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ABSTRACT: Bioresponsive drug delivery systems that can
modulate drug release proﬁles according to diﬀerent tumor
microenvironment are highly desired for improving cancer
therapy. In this work, a pH-responsive nanocarrier, layered
double hydroxide (LDH) nanoplates coated with ultrathin
mesoporous silica layer (LDH@MS), was fabricated with total
thickness of around 9 nm. The coating of ultrathin porous
silica signiﬁcantly improved the stability of nanoplates.
Moreover, the LDH@MS exhibited pH responsive functionality due to the degradation of silica shell and LDH under
moderately acidic pH condition. Notably, the curcumin
loaded LDH@MS displayed nearly ﬁve-fold greater antitumor
eﬃcacy against human breast cancer cells in vitro and marked tumor inhibition in vivo compared to free curcumin under the
same drug dosage, most likely due to high dispersibility of the nanocarrier, as well as responsive and steady release of drug
molecules. This study opens new avenues to design safer and more eﬀective drug delivery systems with improved therapeutic
outcomes.
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■

INTRODUCTION
Chemotherapy, an eﬀective treatment to various cancers, has
received considerable therapeutic activities. However, it still
has been challenged by poor pharmacokinetics, undesired side
eﬀect, and insuﬃcient tumor inhibitory eﬃcacy. To improve
the treatment, the drug delivery systems (DDSs), which load
molecular drugs onto/into the carriers, have been extensively
developed.1−3 DDSs have exhibited eﬃcient drug loading
capacity, improved solubility, enhanced penetration and
retention, sustained drug delivery pattern, and customized
multiple functionalization.4 Thanks to the advancement of
nanotechnology, a myriad number of nanomaterials have so far
been developed and utilized in DDSs.5−10 Among them,
inorganic nanocarriers are preferred over organic ones due to
their ease of synthesis, great stability, high loading capacity,
and drug release controllability.11 Representative inorganic
nanocarriers are mesoporous silica nanoparticles (MSNs),12−15
gold nanoparticles,16 magnetic nanoparticles,17 carbon nanotubes,18 black phosphorus,19 layered double hydroxide
(LDH),20 and so on. Take LDH for instance, it has been
explored as a pH responsive drug delivery vehicle for years due
to its responsiveness to acidic environments and great
biocompatibility. However, the limitations including rapid
degradation and burst drug release under acidic conditions
© 2018 American Chemical Society

hindered its practical usage. Recently, Duan et al. synthesized
monolayer LDH nanosheets with high doxorubicin loading
content but still fast drug release within hours.21 On the other
hand, in phosphate buﬀered saline (PBS) or cell culture media,
LDH easily agglomerated, which would in turn prevent their in
vivo applications.22 Mesoporous silica nanomaterials have been
emerged as one of promising DDS materials since 2001.23
Thereafter, MSNs have been intensively studied due to their
distinct properties such as large surface area and pore volume,
controllable pore size, morphological homogeneity, feasible
surface modiﬁcation, low systematic toxicity, and superior
biocompatibility.24,25 A few researchers have taken eﬀorts to
enhance the stability of LDH by combining LDH with silica
materials.22,26−29 However, these thick silica coating caused the
nanoparticles to aggregate to some extent.26−29 In addition,
little work was concentrated to study the biodegradation of
silica nanomaterials as silica was considered to be quite stable
and inert. Recently, Shi et al. synthesized silica nanoparticles
doped with manganese and demonstrated tumor-microenvironment sensitive biodegradation and theranostic funcReceived: July 19, 2018
Accepted: August 21, 2018
Published: August 21, 2018
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tions.30 In this work, we constructed the nanocomposite by
coating LDH with ultrathin MS (i.e., LDH@MS), which not
only enhanced the stability and pH-responsive drug release
functionality of LDH, but also showed biodegradability of MS.
Curcumin, a natural polyphenolic compound, was chosen as
the model drug in this work. It has attracted a lot of attention
due to its desirable pharmacological eﬃcacies for various
diseases31 including cancer,32 inﬂammatory disease,33 and
pulmonary and neurodegenerative disease.34,35 However,
several limitations (such as instability under physiological pH
conditions, poor water solubility, and low oral bioavailability)
have caused some controversies36−38 and hampered the
potential therapeutic eﬃcacy of curcumin for clinical trials.39,40
Eﬀorts have been made to improve the bioavailability of
curcumin using various strategies including DDSs.33,41−44
Herein, we selected curcumin molecules as the model drug
to study the pH-responsive drug release and antitumor
function of LDH@MS (Scheme 1). This system retained the

(TU-1900, Beijing Purkinje General Instrument Co. Ltd., China).
Atomic force microscope (AFM) images were obtained by using
Bruker MultiMode 8. Surface area data were collected on Micromeritics ASAP 2020 surface area and porosity analyzer after
pretreating at 120 °C for 12 h and calculated with the Brunauer−
Emmett−Teller (BET) method. Fourier transform infrared (FTIR)
spectra were obtained with NEXUS870 Fourier transform infrared
spectrometer. Photoluminescence spectra were measured on a Hitachi
F-4600 spectrometer. Confocal laser scanning microscopy (CLSM)
data were obtained using Olympus IX-83.
Synthesis of Mg−Al LDH Nanoplates. LDH nanoplates were
synthesized using a previously reported method.29 In brief, 40.0 mL of
NaOH solution (0.15 M) was added into 10.0 mL of solution
containing 3.0 mmol of MgCl2 and 1.0 mmol of AlCl3 under vigorous
magnetic stirring. The obtained precipitate was separated by
centrifugation (5000 rpm, 1 min) and washed twice with water.
The precipitate was redispersed in 40.0 mL of water, sealed into a
Teﬂon-lined stainless steel autoclave, and heated at 110 °C for 5 h.
The products (with solution) were collected and ready for silica
coating.
Synthesis of LDH@MS. Brieﬂy, 0.6 g of CTAB (1.6 mmol) was
dissolved in the mixture of 140.0 mL of water and 120.0 mL of
ethanol. Then 1.0 mL of ammonia solution (25 wt %/v) and 20.0 mL
suspension of as-prepared LDH nanoplates were added and
magnetically stirred for 10 min. Afterward, 200.0 μL of TEOS was
added under vigorous stirring. After another 30 min, the product was
collected by centrifugation (10 000 rpm, 2 min) and washed twice
with ethanol.
Functionalization of LDH@MS with −NH2 Group. To
functionalize LDH@MS with −NH2 group, the LDH@MS product
was redispersed with 50.0 mL of ethanol. Then 100.0 μL of APTES
was added. The resultant suspension was heated at 80 °C and reﬂuxed
for 3 h. Then LDH@MS-NH2 was washed twice with ethanol and
dispersed with 50.0 mL of ethanol. To remove CTAB, 2.0 g of
NH4NO3 was added to the solution and reﬂuxed at 60 °C for 1 h.
After that, the product was washed twice with water and dried at 40
°C.
Synthesis of LDH@MS-NH2−FITC. LDH@MS-NH2 (20.0 mg)
was dispersed in 3.0 mL of water with FITC (15.0 mg) and stirred for
2 h in the darkness. The product was collected by centrifugation
(10 000 rpm, 5 min), washed three times with ethanol, and kept at 4
°C in the darkness.
Drug Loading and in Vitro Release. Fifty milligrams of LDH@
MS-NH2 was added in DMSO solution of 10.0 mg of curcumin (5.0
mg/mL) and stirred for 3 h. After centrifugation (14 800 rpm, 5 min),
the sample was redispersed in 1.0 mL of water and stirred for 2 h.
Finally, the product (Cur@LDH@MS-NH2) was washed twice with
water for further characterization.
To determine the loading quantity of curcumin, 2.0 mg of Cur@
LDH@MS-NH2 was immersed into a pH = 2.0 NaAc-HAc solution
and sonicated for 30 min. The completely released curcumin (i.e., the
loaded quantity of curcumin) was determined by measuring the
absorbance at 425 nm.
To study the drug release proﬁle, 2.0 mg of Cur@LDH@MS-NH2
was dispersed into 1.0 mL of pH = 7.4 phosphate-buﬀered saline
buﬀer and pH = 5.0 NaAc-HAc buﬀer, respectively. Then they were
dialyzed (MWCO = 8000) against 5.0 mL of corresponding buﬀer
and ethanol mixed solution (volume ratio = 3:2) at room
temperature. The released curcumin in the buﬀer was collected at
predetermined times and quantitated by UV−visible spectroscopy at
425 nm.
Cell Viability and Cellular Uptake. Human breast cancer cell
line (MCF-7) was cultured in high glucose DMEM culture medium
containing 10% fetal bovine serum (FBS) and 1% penicillin−
streptomycin (10 000 U/mL) under the atmosphere of 5% CO2 at
37 °C. MCF-7 cells were seeded in 96-well plates with a density of 8.0
× 103 cells per well and incubated for 24 h. Then free curcumin,
LDH@MS-NH2, and Cur@LDH@MS-NH2 with diﬀerent concentrations were added, respectively. After 72 h, the cells of all groups
were washed with PBS three times and the cell viability was

Scheme 1. Schematic Illustration of pH Responsive Drug
Delivery System Based on Mesoporous Silica Coated LDH
(LDH@MS) for Cancer Therapy

sensitivity of LDH to acidic conditions and the favorable
stability of silica. When the model drug curcumin was loaded
into LDH@MS, it showed prolonged pH-responsive drug
release behavior and enhanced tumor cell killing capacity in
vitro and tumor inhibition in vivo compared with free
curcumin.

■

EXPERIMENTAL SECTION

Chemicals and Materials. Cetyltrimethylammonium bromide
(CTAB), magnesium chloride (MgCl2·6H2O), aluminum chloride
(AlCl3·6H2O), ammonia solution 25% (wt/v), sodium hydroxide
(NaOH), and curcumin were purchased from Sinopharm Chemical
Reagent Co., Ltd. Tetraethyl orthosilicate (TEOS) and (3-aminopropyl) triethoxysilane (APTES) were purchased from Aladdin
Chemical Reagent Co., Ltd. All chemicals were used as received
without further puriﬁcations. All aqueous solutions were prepared
with deionized water (18.2 MΩ cm, Millipore).
Instruments. Scanning electron microscopy (SEM) images were
obtained by using a ZEISS ultra 55 scan electron microscope.
Transmission electron microscopy (TEM) images were obtained by
using JEM-200CX transmission electron microscopy. Power X-ray
diﬀraction (XRD) was recorded at room temperature on a XTRA Xray diﬀraction with a scan rate of 5° min−1. The inductively coupled
plasma mass spectrometry (ICP-MS) data were collected on ELAN
9000. The X-ray photoelectron spectroscopy (XPS) results were
obtained by using PHI 5000 VersaProbe. Dynamic lighting scattering
(DLS) and zeta potential distribution were measured on Nanosizer
ZS90 (Malvern) using deionized water as dispersants. UV−visible
absorption spectra were collected on a UV−visible spectrophotometer
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determined using 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-Htetrazolium bromide (MTT) assay.
For confocal imaging study, MCF-7 cells were seeded in 24-well
plates and incubated for 24 h. Then the cells were treated with
LDH@MS-NH2−FITC (30 μg/mL) and Cur@LDH@MS-NH2 (30
μg/mL), respectively, and observed at diﬀerent predetermined time.
The nuclei were stained with Hoechst for cellular uptake observation.
The excitation wavelengths of LDH@MS-NH2−FITC and Cur@
LDH@MS-NH2 were 488 and 405 nm, respectively, and the emission
wavelength for both was 520 nm.
Antitumor Eﬀects of Cur@LDH@MS-NH2. All the animal
experiments were reviewed and approved by the Committee for
Experimental Animals Welfare and Ethics of Nanjing Drum Tower
Hospital, the Aﬃliated Hospital of Nanjing University Medical
School. Murine H22 cells (1.0 × 106) were subcutaneously injected
into the right limb armpits of each of 40 ICR male mice. The mice
were kept for 7 d with free access to food and water and randomly
divided into four groups (10 mice per group). When the tumor
volume reached 60 mm3 on average, 200.0 μL of saline, LDH@MSNH2, free curcumin, and Cur@LDH@MS-NH2 solution at a
curcumin dose of 10 mg/kg body weight were administrated into
tumor area, respectively. The day was designated as Day 1. The tumor
volume was measured every other day using calipers and calculated
following the equation:

Figure 1. (a) TEM image of LDH; (b) SEM image of LDH@MS;
TEM images of (c) LDH@MS-NH2 and (d) LDH@MS-NH2
exposure to pH 5.0.

Volume = (length × width2)/2
Histological Study. On the 30th day after administration, the
mice of all group were sacriﬁced and the tumor tissues from each
group were collected and rinsed with water, and then ﬁxed in 10%
neutral buﬀered formalin. The tumors were processed routinely, dried
and embedded into paraﬃn, sectioned at a thickness of 4 mm, stained
with hematoxylin and eosin (HE), examined, and photographed by an
optical microscopy.

anchoring sites to LDH@MS, the surface of LDH@MS
nanoplates was further functionalized with amine moiety
(APTES). TEM images provided more detailed information
about the thickness and mesoporous structure of silica coating.
Figure 1c indicated the well-deﬁned, uniform and highly
dispersed LDH@MS-NH2. The size of LDH@MS-NH2 was
95.1 ± 26.5 nm, which was comparable with parent LDH (88.6
± 26.5 nm). To characterize the thickness of the silica shell,
AFM imaging was used. As shown in Figure S4, the thickness
of LDH and LDH@MS-NH2 was about 5 and 9 nm,
respectively. The thickness of silica shell was then calculated
to be around 2 nm. Importantly, on contrary to previous
reports,26−29 no aggregation could be observed, indicating the
high stability and dispersity of LDH@MS-NH2.
DLS size, polydispersity index (PDI), surface charge, and
BET surface area of LDH nanoplates, LDH@MS and LDH@
MS-NH2, are summarized in Table S1. The DLS size diﬀerence
between LDH nanoplates and LDH@MS further demonstrated that the coating of silica layer was successful. The
amino groups indeed improved the dispersibility of LDH@MS
and brought the particle size back from 360.4 to 181.6 nm due
to the inhibition of particle aggregations. Moreover, the lowest
PDI among these three samples indicated the ﬁnal LDH@MSNH2 is well dispersive. The surface area of parent LDH was
about 23 m2/g, while it grew to 99 m2/g after mesoporous
silica layer coating. The surface area diﬀerence indicated that
MS coating was distinct, and the larger surface of the carrier
provided more contact and storage area for the model drug. To
further demonstrate the silica coating and the −NH2 group
modiﬁcation, XPS analysis was carried out (Figures S6 and
S7). The appearance of Si 2p peak (Figure 2a) indicated the
silica layer coating and the existence of N 1s peak (Figure 2b)
convincingly proved the presence of −NH2 group. From XRD
results (Figure 2c), it could be seen that the crystalline nature
of LDH nanoplates was consistent with previous reports.45
After MS coating, the intensity of LDH peaks was slightly
lowered, while the crystal structure of LDH remained intact,
indicating the silica coating did not inﬂuence the structure of
LDH.

■

RESULTS AND DISCUSSION
Preparation and Characterization of LDH@MS-NH2.
As shown in Scheme 1, to realize the pH triggered drug
delivery nanosystem, we synthesized MS coated LDH
nanoplates using two steps: (1) preparation of monodispersed
LDH nanoplates; (2) ultrathin MS coating on the nanoplates
to form LDH@MS.
The parent LDH nanoplates had good dispersibility as
shown in Figures 1a and S1a. However, the hydroxide of the
LDH is quite sensitive to acidic conditions and easily
agglomerates in PBS (as shown in Figure S5), and surface
coating is therefore necessary to improve the stability of LDH
nanoplates. Mesoporous silica is a sort of physicochemically
stable and inert materials with low cytotoxicity, so uniform
mesoporous silica coating can enhance the structural stability
of LDH nanoplates and maintain the biocompatibility of LDH.
Moreover, water dispersibility is of paramount importance in
view of nanodrug carrier because it helps enhance the blood
circulation and target site penetration of the nanocarriers as
well as drug release content.4 Therefore, we coated the LDH
with a proper silica layer to endow LDH with greater water
dispersibility and better stability. For high-quality mesoporous
silica coating, we optimized the ratio of LDH and TEOS by
varying the amount of TEOS. As shown in Figures S1−S3,
with the increase of TEOS from 200 to 800 μL, the LDH@MS
became less dispersive. Therefore, the LDH@MS (200 μL
TEOS) with good dispersibility was chosen for further study.
The coating of LDH nanoplates with MS was analyzed
through electron microscopy (Figure 1b). The size of LDH@
MS was around 94.3 ± 26.7 nm with a relatively narrow size
distribution and the particles were well separated. To improve
the stability in aqueous solution and provide drug molecules
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Figure 2. XPS spectrum of (a) Si 2p and (b) N 1s of LDH@MS-NH2; (c) powder XRD patterns of LDH and LDH@MS-NH2; (d) timedependent degraded amounts of Mg, Al, and Si elements after exposing to pH 5.0 solution.

Figure 3. (a) Curcumin release proﬁle from LDH@MS-NH2 at pH 7.4 and 5.0. Inset: digital picture of Cur@LDH@MS-NH2 at pH = 7.4 (left)
and pH = 5.0 (right). (b) Cell viability data of LDH@MS-NH2 and Cur@LDH@MS-NH2. (c) Cell viability data of free curcumin against MCF-7
cancer cells.

LDH@MS-NH2 was utilized as a pH-responsive antitumor
drug carrier because of the mildly acidic microenvironment of
tumor tissues.
Drug Loading and in Vitro Release. To study the drug
delivery functionality, curcumin was loaded into LDH@MSNH2 to form Cur@LDH@MS-NH2. As shown in Scheme 1,
curcumin can be loaded by two diﬀerent paths. The ﬁrst one
was based on the strong chelation between the metal ions of
LDH and curcumin, which has a diketone moiety and can be
transformed to a keto−enol tautomeric form.46 The peak of
418.48 cm−1 in the FTIR spectrum of Cur@LDH@MS-NH2
indicated the interaction between the metal ion and O atom of
curcumin (Figure S8). 47 LDH@MS-NH 2 loaded with
curcumin showed strong a UV−visible absorption (Figure
S9), further demonstrating the formation of metal complex.46
The other one was that the larger surface area of MS provided
further space for curcumin loading. The loading amount was
calculated to be 27.1 μmol/g according to UV−visible
absorption spectroscopic measurement. Notably, the dispersibility of the nanocomposite exhibited no obvious changes after

Mesoporous silica has been considered quite stable in
various environments, but in this study we found the slow
degradation of the structure of silica shell over the period of
time. Upon exposing the LDH@MS-NH2 to mildly acidic
solution, the integrity of core−shell structure was progressively
compromised. The morphology change of LDH@MS-NH2
was accompanied by obvious destruction of materials’ structure
(Figure 1d).
To deﬁnitely study acid sensitive behavior of LDH@MSNH2, the material was immersed into mild acidic solution (pH
= 5.0) and the ICP-MS analysis of supernatants was carried out
at predetermined time. As shown in Figure 2d, magnesium
hydroxide component of LDH was found the most sensitive to
the acid solution and showed the abrupt and earliest
degradation within 8 h. Besides, the degradation of Si was
also observed over time, which was quite evident in terms of
the stable nature of silica. Magnesium hydroxide, aluminum
hydroxide, and silica showed the capacity of degradation when
exposed to mild acidic environment without exception. By
exploiting this interesting biodegradability behavior, the
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also strongly indicated the intracellular localization of nanocarriers. This was the evidence of the remarkable cellular
uptake eﬃcacy of nanocarriers, which contributed to the tumor
cell killing capacity of this nanosystem.
Confocal microscopy was similarly used to determine the
cellular uptake and curcumin release by incubating the MCF-7
cells with a deﬁnite amount of Cur@LDH@MS-NH2. The
ﬂuorescence of curcumin was quenched when it was loaded in
LDH@MS-NH2 (Figure S11). Following the incubation of
curcumin loaded sample, more intense greenish luminescence
was observed in the cytoplasmic regions with passage of time,
indicating the cellular uptake of drug loaded nanoparticles
(Figure 5). On the basis of the cellular uptake of FITC labeled

curcumin loading (digital picture in Figure 3a inset).
Curcumin release proﬁles were studied in diﬀerent buﬀer
solutions of pH 5.0 and 7.4 (Figure 3a). A pH responsive
release manner was observed due to the degradation of both
LDH and silica coating at acidic condition. To compare with
the release behavior of LDH, we also loaded curcumin in
parent LDH and studied the curcumin release proﬁle (Figure
S10). The complete and burst drug release was achieved
(within 2 h) in case of LDH, while comparatively slow and
steady release behavior was observed with LDH@MS-NH2.
The initial release amount (about 25%) at pH 5.0 and 7.4 for
LDH@MS was almost the same in the ﬁrst 5 h, which implied
that drug release was most likely resulted from mesoporous
surface of silica shell. However, the release at pH 5.0 was
gradually increased to 70% until 140 h, which was probably
due to the degradation of core−shell structure, while in the
case of pH 7.4 the total release amount was found to be about
30% over the same duration. Taken together, silica coating not
only improved the stability of LDH, but also achieved desirable
controlled drug release proﬁle.
To evaluate the biocompatibility of LDH@MS-NH2,
diﬀerent concentrations of drug loaded and empty nanoplates
were tested against human breast cancer cells (MCF-7). As
shown in Figure 3b, LDH@MS-NH2 itself exhibited no
obvious inﬂuence to cell viability even at a concentration of
200 μg/mL, demonstrating the excellent biocompatibility. The
eﬃciency diﬀerence between free curcumin and Cur@LDH@
MS-NH2 was evaluated to demonstrate the advantage of this
drug delivery system. For free curcumin, the lethal dosage was
found to be about 27.1 μM (Figure 3c), while a much lower
lethal dosage value (5.42 μM) was observed for Cur@LDH@
MS-NH2. Besides, free curcumin showed the auxo-action of
cancer cell growth at lower concentrations (≤6.78 μM), which
was not observed with Cur@LDH@MS-NH2.48 These results
demonstrated Cur@LDH@MS-NH2 enhanced the tumor cell
killing capacity of curcumin.
LDH@MS-NH2 was labeled with FITC and observed by
confocal laser scan microscopy to study the cellular uptake
behavior. As shown in Figure 4, LDH@MS-NH2−FITC were
internalized within a short period of incubation as proved by
the intracellular appearance of green ﬂuorescence. Furthermore, the overlay of bright ﬁeld and FITC ﬂuorescence images

Figure 5. In vitro drug release. CLSM micrographs of MCF-7 cells
treated with curcumin loaded LDH@MS-NH2. For each channel, the
images from left to right show diﬀerential interference contrast (DIC)
images, cell nuclei stained by Hoechst (blue), curcumin ﬂuorescence
in cells (green), and overlays of the images. The magniﬁcation is 40×.

nanocarriers within 6 h, it was easy to ﬁnd out that the
curcumin release behavior was slow but steady. This result was
in accordance with Figure 3a and provided further evidence of
the advantage of LDH@MS-NH2 nanocarrier.
In Vivo Antitumor Eﬀect. More importantly, to evaluate
the antitumor eﬀect of Cur@LDH@MS-NH2, the in vivo
tumor inhibition experiments have been conducted by using
H22 tumor bearing mice. As shown in Figure 6a, compared
with saline and empty LDH@MS-NH2, free curcumin
displayed 50% tumor inhibition after 15 days, while Cur@
LDH@MS-MH2 showed better eﬃcacy and tumor inhibition
percentage reached 75%. The body weight of the mice in each
group was monitored to evaluate the biosafety of the material
and summarized in Figure 6b. The body weight of empty
LDH@MS-NH2 treated group increased in the same pace with
the control group of saline, indicating that empty LDH@MSNH2 exhibited no obvious toxicity in vivo.
The images of HE stained tumor sections of tested ICR mice
after 30 days postinjection are shown in Figure 6c−f, which
distinctly showed the tumor cells from the groups treated with
saline and empty LDH@MS-NH2. On the other hand, the
degree of pathological cytokinesis in the tumor was lowered
and coagulation necrosis was enhanced in the group treated
with free curcumin and Cur@LDH@MS-NH2 due to the

Figure 4. CLSM images of MCF-7 cells incubated for diﬀerent time
with a culture medium with FITC labeled LDH@MS-NH2. For each
channel, the images from left to right show diﬀerential interference
contrast (DIC) images, cell nuclei stained by Hoechst (blue), FITC
ﬂuorescence in cells (green), and overlays of the images. The
magniﬁcation is 40×.
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Figure 6. In vivo antitumor eﬀect. (a) Tumor growth and (b) weight change proﬁles of H22 cancer cells bearing mice after diﬀerent treatments.
The injection dose of curcumin was 10 mg/kg. HE stained tumor section 30 d after injecting (c) saline, (d) free curcumin, (e) empty LDH@MSNH2, and (f) Cur@LDH@MS-NH2, respectively. The scale bar is 100 μm.
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antitumor eﬀect of curcumin. All the results above demonstrated LDH@MS-NH2 could be served as an eﬀective
antitumor drug carrier and showed great biocompatibility
and capacity of drug releasing within tumor area.

■

CONCLUSIONS
In summary, we fabricated a smart drug delivery system, which
is composed of 2D LDH nanoplates and ultrathin MS with
total thickness of about 9 nm. We demonstrated that the MS
coating on LDH not only remarkably improved the stability of
LDH, but also provided better pH responsive functionality.
The acid responsive degradation of porous silica shell and
LDH core was exploited to develop a pH responsive drug
delivery system. When curcumin as a model drug was loaded
within LDH@MS-NH2 nanocarrier, it exhibited an improved
performance with a ﬁve-fold higher tumor cell killing eﬃcacy
against MCF-7 cells in vitro when compared with free
curcumin with the same dosage. Furthermore, Cur@LDH@
MS-NH2 also displayed enhanced in vivo antitumor eﬀect
against liver cancer model (H22). The developed LDH@MS
was endowed with advantages of both LDH and MS and
provided a new strategy for long-term controlled drug release
and great biocompatibility and biodegradation compared to
traditional LDH and MS, respectively.
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