g
saturation magnetization could provide enough force under

Figure 7. XRD patterns of (a) Fe3O4/ZnAl-LDH and (b) DAS-(PAA/
PAH)10-LDH.

Figure 8. FT-IR absorption spectra of DAS-(PAA/PAH)10-LDH after treatment by solutions with a pH value of (a) 2−3 and (b) 11−12 for different
times.

Figure 9. Weight loss of (a) Fe3O4/ZnAl-LDH, (b) B-DAS-(PAA/
PAH)10-LDH, (c) DAS-(PAA/PAH)10-LDH, and (d) A-DAS-(PAA/
PAH)10-LDH.
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magnetic field to drag not only itself, but also 105 times its own
weight of cargo, in a liquid environment.15 The saturation
magnetization of LDH assemblies was between 1.28 and 4.40
emu/g and in the same order of magnitude as MMT, so the
prepared assemblies possessed enough saturation magnet-
ization responsive to external magnetic force.38,15 The as-
prepared assemblies were a stable and magnet-responsive drug-
release system.
Loading and Release of Simulated Drug. The loading

amounts of MB on DAS-(PAA/PAH)10-LDH and B-DAS-
(PAA/PAH)10-LDH were 1.69 and 1.49 mg/g, respectively,
lower than that of (PAA/PAH)10-LDH whose loading amount
was 1.90 mg/g. The decreased drug loading amount indicated
DAS-(PAA/PAH)10-LDH and B-DAS-(PAA/PAH)10-LDH
became more dense after cross-linking the outer layers and
treatment by base which limited the further expansion of LDH
cores as MB immersing in. Therefore, A-DAS-(PAA/PAH)10-
LDH was speculated as possessing a large cavity in LDH cores
and could load more drugs due to the etching effect of acid on
LDH cores. But the loading amount of DAS-(PAA/PAH)10-
LDH after etching in pH = 2−3 solution for 0.5 and 1 h
decreased to 1.37 and 1.13 mg/g, respectively. Although part of
LDH could be etched out, the particle size would decrease
accordingly with etching time (Figure 1c, 1d, and 1e), but the
polymer layers still adhered on the LDH cores due to their
flexibility. Therefore, no large cavities were further introduced
in A-DAS-(PAA/PAH)10-LDH assemblies. In contrast, acidic
treatment decreased the content of LDH cores and decreased
the adsorption of A-DAS-(PAA/PAH)10-LDH toward MB. So,
in the target samples, DAS-(PAA/PAH)10-LDH possessed the
largest drug loading ability, but its drug loading ability
decreased after base and acid treatment. The decrease degree
became more obvious with the acid treatment time.
The drug release behavior from (PAA/PAH)10-LDH, DAS-

(PAA/PAH)10-LDH, B-DAS-(PAA/PAH)10-LDH, and A-DAS-
(PAA/PAH)10-LDH in PBS solution was studied and is shown
in Figure 11. The in vitro release amount of MB from (PAA/
PAH)10-LDH (Figure 11a), DAS-(PAA/PAH)10-LDH (Figure
11b), and B-DAS-(PAA/PAH)10-LDH (Figure 11c) increased
gradually and then almost leveled off. But the release of MB
from A-DAS-(PAA/PAH)10-LDH (Figure 11d) showed a very
different behavior. The release rate was obviously higher than
that of DAS-(PAA/PAH)10-LDH and (PAA/PAH)10-LDH.
Most of the MB was released within 1 day. The release rate
increase was due to the loose stacking of LDH layers which
came from the etching in the acid treatment,39 and was in
accordance with the release behavior of general intercalated

LDHs.40,41 So (PAA/PAH)10-LDH, DAS-(PAA/PAH)10-LDH,
and B-DAS-(PAA/PAH)10-LDH were long-term drug release
systems, while A-DAS-(PAA/PAH)10-LDH was a fast release
system. Thus, it is speculated that DAS-(PAA/PAH)10-LDH
treated by base and acid for different times possess different
drug loading and release behaviors.
In summary, the drug loading capacity of DAS-(PAA/

PAH)10-LDH and its drug release behavior can be adjusted by
acid and base treatments for different times. The prepared
DAS-(PAA/PAH)10-LDH assemblies are capable of use as drug
delivery systems with controllable drug loading capacity and
release behavior, with stabilized LbL shell layers as well as
magnetic targeting function.

■ CONCLUSIONS
LDH assemblies with stabilized LbL shell layers were prepared
by alternative deposition of PAH and PAA species on hybrid
particles of Fe3O4 and layered double hydroxide and then
covalent cross-linkage of the polymer shell by small photo-
sensitive cross-linker molecules. The successful fabrication of
the assemblies and the cross-linking of the polymer layers were
recorded by Zeta potential and FT-IR measurement. The
formed assemblies are stable in higher pH solutions (pH > 7).
But the LDH cores can be partially etched to form assemblies
with controlled drug loading capacity. Also, the release behavior
of the assemblies can be adjusted by appropriate etching of the
LDH cores by acid. These specific properties of the assemblies
were confirmed by loading and release of the simulated drug
MB. Also, the formed assemblies possessed enough saturated
magnetic strength and were sensitive to external magnetic field
which was essential to target drug delivery. The formed
assemblies have great potential as drug release systems.
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Figure 10. Magnetic hysteresis loops of (a) DAS-(PAA/PAH)10-LDH,
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