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Layered double hydroxide bio-composites toward
excellent systematic anticancer therapy†

Xuan Mei, Ruizheng Liang,* Liuqi Peng, Tongyang Hu and Min Wei *

Multi-therapeutic methodologies have attracted considerable attention toward cancer therapy, which

can overcome the limitation of a single therapy and achieve an optimized anticancer efficacy. Herein,

we prepared a systematic anticancer drug by intercalating zinc phthalocyanines (ZnPc) into a layered

double hydroxide (LDH) gallery, followed by loading doxorubicin (DOX) on the surface (denoted as

ZnPc-DOX/LDH). ZnPc is accommodated in the interlayer region of the LDH, which results in a largely

enhanced photodynamic therapeutic (PDT) efficiency; while the physisorbed DOX affords a chemotherapeutic

effect. In vitro tests performed with KB cells indicate a synergistic anticancer performance as well as

excellent biocompatibility compared with pristine ZnPc and DOX. This study demonstrates a promising

bio-composite for PDT–chemotherapy systematic therapy, which shows potential application in the field

of cancer therapy.

Introduction

Recently, therapeutic methodologies toward cancer have been
widely explored1,2 owing to the high mortality rate in the world.
The current therapeutic methods include surgery, chemotherapy,
radiotherapy, hyperthermia and photodynamic therapy (PDT).3–7

However, each individual therapeutic approach always shows
certain intrinsic limitations.8,9 For instance, as a highly-efficient
treatment, chemotherapy displays a dominant modality among
all the cancer therapies, but suffers from serious side effects
to normal tissues and organs due to their powerful and non-
selective activities.10–13 Another example is photodynamic therapy
(PDT), which has appeared as a potential approach for its non-
invasiveness and high selectivity compared with traditional cancer
treatment methods.14,15 In PDT, a photosensitizer (PS) can be
elevated to the excited state by light irradiation, and then interacts
with oxygen to generate singlet oxygen (1O2) or other reactive
oxygen species (ROSs), which consequently causes oxidative
damage to tumor cells.16 However, the treatment depth
remains an obstacle for the further development of PDT.17

Taking all these factors into consideration, it is a highly
desirable strategy to combine PDT and chemotherapy with a
drug delivery vehicle, so as to overcome the limitation of a
single therapy and achieve an optimized anticancer efficacy
with depressed side effects.18–20

Layered double hydroxides (LDHs), a class of naturally occur-
ring and synthetic materials generally expressed by the formula
[M2+

1�xM3+
x(OH)2](An�)x/n�mH2O, have attracted increasing atten-

tion due to their unique 2D structure with tenability in both the
host layer and interlayer anions.21–24 As reported, LDHs are good
nanocarriers for drug delivery with excellent biocompatibility and
extremely low cytotoxicity.25,26 The host layer of LDHs will dissolve
when the pH value is less than 5.5, which makes LDHs superior
nanocarriers for pH controlled drug release.27 In addition, LDHs
can effectively enhance the cellular uptake capacity via drug
intercalation due to the electropositivity of the host layer, which
results in an improved passive targeting ability.28–30

Herein, we report bio-composite ZnPc-DOX/LDH nanoparticles
by the intercalation of zinc phthalocyanines (ZnPc) into an LDH
gallery, followed by the loading of doxorubicin (DOX) to achieve
a synergistic chemotherapy–PDT cancer therapy. XRD patterns,
FT-IR and UV-vis spectra confirm the successful intercalation
of ZnPc into the LDH gallery with a monomer state, which is a
key factor for its singlet oxygen production efficiency. The
release behaviour indicates that ZnPc-DOX/LDH possesses
pH controlled release performance. In vitro tests performed with
KB cells exhibit an excellent chemotherapy–PDT synergistic
therapeutic performance compared with the individual cancer
therapeutics. In addition, the biocompatibility of ZnPc-DOX/
LDH is demonstrated, which serves as a promising candidate
in the systematic anticancer therapy field.
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Results and discussion

ZnPc-DOX/LDH nanoparticles were synthesized by the separate
nucleation and aging steps (SNAS) method,31 via the intercalation of
ZnPc (tetrasulfonated phthalocyanine) into a gallery of LDHs. Sub-
sequently, DOX was further adsorbed on the exterior surface through
electrostatic interaction. ZnPc/LDH and DOX/LDH as reference
samples, were also prepared by the intercalation of ZnPc and
electrostatic absorption of DOX, respectively. Scheme 1 illustrates
the fabrication process and structure of ZnPc-DOX/LDH. In our
previous work, the best intercalated ratio of ZnPc was determined to
be 1.5%;32 thus, the ZnPc/LDH and ZnPc-DOX/LDH were prepared
with 1.5% ZnPc content (it is defined as the molar ratio of ZnPc : Al).
The XRD patterns of the DOX/LDH, ZnPc/LDH and ZnPc-DOX/
LDH samples are shown in Fig. 1A. For the sample of DOX/
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influence on the monodispersity of ZnPc. After DOX is incorporated
with LDH nanoparticles, both DOX/LDH (Fig. 2A, red line) and
ZnPc-DOX/LDH present a broad UV absorption centered at 535 and
575 nm, which shows an obvious red-shift compared with the
pristine DOX (Fig. S5B: characteristic absorption peaks at 500 and
535 nm, ESI†). The red-shift can be ascribed to the collapse of the
aggregation state of DOX owing to the host–guest interaction. We
also investigated the different preparation routes through the
coprecipitation of ZnPc and DOX into the LDH gallery simulta-
neously. However, the loading amounts of ZnPc and DOX obviously
decreased according to the characteristic peak intensity at 535, 575
and 683 nm, possibly due to the interaction of ZnPc and DOX
(Fig. S6, ESI†). Fig. 2B shows the fluorescence emission spectra of
ZnPc (in 60% ethanol), and the ZnPc-DOX/LDH sample. The
monomeric state of ZnPc in 60% ethanol solution makes it possess
bright fluorescence with an emission maximum at 680 nm. For the
ZnPc-DOX/LDH sample, a moderate fluorescence intensity is
observed, and the emission maximum moves to 686 nm, implying
its promising application in the field of NIR fluorescence imaging.

As a key role in affecting the PDT performance, the singlet
oxygen production efficiency of ZnPc-DOX/LDH was determined.
The disodium salt of 9,10-anthracenedipropionic acid (ADPA)
was used to evaluate the production of singlet oxygen based on
the bleached reaction between ADPA and 1O2, which induces a
decrease in the absorption band at 378 nm.34 Fig. 3 displays the

UV-vis absorption spectra of ADPA at 378 nm treated with the
ZnPc, ZnPc-DOX/LDH and blank sample as a function of exposure
time under 650 nm. For the APDA solution, its absorbance at
378 nm shows no obvious change upon irradiation (Fig. 3A). The
generated singlet oxygen caused by ZnPc was proved through the
absorbance decrease of ADPA in Fig. 3B. In the case of the ZnPc-
DOX/LDH composite, a rapid decrease in the absorption band at
378 nm is observed with 650 nm irradiation for 6 min (Fig. 3C),
which exhibits the excellent singlet oxygen production capability.
Furthermore, we compared the singlet oxygen production of
ZnPc-DOX/LDH with ZnPc/LDH, and the results show that the
loading of DOX has little interference on the singlet oxygen
production (Fig. S7, ESI†). As shown in Fig. 3D, the decrease ratio
in the ZnPc-DOX/LDH is 78.0%; while only 13.0% is found for
pristine ZnPc after an irradiation time of 6 min. The results
strongly indicate the monodisperse state of ZnPc in the LDH
gallery, accounting for the greatly enhanced singlet oxygen pro-
duction. Moreover, Fig. S8 (ESI†) gives the photostability of the
ZnPc-DOX/LDH composite in comparison with pristine ZnPc. The
absorbance intensity of pristine ZnPc decreases 68.2% while only
11.3% loss is observed for ZnPc-DOX/LDH after continuous
irradiation under 650 nm for 30 min. This indicates that the
ZnPc-DOX/LDH system possesses a better resistance against
photobleaching than pristine ZnPc. In addition, we further inves-
tigated the pH controlled release behaviour of ZnPc-DOX/LDH
(Fig. 4D). At pH = 7.4 (Fig. 4A), only 19.9% of the total loaded DOX
is released from ZnPc-DOX/LDH within 24 h; in contrast, 72.6% of
DOX is released after 24 h at pH = 5.5 (Fig. 4B). In comparison,
only a small quantity of ZnPc is released from ZnPc-DOX/LDH at
both pH = 7.4 and pH = 5.5, which can be ascribed to ZnPc being
intercalated into the LDH interlayer. Moreover, all of the DOX will
be released within 8 h when the pH is adjusted to 4.1 (Fig. 4C).
The above results demonstrate the pH controlled release
behaviour of ZnPc-DOX/LDH, which is conducive to achieving
selective release toward cancer cells (pH = 5.5) instead of normal
cells (pH = 7.4).

Fig. 2 (A) UV-vis absorption spectra of DOX/LDH, ZnPc/LDH, and ZnPc-
DOX/LDH; (B) PL spectra of ZnPc in 60% ethanol solution and ZnPc-DOX/
LDH aqueous suspension.

Fig. 3 Decay curves of absorption of APDA at 378 nm in the presence of
(A) blank, (B) ZnPc, and (C) ZnPc-DOX/LDH as a function of irradiation time
(650 nm); and the normalized decay curves for absorption of APDA at
378 nm are summarized in (D).

Fig. 4 UV-vis absorption spectra of ZnPc-DOX/LDH at different time
points at a pH of (A) 7.4, (B) 5.5, and (C) 4.1; (D) amount of DOX released
from ZnPc-DOX/LDH under different simulant physiological conditions of
pH = 7.4, pH = 5.5 and pH = 4.1.
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The anticancer performance of ZnPc/LDH, DOX/LDH and
ZnPc-DOX/LDH was tested in cellular experiments by using KB
cells. In a concentration-dependent manner, KB cells were
seeded in a 96-well plate, followed by incubation with ZnPc/
LDH, DOX/LDH and ZnPc-DOX/LDH at a series of concentra-
tions of total drugs for 24 h. Subsequently, the wells were
irradiated with a 650 nm NIR light at a power density of
10 mW cm� 2 for 20 min. The relative viabilities of the cells
were determined using a standard methyl thiazolyl tetrazolium
(MTT) assay. Fig. 5A shows that increasing cell death occurs as
the total drug concentration increases from 0.1 to 10 mg mL� 1,
indicating the significant anticancer performance. The half
maximal inhibitory concentration (IC 50) was calculated to be
18.2, 2.89 and 0.605mg mL� 1 for DOX/LDH, ZnPc/LDH and
ZnPc-DOX/LDH, respectively. The anticancer e�ciency of ZnPc-
DOX/LDH is obviously superior to that of DOX/LDH and ZnPc/
LDH with the same total drug concentration, indicating the
excellent chemotherapy-PDT synergistic therapeutic perfor-
mance. The synergistic e�ect will be discussed in the following
section. Moreover, to further understand such superior anti-
cancer performance, the cellular uptake behavior of ZnPc-DOX/
LDH was studied. KB cells were incubated with ZnPc-DOX/LDH
with drug concentrations from 0.5 to 5 mg mL� 1 for 24 h, and
their fluorescence images were recorded by a fluorescence
microscope. As shown in Fig. S9A (ESI†), the fluorescence
intensity of ZnPc-DOX/LDH in the cell lysate sample increases
gradually along with the increment of drug concentration and
the fluorescence image of the sample incubated with 5 mg mL� 1

of ZnPc-DOX/LDH exhibits bright luminance (Fig. S9B, ESI†).
This result indicates that the electropositivity and suitable
nano-composite structure of ZnPc-DOX/LDH endow an enhanced
uptake through passive targeted internalization.

For comparison, KB cells were incubated with blank sample,
ZnPc, ZnPc/LDH, DOX, DOX/LDH and ZnPc-DOX/LDH with a
concentration of 5 mg mL� 1, respectively. As shown in Fig. 5B,
irradiation has no influence on the cells as the blank group
revealed. For pristine ZnPc, the cell viability before and after
irradiation is 0.907 and 0.625 respectively, indicating its slight
cytotoxicity and weak PDT e�ectiveness. The cell viability of
ZnPc/LDH changes from 0.943 to 0.338 upon irradiation, which
demonstrates the greatly-enhanced PDT e�ectiveness and
extremely low cytotoxicity. For pristine DOX, it exhibits an

obvious cytotoxicity toward cells (cell viability: 0.509) because
of the rapid cellular uptake. The cytotoxicity of DOX/LDH (cell
viability: 0.767) is lower than DOX for the reason that the
former sample would undergo an uptake-delivery-release pro-
cedure. The cell viability of ZnPc-DOX/LDH is 0.861 before
irradiation, revealing its low cytotoxicity. After irradiation, the
cell viability declines to 0.088, demonstrating its excellent
anticancer e�ciency in virtue of combining chemotherapy
and PDT.

For the purpose of visualizing the cancer therapeutic results,
KB cells were stained with propidium iodide (PI), which can
only get through the membrane of dead cells and is excluded
from viable cells. The cytotoxicity of ZnPc, ZnPc/LDH, ZnPc-
DOX/LDH and the blank sample was firstly investigated with-
out irradiation. Fig. S10A…C (ESI†) show that no obvious cell
mortality is observed for the blank, pristine ZnPc and ZnPc/
LDH, while ZnPc-DOX/LDH leads to cell mortality to some
extent (Fig. S10D, ESI†). Fig. 6 displays fluorescence images
of KB cells incubated with 5 mg mL� 1 of ZnPc, ZnPc/LDH, ZnPc-
DOX/LDH, DOX, DOX/LDH and blank with irradiation. The
blank group reveals that the irradiation has no influence on the
cells (Fig. 6A). Fig. 6B…C show the partial PI signal in the groups
of DOX and DOX/LDH due to the chemotherapy of DOX. The PI
signal of cells incubated with pristine ZnPc is extremely weak,
indicating the weak PDT efficiency (Fig. 6D). Cells incubated
with ZnPc/LDH (Fig. 6E) display a much stronger PI signal,
illustrating an obviously enhanced PDT efficiency. As shown in
Fig. 6F, the introduction of ZnPc-DOX/LDH leads to excellent
anticancer performance because of the synergistic effect of
combined chemotherapy-PDT, which is in good agreement with
the in vitro tests above. The synergistic effect of combined
chemotherapy-PDT was also demonstrated by a consecutive
treatment. KB cells treated with chemotherapy undergo a
weak anticancer performance but obviously decreased cell
activity and distorted cytoderm (Fig. S11A, ESI†); a further
implement of PDT results in the final death of the KB cells
(Fig. S11B, ESI†), accounting for the largely improved anti-
cancer therapy.

Fig. 5 Anticancer performance of (A) DOX/LDH, ZnPc/LDH and ZnPc-
DOX/LDH with various concentrations after 24 h of incubation, and (B)
anticancer performance of these composites with equivalent total drugs
(5 mg mL� 1) after 24 h of incubation.

Fig. 6 Bright field (left column) and merged (right column) images of KB
cells treated with various composites with irradiation (5 mg mL� 1, 24 h
incubation): (A) blank; (B) DOX; (C) DOX/LDH; (D) ZnPc; (E) ZnPc/LDH;
(F) ZnPc-DOX/LDH.
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Conclusions

In summary, a supramolecular bio-composite toward systematic
chemotherapy-PDT therapy was fabricated via incorporation of
ZnPc within an LDH gallery, followed by further adsorption of
DOX. The host–guest interactions of ZnPc and the LDH result in
the monomeric state of ZnPc in the interlayer region of the LDH
matrix, with a large singlet oxygen production efficiency. In vitro
tests performed with KB cells reveal that the ZnPc-DOX/LDH
composite exhibits a satisfactory anticancer effectiveness
(equivalent 2.5 mg mL�1 ZnPc and 2.5 mg mL�1 DOX result in
91.2% cell death), good biocompatibility as well as low cytotoxi-
city, in comparison with pristine ZnPc and DOX. In addition,
the excellent chemotherapy-PDT synergistic effect and superior
passive targeted ability of ZnPc-DOX/LDH is the most distinct
feature. Therefore, this work provides a facile approach for the
design and preparation of a bicomponent material with largely-
enhanced anticancer behavior, which can serve as a promising
composite drug in the field of tumor therapy.
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