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Abstract: Layered double hydroxide (LDH) has attracted considerable attention as a drug
carrier. However, because of its poor in vivo behavior, polyethylene glycolylated (PEGylated)
phospholipid must be used as a coformer to produce self-assembled core—shell nanoparticles.
In the present study, we prepared a PEGylated phospholipid-coated LDH (PLDH) (PEG-PLDH)
delivery system. The PEG-PLDH nanoparticles had an average size of 133.2 nm. Their core—
shell structure was confirmed by transmission electron microscopy and X-ray photoelectron
spectroscopy. In vitro liposome-cell-association and cytotoxicity experiments demonstrated
its ability to be internalized by cells. In vivo studies showed that PEGylated phospholipid
membranes greatly reduced the blood clearance rate of LDH nanoparticles. PEG-PLDH nano-
particles demonstrated a good control of tumor growth and increased the survival rate of mice.
These results suggest that PEG-PLDH nanoparticles can be a useful drug delivery system for
cancer therapy.
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Introduction
Layered double hydroxides (LDHs) have been known for many decades as catalysts, '
traps for anionic pollutants,’** and flame retardants,>® but they were only successfully
synthesized on the nanometer scale a few years ago, opening up a whole new field
for their use in nanomedicine.”®

LDHs, also known as hydrotalcite-like materials and as anionic (specifically, anion-
exchanging) clays, are a large group of natural and synthetic materials that are readily
produced when suitable mixtures of metal salts are exposed to bases.” LDHs consist
of layers and contain the hydroxides of two or more different metal cations. They are
positive charged which is neutralized by the incorporation of exchangeable anions. In
general, the materials also contain various amounts of water hydrogen-bonded to the
hydroxide layers and interlayer anions. In the cases considered here, the metal cations
of LDHs are octahedrally coordinated by hydroxide groups.'®!! The LDH composition
can be expressed in a general formula:

[M> _M?* (OH) J(A~ -nH,0)

where M?*" and M3* are the divalent and trivalent metal ions and A~ is any type of
anion.'” Many studies have demonstrated that anticancer drugs'>'¢ and genes’!"%
could be successfully intercalated into the LDH layers.
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LDH nanoparticles exhibit low cytotoxicity and are highly
biocompatible, as demonstrated by recent in vitro studies
using a range of transformed and tumor-derived cell lines. "3
They can efficiently enter cells via the clathrin-mediated
endocytosis pathway, which is the most common energy-
dependent endocytosis.'*?*!2 One of the most fascinating fea-
tures of LDH nanoparticle-based delivery systems is that they
can escape from the endolysosome. The intracellular pathway
of LDH nanoparticles in human cells was investigated, and
most particles were found to escape typical endolysosomal
degradation when their size was around 100 nm.?

However, few reports have described the in vivo behavior of
LDH nanoparticles. A pharmacokinetic study of LDH nanopar-
ticles administered intraperitonealy was investigated earlier.'
However, intravenously administered LDH nanoparticles have
not been studied. The positive surface charge of these nanopar-
ticles, which allows avid association with negatively charged
plasma proteins, adversely influences their pharmacokinetic
behavior and reduces their blood residence time.** Tolerability
to the serum is crucial when considering the in vivo application
of this carrier system.?>?¢ For this reason, there is certainly a
need to cover LDH nanoparticles with a shell that can make
them “invisible” in the blood and easy to modify.

In the present study, a novel delivery system was devel-
oped: polyethylene glycolylated (PEGylated) phospholipid-
coated LDH (PLDH) (PEG-PLDH) nanoparticles (Figure 1).
An anionic phospholipid, dioleoylphosphaidic acid (DOPA),
served as a coating reagent after the formation of the nano-
sized LDH core loaded with methotrexate (MTX). DOPA

nnnr PEG chain

ZE3353E Lipid membrane

Figure | Proposed structure of PEGylated phospholipid coated layered double
hydroxide nanoparticles.
Abbreviation: PEG, polyethylene glycol.

was chosen as a lipid because it forms liposomes readily?” and
has a negatively charged phosphatidic acid head group, which
aids in the shielding of positive charged LDH. A PEG-lipid
conjugate was also included in the leaflet lipids, to prolong
circulation time.?® We report here the preparation, properties,
and in vitro and in vivo activity of this novel drug carrier.

Materials and methods

Materials
Dioleoylphosphatidic acid (sodium salt) (DOPA) and choles-
terol were purchased from Avanti Polar Lipids, Inc., (Alabaster,
AL, USA). Distearoylphosphatidylethanolamine (DSPE) and
distearoylphosphocholine (DSPC) were purchased from Gen-
zyme Corp., (Cambridge, MA, USA). Methotrexate (MTX)
was provided by Amresco LLC (Solon, OH, USA). The fluo-
rescent dye, fluorescein isothiocyanate (FITC), was obtained
from Sigma-Aldrich Corp (St Louis, MO, USA). Acetonitrile
of high performance liquid chromatography (HPLC) analytical
grade were provided by Dikma Technologies (Beijing, Peo-
ple’s Republic of China). HeLa cells and 3T3 cells purchased
from the Laboratory Animal Center of Sun Yat-sen University
(Guangzhou, People’s Republic of China) and were cultured
with Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-
Aldrich Corp) supplemented with 10% newborn calf serum
(Life Technologies Corp., Carlsbad, CA, USA).
Sprague—Dawley rats (220+20 g) and Kunming mice
(2012 g) were supplied by the Laboratory Animal Center of
Sun Yat-sen University. All experimental procedures were
approved and supervised by the Institutional Animal Care
and Use Committee of Sun Yat-sen University.

Preparation of LDH-MTX and LDH-FITC

nanoparticles

Both the LDH-MTX and LDH-FITC nanoparticle suspen-
sions were prepared with a quick precipitation and subsequent
hydrothermal treatment.'>* In brief, 3.0 mmol of MgCl,
and 1.0 mmol of AICI, were dissolved in 10 mL deionized
water. This salt solution was then rapidly (within 5 seconds)
added to a basic solution (40 mL) containing 6.0 mmol of
NaOH and 0.1 mmol of MTX (or 0.025 mmol of FITC) to
generate the precipitate of LDH-MTX (or LDH-FITC). After
10 minutes of stirring in a N, stream at room temperature,
the precipitate was collected via centrifugation and washed
twice. Then the washed precipitate was manually dispersed
in 20 mL of deionized water and placed in a 25 mL autoclave
with Teflon linen, followed by hydrothermal treatment at
100°C (or 80°C) in an oven for 6 hours (or 2 hours) to produce
a suspension of LDH-MTX (or LDH-FITC) nanoparticles.
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Preparation of PEG-PLDH-MTX

and PEG-PLDH-FITC nanoparticles

Both the PEG-PLDH-MTX and PEG-PLDH-FITC nanoparticle
suspensions were prepared by self-assembly. Then 3.0 mmol of
DOPA, 2.4 mmol of DSPC, 2.0 mmol of cholesterol, and 0.6
mmol of DSPE-PEG(2000) were dissolved in CHCI, and dried
undera N, stream. A trace amount of chloroform was removed
by keeping the lipid film under a vacuum. The lipid film was
hydrated with 200 UL phosphate-buffered saline (PBS) (pH
7.4) to produce an empty liposome suspension. Then 200 uL
LDH-MTX (or LDH-FITC) nanoparticle suspension was added
to the liposomes. The mixture was sonicated (in a water bath)
using a laboratory ultrasonic cleaning machine (SB-5200DTN;
Ningbo Scientz Biotechnology Co., Ltd., Zhejiang, People’s
Republic of China) at 250 W for 10 minutes.

Size and zeta potential

The average hydrodynamic diameter, polydispersity index
(PDI), and zeta potential of the nanoparticles were deter-
mined by dynamic light scattering (DLS), using a Malvern
Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK).
The temperature of the cell was kept constant at 25°C. The
zeta potential was calculated from the electrophoretic mobility
using the Smoluchowski equation.’® Samples of the prepared
complexes were diluted in distilled water and measured at
least three times. Size results were given as intensity distribu-
tion by the mean diameter with its standard deviation.

Transmission electron microscopy (TEM)
Size distribution was confirmed by using TEM. The samples
were put on carbon Formvar-coated grids, negatively stained
with uranyl acetate 1.5%, and observed using a JEOL JEM-
1400 instrument (JEOL, Tokyo, Japan) (120 kV).

X-ray photoelectron spectroscopy (XPS)
LDH and PEG-PLDH nanoparticles and empty liposome
suspension were lyophilized (ALPHA1-4/LSC Freeze-drier;
SciQuip Ltd, Shrewsbury, UK) before being transferred into
the XPS instrument (ESCALab 250; Thermo Fisher Scien-
tific, Inc., Waltham, MA, USA), where the analysis was per-
formed. The sample of PEG-PLDH nanoparticles was finely
ground with a mortar for the second round of testing.

Cell culture

HeLa cells and 3T3 cells were cultured in DMEM supple-
mented with 10% newborn calf serum and antibiotics
(streptomycin 100 U/mL and penicillin 100 U/mL) at 37°C,
in humidified air with 5% CO,.

Cellular internalization

Cellular uptake of nanoparticles was visualized with
confocal microscopy. HeLa cells (1x10° cells per well)
were grown on circular glass cover slips placed in 24-well
plates. The following day, cells were exposed to LDH or
PEG-PLDH nanoparticles for 1 hour, 4 hours, 24 hours,
or 48 hours. After the incubation period, the cells on the
cover slips were washed with PBS (three times). The cover
slips were mounted on microscope slides, with mounting
medium containing 4’,6-diamidino-2-phenylindole (DAPI)
(Vectashield® H-1200; Vector Laboratories, Inc., Burl-
ingame, CA, USA) and viewed with a Zeiss confocal laser
scanning microscope (Zeiss LSM 710; Carl Zeiss Meditec,
Jena, Germany).

Cell cytotoxicity assay

The cytotoxicity of free-MTX, LDH-MTX, and PEG-
PLDH-MTX nanoparticles on HeLa cells and 3T3 cells
was examined via 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphe-
nyl-2-H-tetrazolium bromide (MTT) assay. Briefly, cells
were seeded in 96-well plates at a density of 1x10* cells
per well and incubated for 24 hours. Then, the cells were
treated with serial concentrations of free-MTX, LDH-
MTX, or PEG-PLDH-MTX nanoparticles. After 48 hours
of incubation, 10 uL of MTT solution (5 mg/mL) was
added to each well and incubated for another 4 hours.
Finally, the medium was replaced with 150 UL of dim-
ethylsulfoxide (DMSO), and the optical density was
determined with a microplate reader at a wavelength of
570 nm, in triplicate.

Interaction of nanoparticles

with plasma proteins

Serum obtained from the periorbital vein of Sprague-Dawley
rats was used to assess the interaction with PEG-PLDH nano-
particles. LDH or PEG-PLDH nanoparticle suspension was
added to serum, with a ratio of 1:100.

Pharmacokinetic study

Eighteen Sprague—Dawley rats (230120 g) were randomly
assigned to three groups for pharmacokinetic investigation.
Tail veins of rats in each of the three groups were injected
with free-MTX, LDH-MTX, or PEG-PLDH-MTX nanopar-
ticles at an equivalent dose of 2.5 mg/kg MTX. At scheduled
points in time (0.083, 0.25, 0.5, 1, 2, 4, and 8 hours after
injection), 0.4 mL of blood was collected from the periorbital
vein. Protein precipitation was performed prior to HPLC
analysis. Briefly, 100 UL blood samples were mixed with
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50 uL perchloric acid (17.5%) and 50 puL of 20 ng/mL sali-
cylic acid solution as an internal standard. The samples were
extracted on a vortex mixer for 1 minute and then centrifuged
at 10,000 rpm for 10 minutes with 20 uL of supernatant, then
collected for HPLC analysis.

Chemotherapy study
The antitumor efficacy of free-MTX, LDH-MTX, and
PEG-PLDH nanoparticles was evaluated in Kunming mice
inoculated subcutaneously in the right flank with 0.2 mL PBS
containing 1x107 S-180 cells. The MTX dose schedule started
3 days after tumor cell transplantation, to mimic early stage
tumor growth. Then 24 mice bearing S-180 subcutaneous
tumors were randomly assigned to four groups: (1) dextrose
5% group (control); (2) free-MTX group; (3) LDH-MTX
group; and (4) PEG-PLDH-MTX group. Mice were treated
with drug or 5% glucose (control) every other day until
five administrations were completed. Tumor volume was
calculated by using mean diameter, measured with vernier
calipers and using the formula
v=0.5xaxb? )
where a and b are the largest and the smallest diameter,
respectively (short axis squared). Body weight was measured
every other day.

Statistical analysis

Statistical analyses were performed using SPSS Statistics
for Windows, Version 13.0 software (SPSS Inc., Chicago,
IL, USA). One-way analysis of variance (ANOVA) and the
least significant difference test were employed to analyze
the in vivo data.

Results and discussion

Characterization

Average particle sizes of the LDH and PEG-PLDH were
104.4£18.2 nm and 133.2420.7 nm, respectively; PDIs were
0.121 and 0.173, respectively (Figure 2A). The result was
confirmed using TEM for LDH and PEG-PLDH (Figure 2B).
The average zeta potential values of LDH and PEG-PLDH
were 39.2+1.2 mV and —31.4144.7 mV, respectively.

The formation of PEG-PLDH nanoparticlesisaself-assembly
process. Empty liposome suspension was achieved by
sonication because amphiphilic phospholipids spontaneously
formed micelles and self-aggregates.’! Particle size and PDIs
increased considerably after the LDH nanoparticles were
added to the liposome suspension (Table 1), indicating that
the formation of PEG-PLDH nanoparticles had been initiated
by the electrostatic interaction between negatively charged
liposomes and positively charged LDH nanoparticles. It
was hypothesized that the liposomes cracked to form a lipid
membrane coating on the surface of LDH nanoparticles during

>

o

Intensity (%)
[4)]

10

100 10,000

Size (d nm)

Figure 2 In vitro characteristics of LDH and PEG-PLDH nanoparticles.

Notes: (A) Particle size of LDH (green) and PEG-PLDH (red) nanoparticles. TEM photographs of LDH (B) and PEG-PLDH (C) nanoparticles.
Abbreviations: LDH, layered double hydroxide; PEG, polyethylene glycol; PEG-PLDH, PEGylated phospholipid-coated layered double hydroxide; TEM, transmission

electron microscopy.
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Table | Influence of the sonication on the particle size of the
mixture of empty liposomes and LDH nanoparticles

Samples Size (nm) Polydispersity
index

LDH 104.4£18.2 0.121

Empty liposomes 260.8+67.3 0.397

Mixture of empty liposomes 3,067+1,628 1.000

and LDH

Sonicated mixture of empty 133.2+20.7 0.173

liposome and LDH

Note: Each value represents mean + SD (n=3).
Abbreviations: LDH, layered double hydroxide; SD, standard deviation.

sonication since particle size and PDI decreased considerably
after sonication (Table 1).

XPS is a surface chemical analysis technique usually
used to analyze the surface chemistry of a material, but it is
not well known in the determination of the composition of
colloidal aggregates. For example, it has been used to inves-
tigate core—shell structure nanoparticles, such as poly(acryl
acid)-modified ZnO nanoparticles®? and poly(e-caprolactone)-
poly(ethylene glycol)-coated poly(isobutylcyanoacrylate)
nanoparticles.** Herein, XPS was used to confirm the core—
shell composition of PEG-PLDH nanoparticles (Figure 3).
As shown in Figure 3B, the ratio of Mg:Al:P was 1.3:1.9:6.8
for PEG-PLDH nanoparticles, but it became 3.4:3.4:3.2 after
the sample was finely ground, which indicated that the lipid
membrane was located on the surface of LDH nanoparticles.

Cellular uptake in Hela cells

Confocal microscopy was used to investigate the cellular
internalization of LDH and PEG-PLDH nanoparticles, which
were labeled by FITC. To exert their therapeutic effects,
nanoparticles must be taken up by the target cells.

The degree of internalization is greatly dependent on
the physical characteristics of the nanoparticles. Charge,
in particular, can alter nanoparticle—cell interactions and
adhesion properties.’*> Green fluorescence from the
internalized PEG-PLDH nanoparticles was observed after
4 hours of incubation (Figure 4B) and was predominantly
distributed in the cytoplasm after 24 hours of incubation
(Figure 4C). In contrast, no fluorescence was observed in the
group of LDH nanoparticles. However, the internalization
of positively charged LDH nanoparticles was found to be
significantly promoted by removal of newborn calf serum
from the DMEM, suggesting that internalization of the LDH
nanoparticles by cancer cells could be hampered by plasma
proteins from serum in the DMEM. The weak fluorescence
from internalized LDH in the absence of serum at 1 hour

(Figure 4A) could be ascribed to the electrostatic interaction
between positively charged nanoparticles and the negatively
charged cell membrane.

The mechanisms by which nanoparticles enter cells
involve both the physical and interfacial characteristics of
those nanoparticles, their interactions with the biological
environment, and cell membrane properties. Nanoparticle
size, shape, and surface characteristics (particularly charge
and hydrophobicity) can influence the cellular uptake path-
ways.’® LDH nanoparticles, which are positively charged,
can enter cells through the clathrin-mediated endocytotic
pathway.!#2122 Negatively charged PEG-PLDH nanopar-
ticles, however, may interact with cationic lipids (like
sphingomyelin whose polar domain contains an amine
group) on the cell membrane and then become internalized
via caveolae-dependent endocytosis.

Cell viability

The MTX-free nanoparticles showed good cell viability
over the concentration range used in this study — over 90%
in all wells (Figure 5A). In vitro cytotoxicity of MTX, LDH-
MTX, and PEG-PLDH-MTX nanoparticles were evaluated
on both HeLa (Figure 5B) and 3T3 (Figure 5C) cells. No
significant difference in cellular viability was observed
between MTX and PEG-PLDH-MTX. This could be attrib-
uted to the overexpression of folate receptors on the cell
membrane.”’ Free-MTX could be internalized into cancer
cells via folate receptors,*® while PEG-PLDH-MTX nano-
particles could be limited by PEGylation.* LDH-MTX
also showed similar cytotoxicity with PEG-PLDH-MTX
(Figure 5B and C), which was unexpected since LDH
nanoparticles could hardly be internalized into cells in
the presence of serum (Figure 4). However, the interlayer
anions in LDH were exchangeable,'* MTX intercalated into
LDH may leak out and become internalized by the cells via
folate receptor. This assumption was supported by the MTX
release data (Figure S1).

Interaction of nanoparticles

with plasma proteins

In order to assess the potential of the PEG-PLDH delivery
system for intravenous administration, in vitro interaction
of nanoparticles with plasma proteins was evaluated. Serum
was obtained from Sprague—Dawley rats. As expected,
precipitation was observed after LDH nanoparticle suspen-
sion was added to the serum (Figure 6), demonstrating that
positively charged LDH nanoparticles could easily combine
with negatively charged plasma proteins in serum, which
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Abbreviations: LDH, layered double hydroxide; PEG, polyethylene glycol; PEG-PLDH, PEGylated phospholipid-coated layered double hydroxide.
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A 1 hour B 4 hours

PBS

20 pm 20 pm

PEG-PLDH

20 pm 20 pm

LDH

20 pm 20 pm

LDH without
serum

20 pm 20 pm

C 24 hours D 48 hours

PBS

20 pm

PEG-PLDH

20 pm

LDH

2y 20 pm

LDH without
serum

20 ym

Figure 4 Cell uptake of LDH and PEG-PLDH in the presence of serum, and LDH in the absence of serum, in a Hela cell line for | hour (A), 4 hours (B), 24 hours (C), and
48 hours (D), imaged by confocal microscopy.

Notes: LDH and PEG-PLDH nanoparticles were loaded with FITC (green). Nuclei (blue) were stained by DAPI. Scale bar, 20 um.

Abbreviations: DAPI, 4',6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; LDH, layered double hydroxide; PBS, phosphate-buffered saline; PEG, polyethylene
glycol; PEG-PLDH, PEGylated phospholipid-coated layered double hydroxide.
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mean + SD of three wells and are representative of three independent experiments.

Abbreviations: LDH, layered double hydroxide; MTX, methotrexate; PEG, polyethylene glycol; PEG-PLDH, PEGylated phospholipid-coated layered double hydroxide;

SD, standard deviation.

could be prevented by coating LDH nanoparticles with lipid
membrane (Figure 6).

In vivo pharmacokinetic study
The plasma clearance curves of free-MTX, LDH-MTX, and
PEG-PLDH-MTX nanoparticles in Sprague—Dawley rats

PEG-PLDH
+

serum

'!
J

Figure 6 Interaction of nanoparticles with plasma proteins.

Notes: Serum was mixed with nanoparticles at ratio of 100:1.

Abbreviations: LDH, layered double hydroxide; PEG, polyethylene glycol; PEG-
PLDH, PEGylated phospholipid-coated layered double hydroxide.

are shown in Figure 7. Data showed that PEG-PLDH-MTX
achieved a larger area under the concentration — time curve
(AUC) (P<0.001) and had longer half-life (P<<0.001), but
both free-MTX and LDH-MTX were quickly eliminated from
circulation. A very rapid decrease in the MTX concentration
was observed in 5 minutes for both free-MTX and LDH-
MTX. In contrast, the PEG-PLDH delivery system remained
in circulation 8 hours after injection, indicating markedly
delayed blood clearance.

In vivo therapeutic efficacy

The antitumor effect of MTX-loaded PEG-PLDH nano-
particles was assessed in vivo using subcutaneous S-180
tumor-bearing mice. The survival rates are represented in a
Kaplan—Meier plot in Figure 8A. These results suggest that
PEG-PLDH nanoparticles are much safer than positively
charged LDH nanoparticles. Mice treated with LDH-MTX
nanoparticles died immediately after the third or fourth injec-
tion and could not survive more than 9 days. Vaso-occlusion
was also found to occur, and precipitation was observed when
LDH nanoparticles were mixed with serum (Figure 6).
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Tumor volumes demonstrated that the PEG-PLDH-MTX
treatment suppressed tumor growth significantly compared
with 5% dextrose (P<<0.05), while the free-MTX treat-
ment had no obvious antitumor effect compared with 5%
dextrose (P>0.05) (Figure 8B). Body weight was uniform
throughout the study, indicating no apparent general toxicity
(Figure 8C).

Conclusion

Positive charges were found to drastically hamper both
the cancer cell uptake and therapeutic outcome of LDH
nanoparticles carrying a cytotoxic drug. Based on these
observations, it is here proposed that a coating of lipid
membrane could be a simple and versatile approach to pre-
venting unwanted interactions between positively charged
LDH nanoparticles and negatively charged proteins in the
blood, particularly reticuloendothelial system. It may be
possible to prolong circulation time and so enhance tumor
inhibition. Though the lipid membrane may reduce the rate
of nanoparticle-cell interactions, naked LDH nanoparticles
can only enter cells in the absence of negatively charged
proteins.

In summary, the current study revealed that coating LDH
nanoparticles with lipids results in slower blood clearance and
more effective cancer drug delivery. Herein, a PEG-PLDH
delivery system was introduced, and it showed promises as
a tool for cancer therapy.
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Figure S1 In vitro release kinetics of drug from LDH-MTX nanoparticles in phosphate buffer solutions (pH 7.4) at 37°C.

Abbreviations: LDH, layered double hydroxide; MTX, methotrexate.
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