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Folic acid conjugated self-assembled layered double
hydroxide nanoparticles for high-efficacy-targeted
drug delivery†
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Enhanced selectivity and efficacy is important for advanced drug

delivery. Herein, a novel type of folic acid conjugated self-assembled

layered double hydroxide nanoparticles is reported. These nano-

particles have a drug loading capacity of 27 wt% and are able to

enter cell nuclei and dramatically improve the efficacy of MTX.

Lack of selectivity and low efficiency of cellular internalization of
anticancer agents are among the major obstacles in chemotherapy
of cancer.1,2 In recent years, many efforts have been made to
increase the intracellular delivery efficacy of anticancer drugs or
other biomolecules, which include viral vectors,3 cell-penetrating
peptide vectors,4 micro/nano injections,5 nanoneedle arrays6 and
nanoparticles. Among these approaches, the nanoparticle drug
delivery system is one of the most studied. In order to increase
anticancer drug selectivity and intracellular delivery efficacy, many
nanoparticle drug delivery systems have been designed for cancer
treatment.7–9

Layered double hydroxide (LDH) nanoparticles are promising
nanomaterials for drug delivery because of their high drug loading
capacity, low toxicity and pH-responsive drug release.10 Drugs and
biomolecules can be uploaded by co-precipitation (adding drugs
during LDH preparation)11–13 or ion-exchange (adding drugs after
LDH preparation to replace the ions in the gallery between LDH
layers).10,14–17 These processes often involve high temperature. For
example, for co-precipitation, drugs need to be hydrothermally
treated at 100 1C.11 For ion-exchange, the process is performed at
60 1C for 2–3 days.14,16 Another major disadvantage of LDH
nanoparticles is the difficulty in surface modification. Until
recently, Choy et al. reported cancer-cell-specific ligand conjugated

LDH nanoparticles for enhanced drug delivery.1 During the fabrica-
tion process, an anticancer drug was loaded to LDH nanoparticles
in an organic solvent at a high temperature (90 1C) for 36 hours.
These harsh conditions may be detrimental to sensitive drugs and
are not applicable to unstable biomolecules.

Here, we fabricated a novel type of self-assembled LDH
nanoparticles. Firstly, LDH nanoparticles were prepared by a
co-precipitation method in the presence of sodium dodecyl sulfate
(SDS). The product is termed as LDH–SDS. SDS is used for expanding
the gallery of LDH nanoparticles.18 The X-ray diffraction (XRD)
patterns (Fig. S1, ESI†) show that the (003) diffraction peak of
LDH–SDS nanoparticles moves to 3.41 compared with that of pristine
LDH nanoparticles (11.51) without adding SDS during preparation.
This indicates that the gallery space expanded from 7.69 to 26.0 Å.
Fourier transform infrared spectra (FTIR) (Fig. S2, ESI†) show that
SDS molecule peaks appear in LDH–SDS samples, which confirms
the presence of SDS molecules in LDH–SDS nanoparticles.

Secondly, FA molecules were covalently attached to (3-amino-
propyl) triethoxysilane (APTES) in the presence of N-(3-dimethylamino-
propyl)-N-ethylcarbodiimide hydrochloride (EDC). The product is
denoted as APTES-FA. Subsequently, APTES-FA was reacted with
LDH–SDS nanoparticles for 24 hours in methylene chloride with
N-cetyl-N,N,N-trimethylammonium (CTAB), under ultrasonication for
the first 30 minutes. The final product is termed as LDH-Si-FA. CTAB is
used to extract SDS molecules which are in the gallery of the LDH
nanoparticles by forming hydrophobic salts between SDS and CTAB.18

The XRD pattern in Fig. S1 (ESI†) shows the disappearance of the
3.41peak in LDH-Si-FA, indicating the extraction of SDS molecules from
LDH–SDS nanoparticles. After this step, most LDH nanoparticles lost
their originally ordered layered structure, which is indicated by the
remaining extremely weak peak in the XRD pattern of LDH-Si-FA. The
probable mechanism is shown in Scheme S1 (ESI†). Upon strong
ultrasonication, LDH–SDS nanoparticles defoliated and APTES con-
nected many LDH layers together and assembled to form amorphous
nanoparticles. The peak at 11.51 further confirms that SDS molecules
were removed from LDH–SDS nanoparticles and the gallery spacing
returned to the same value as that of pristine LDH nanoparticles. This
is also in line with the TEM observation of a number of small
unassembled LDH nanoparticles. These LDH nanoparticles still have
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a crystal structure, indicated by the XRD peak at 11.51. Fourier trans-
form infrared spectra (FTIR) (Fig. S2, ESI†) show that, after reaction,
the peaks of SDS molecules are significantly diminished in the LDH-
Si-FA sample. Again, it reveals the extraction of SDS. Two peaks at
around 1000–1200 cm�1 indicated by the two dots in Fig. S2 (ESI†)
correspond to Si–O–Si vibration, which indicates successful attach-
ment of APTES-FA to the LDH nanoparticles.19,20 To further confirm
this, energy-dispersive X-ray spectroscopy (EDS) analysis was per-
formed to analyze the atomic composition of LDH-Si-FA, as shown
in Table S1 (ESI†). The presence of Si (2.27 � 0.50%, atomic
percentage) indicates the successful attachment of APTES molecules
to LDH nanoparticles.

The FA conjugated LDH nanoparticles were then characterized by
transmission electron microscopy (TEM), and the results are shown
in Fig. 1. From the TEM image, it can be seen that many LDH
nanoparticles are no longer sheet-like. It appears that self-assembly
happens between LDH nanoparticles. The size of these nanoparticles
is about 200 nm. The nanoparticles are well distributed without
aggregation and have similar size and morphology. In Fig. 1A, we can
also find individual LDH nanoparticles (grey particles) with a size of
about 50 nm. The appearance of individual LDH nanoparticles is
consistent with our XRD data, which show a small peak at 11.51
(Fig. S1, ESI†). Upon further magnification of the FA conjugated self-
assembled LDH nanoparticles (Fig. 1B), it can be observed that these
nanoparticles have a porous structure. The dynamic particle size and
surface charge of these FA conjugated LDH nanoparticles in aqueous
solution were then measured by dynamic light scattering and the
data are presented in Fig. 1C and D. The size distribution of the LDH
nanoparticles is about 190 nm on average without any aggregation,
which is similar to the TEM observation. The nanoparticles are
positively charged (+47 mV), which makes it convenient for them to
adsorb negatively charged drug molecules.

Before drug uploading, we covalently attached a fluorescein
sodium salt to LDH nanoparticles to investigate their intracellular
delivery using confocal fluorescent microscopy. Fluorescein sodium
salt molecules were covalently conjugated to LDH nanoparticles in
the same way as that used for attaching FA. It should be noted that
these fluorescent nanoparticles were not attached to FA targeting
molecules. Fig. 2A, B, D and E are representative confocal fluores-
cence microscopy images of HeLa cells after being incubated with
nanoparticles for 14 hours. Fig. 2A and B show that the fluorescein
sodium salt is distributed in whole cells. Attractively, in many cells,
the fluorescein molecules were observed to be predominant in

nuclei, as shown in Fig. 2D and E. The distribution of the fluorescein
molecules in these cells can also be clearly demonstrated by the
fluorescence intensity profiles shown in Fig. 2C and F.

From the confocal microscopy results, we conclude that the
self-assembled LDH nanoparticles can not only aid molecule delivery
to the cytoplasm of cells, but also actively transport to the region
around nuclei or even to nuclei. This will be very useful in delivering
drug molecules which need to enter cell nuclei to be functional.
Therefore, we hypothesize that this type of self-assembled LDH
nanoparticles can significantly increase the efficacy of anticancer
drugs which work by damaging the DNA of cancer cells, because they
can carry anticancer drugs to cell nuclei. Here we choose the
anticancer drug MTX, because it is widely used for cancer treatment,
and it works by interacting with DNA to induce the apoptosis of
cancer cells.14,21–23 For drug loading, 2 mg ml�1 of free MTX and
2 mg ml�1 of FA-conjugate self-assembled LDH nanoparticles were
mixed for 24 hours. By measuring the UV-Vis absorbance at 370 nm,
it was found that the loading capacity of our FA-conjugated self-
assembled LDH nanoparticles is 27.4 wt%.

Fig. 3 shows the viabilities of HeLa cells after being incubated
with self-assembled LDH nanoparticles, free MTX and nanoparticles
with MTX loading. In group 1, the NP, MTX and NP–MTX solutions
contain 5 mg ml�1 of NP, 2 mg ml�1 of MTX and 5 mg ml�1 of NP plus
1.37 mg ml�1 of MTX, respectively. From groups 1 to 5, the solutions
were serially diluted 3 times. After 48 hours of treatment, we
observed very effective cancer cell killing in the case of MTX loaded
self-assembled LDH nanoparticles, in comparison with free MTX.
For example, for the HeLa cells in group 2, the viability of cells was
above 60% when the cells were treated with free MTX (0.67 mg ml�1).

Fig. 1 (A and B) TEM images of well dispersed FA-conjugated self-assembled
LDH nanoparticles. (C) Particle size distribution of the LDH nanoparticles. (D) The
zeta potential of the LDH nanoparticles in aqueous and buffer-free solution.

Fig. 2 Laser scanning confocal microscopy images of HeLa cells after incubation
with fluorescein sodium salt conjugated LDH nanoparticles for 14 hours (A–B and
D–E). (C) and (F) show the normalized emission intensity over the lines drawn
crossing over cells in (A–B) and (D–E), respectively.

Fig. 3 The viabilities of HeLa cells after 48 (A) and 72 (B) hours of incubation
with FA-conjugated LDH nanoparticles (NP), free MTX anticancer drug (MTX) and
the LDH nanoparticles loaded with MTX (NP–MTX).
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The LDH nanoparticles did not cause significant cell death, which is
indicated by the viability of cells over 90%. In great contrast, if the
nanoparticles were loaded with MTX (0.46 mg ml�1), the cell viability
dramatically dropped to below 30%. It is worth noting that the
viability of the cancer cells in group 4 which were treated with MTX
loaded LDH nanoparticles (only 0.05 mg ml�1 MTX) was lower than
that of the cells in group 1 which were incubated with free MTX drug
at a concentration of 2 mg ml�1 (p o 0.01, Student t-test). Overall,
FA-LDH nanoparticles loaded with MTX perform much better in
killing cancer cells in comparison with free MTX.

After confirming that the FA-conjugated self-assembled LDH
nanoparticles can greatly improve the efficacy of MTX, we investi-
gated the targeting effect of FA ligands using KB cells which are
widely considered as folate over-expressing cells. We cultured the
cells with FA-conjugated self-assembled LDH nanoparticles and free
MTX in DMEM medium. Then MTX loaded FA-conjugated self-
assembled LDH nanoparticles were placed in three different media:
(1) RPMI 1640 FA free medium (the cells in this medium are
considered as high folate expressing KB cells); (2) DMEM medium
(the cells in this medium are considered as low folate expressing
KB cells, because it contains FA); (3) DMEM medium with 1 mM FA
(the cells in this medium are considered as folate-receptor blocking
KB cells). Fig. 4 shows the KB cell viabilities after treatment for 48
hours (A) and 72 hours (B).

After 48 hours of treatment, enhanced MTX efficacy was
observed. For free MTX, there was almost no cell viability
reduction at all concentrations (up to 2 mg ml�1). In comparison,
the cell viability dramatically reduced to 50% or below for groups
1 to 3 when treated with MTX loaded FA-conjugated self-
assembled LDH nanoparticles (MTX concentration: 1.37 to
0.15 mg ml�1). In other words, the viability of the KB cells treated
with 2 mg ml�1 of MTX was almost 100% while that of the cells
incubated with the LDH nanoparticles loaded with 0.15 mg ml�1

of MTX was only around 50%. This suggests a significant
improvement in MTX efficacy. After 72 hours of treatment, the
viabilities of the cells treated with free MTX started to drop, but
MTX loaded FA-conjugated self-assembled LDH nanoparticles
still performed much better. For example, the viabilities of the
cells treated with free MTX in group 1 (2 mg ml�1) and those
treated with the nanoparticles loaded with MTX in 1640 FA free
medium (0.0056 mg ml�1) were very similar. This indicates
around 350 times dose sparing. Moreover, KB cell viability in

FA free medium is much lower than in medium containing FA
(group 3–6, Fig. 4B), indicating that the FA ligand can further
increase the drug delivery efficacy at lower concentrations.

From the cytotoxicity data, the following can be observed. In
HeLa cells, after 48 hours of treatment, compared with free MTX,
our LDH nanoparticles can reduce cell viability by around 40%
even at lower MTX concentrations. In KB cells, the reduction of
the viability of the cells treated with the nanoparticles loaded
with MTX can be even up to around 70% (group 1 at 48 hours
after treatment). In contrast, Choy et al. reported traditional LDH
nanoparticles uploaded with MTX for cancer cell treatment.14 In
this study, the LDH nanoparticles could only reduce the cell
viability by 10–20% when compared with free MTX.

In summary, we successfully fabricated a novel type of self-
assembled LDH nanoparticles for high-efficacy-targeted delivery.
Using confocal microscopy, it was found that fluorescein sodium
salt conjugated self-assembled LDH nanoparticles showed a very
strong cell membrane and nuclei penetration ability. The nano-
particles have very high drug loading efficacy (27.4 wt%). The cell
viability results of HeLa and KB cells suggested that our self-
assembled LDH nanoparticles have significantly enhanced MTX
efficacy. We anticipate that many other targeting moieties such
as proteins having free carboxyl groups can also be attached to
our LDH nanoparticles by the same method.
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Fig. 4 The viabilities of KB cells after 48 (A) and 72 (B) hours of incubation with
FA-conjugated LDH nanoparticles (NP), free MTX anticancer drug (MTX) and the
nanoparticles loaded with MTX. FA-conjugated self-assembled LDH nanoparticles
and free MTX were in DMEM medium. MTX loaded FA-conjugated self-
assembled LDH nanoparticles were placed in three different media: (1) 1640 FA
free medium; (2) DMEM medium; (3) DMEM medium with 1 mM FA.

ChemComm Communication


