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Folic Acid-Modified Mesoporous Silica Nanoparticles
for Cellular and Nuclear Targeted Drug Delivery

Fabiola Porta, Gerda E. M. Lamers, Jess Morrhayim, Antonia Chatzopoulou,
Marcel Schaaf, Hans den Dulk, Claude Backendorf, Jeffrey I. Zink, and Alexander Kros*

Site-specific stimuli delivery systems are attractive materials as
drug-delivery systems (DDSs) for the treatment of cancer disease
in which the ultimate goal is the release of significant amount
of drug in selected areas without damaging the surrounding
healthy cells.l! Therefore, the drug carrier must possess a
number of properties such as biocompatibility with a living
environment; high loading capacity of the drug; prevention of
any premature release, the ability to target specific cancer cells,
and controlled release.'™? In the last decade, a wide variety of
DDSs have been explored, based upon dendrimers, hydrogels,
liposomes, and inorganic nanoparticles.’! However, meso-
porous inorganic nanomaterials represent a good candidate for
drug delivery as they preserve the payload from the metabolism
and the immune response for a longer period of time. There-
fore, the distribution of the nanocarrier in all of the districts
of the organism reaching the targeted site and releasing a
significant concentration of drug can be achieved."® In order
to accomplish targeting and tunable release, inorganic nano-
particles have to undergo surface modification.P!

Mesoporous silica nanoparticles (MSNs) are actively studied
materials for drug delivery because of their fascinating proper-
ties.[) These nanomaterials were evaluated in vivo, and high
biocompatibility was observed.®® Moreover, the pore size can
be varied thereby allowing the loading of guest molecules with
different molecular weights and variable steric hindrance. The
organic modification of the nanocarrier surface transforms
the nanomaterial into a “smart” drug-release device where the
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valve has three important functions: to prevent any premature
release, to deliver the payload upon a specific stimulus in order
to avoid any side effects, and to target the system towards a spe-
cific cell type.!

In order to prevent aggregation in aqueous media,
hydrophilic valves have been designed composed of peptides,!®!
antibodies,”) DNA/dendrimers complexes and lipid bilayers.*"!
In this paper we studied a new stimuli-responsive material
based on silica mesoporous nanoparticles capped with rotaxane
valves and a folic acid head group. The nanovalve system con-
sists of a monolayer of mechanically interlocked molecules in
the form of the rotaxane composed of: a linear stalk anchoring
the rotaxane on the surface, a gating ring that encircles it and
locks the cargo in the mesopores, and a stopper located at
the end of the linker, connected to it with a cleavable bond.[%
Herein, the so-called rotaxane nanovalves are activated by este-
rase enzymes while the targeting moiety, folic acid, is an inte-
gral part of the valve system. Folic acid, the soluble form of
vitamin B, targets tumors in a similar manner to monoclonal
antibodies, as folate receptors (FRs) are overexpressed in more
than 40% of human tumors,'% but are generally absent in
healthy cells.'!]

We previously used silica-modified nanoparticles with folic
acid in order to increase the selectivity towards cancer cells.
However, in these studies the folic acid was not a part of a
nanovalve system.[!?]

The rotaxane structures locks the guest molecules in the
pores while preventing any premature leakage. The folic
acid moiety is an integrated part of the rotaxane structure
(Scheme 1). Nanoparticles loaded with the anticancer drug
camptothecin (CPT) were evaluated as a drug-release system in
cell cultures, and their effect on the apoptosis mechanism of
the cells was studied with Western Blot and terminal deoxyno-
cleotidyl transferase dUTP nick end labeling (TUNEL) staining
assays.

Folic acid-modified mesoporous silica nanoparticles
(FAMSNs) were synthesized from tetraethyl orthosilicate
(TEOS) using hexadecyltrimethylammonium bromide (CTAB)
as a surfactant template agent.'»"3] Scanning electron micro-
scopy (SEM) showed that the particles were spherical with an
average diameter of 200 nm. The surfactant was subsequently
removed from the pores refluxing with acidic methanol and
the CTAB removal was confirmed by Fourier transformed
infrared (FTIR) spectroscopy (see Supporting Information,
Figure S1). The inner pores have an average diameter of
2.8 nm and the channels are aligned, as confirmed by trans-
mission electron microscopy (TEM) and X-ray diffraction
(XRD) (Figure 1).
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Scheme 1. Synthesis of the folic acid silica nanoparticles (FAMSNSs): the particles are loaded with fluorescein which is released upon bioactivation of

the valve towards porcineliver esterase (PLE).

For the construction of the nanovalve at the silica nano-
particles the folic acid was modified with ethanolamine (2) and
coupled with pentynoic acid for the introduction of an alkyne
moiety (3) as shown in Scheme 1.'%] Next, the mesoporous
silica nanoparticles (MSNs) modified with an azide terminus
(4) were modified with the folic acid moiety using a copper(I)-
catalyzed click reaction.

The prevention of uncontrolled release of drugs before
reaching the desired targeted cell is an important property of
a drug-delivery system. Therefore we investigated the release
of fluorescein, a model compound for our kinetic studies. The

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

nanoparticles were loaded with 5 x 1073 m solution of fluores-
cein overnight and capped with the rotaxane and the folic acid
moiety. Next, the nanosystem was washed three times with
phosphate buffer saline (PBS) to remove the excess of fluores-
cein. Typically, the FAMSNs contained approximately 4.6 nmol
of fluorescein per mg of nanoparticles. Next, the release was
investigated in vitro in the presence of porcine liver esterase
(PLE). Interestingly the release showed a lag-time of 30 min
and we hypothesize that the cyclodextrin (-CD) acts as a steric
shield for the ester bond from hydrolysis, which is different
compared with earlier work.”¢l In the absence of esterase, the
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functionalization also precludes aggrega-
tion and, at the same time, it functions as an
esterase-activated  snap-top  drug-delivery
system. The hydrodynamic radius of unmodi-
fied MSNs in PBS buffer indeed indicates
clustering of the particles, while FAMSNs
were shown to be monomeric (R, = 517 nm
and 196 nm respectively) (Figure 3). Thus the
presence of this rotaxane structure including
the folic acid moiety prevents clusters of the

Figure 1. Characterization of the FAMSNs: A) scanning electron microscopy (SEM) of FAMSNSs;
B) transmission electron microscopy (TEM) image of FAMSNSs. C) The nanoparticles show the

typical XRD pattern of MCM-41 hexagonal mesoporous silica.

rotaxane structures prevent undesired release of dye showing
its effectiveness as a valve system (Figure 2). For efficient drug
delivery into cells it is necessary that the nanoparticles do not
cluster in media as they will lower the cellular uptake. Hence
it is important to create a hydrophilic surface and avoid any
undesired interactions between the particles. The surface func-
tionalization achieves this goal, because the folic acid moiety
gives hydrophilic properties to the nanoparticles and the o-CD
prevents aggregation in media. As shown in a previous study,®!
we investigated the importance of the o~CD tethered on an
aliphatic stalk when nanoparticles were dispersed in aqueous
solutions. The shielding action of the a-CD prevents interpar-
ticle aggregation; thus, clustering in physiological media is
minimized. Dynamic light scattering (DLS) measurements were
performed in order to understand the purpose of the organic
functionalization. Silica nanoparticles have the tendency to
aggregate in buffered media and therefore strategies have been
developed in order to prevent this phenomenon.>7>12)l One of
the most exploited methods is the pegylation of the external
surface, which precludes clustering effects and without any
precipitation in fetal serum. In our case, the organic surface
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Figure 2. Controlled release of fluorescein in the presence (M) and
absence (®) of 0.12 mL porcine liver esterase (PLE) with a concentration
of 10 mg mL™"in 3.2 m (NH,),SO,.
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particles effectively and the observed dia-
meter corresponds well with the average size
obtained by SEM (approximately 200 nm).

A homogeneous suspension containing
fluorescein-loaded FAMSNs (1 pg mL™)
in PBS were incubated with human oste-
osarcoma U20s cells for 1 hour in PHEM
medium to study the cellular uptake and toxicity. The cells were
washed to remove any cell-membrane-adhered FAMSNs and
analyzed using confocal laser scanning microscopy. The nuclei
of the cells were stained with 4’,6-diamino-2-phenylindole
(DAPI) and the cell cytoskeleton was marked with phalloidine-
Alexafluor 594. The cells were shown to have green fluorescent
nanoparticles in the cytoplasm, revealing that the FAMSNs
were taken up by the cancer cells. The presence of nanoparti-
cles was observed in all of the cultured cells analyzed.

The efficiency of FAMSN uptake was quantified by flow
cytometry as a function of time showing an increasing inter-
nalization of the FAMSNSs in cancer cells, while, in the con-
trol experiment, unmodified MSNs did not show this trend
(Figure 4A). In approximately 90% of the U20s cells endocy-
tosis of FAMSNs was determined. Thus, functionalization
with folic acid positively influences the uptake of FAMSNs by
cancer cells, indicating that the overexpressed folic acid recep-
tors are involved in the cellular uptake (Figure 4B-D).[1016] Sur-
prisingly FAMSNs were sometimes also observed in the nuclei
of the U20s cancer cells (Figure 4D). This is remarkable, as
the nuclear pore complex (NPC) is typically able to transport
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Figure 3. Hydrodynamic diameter of MSNs and FAMSNs determined
by dynamic light scattering. The analysis was done in 1 m PBS buffer
(pH = 7.24); MSNs aggregate in buffer solution while FAMSNs remain
separate and do not aggregate due to surface functionalization.
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Figure 4. U20s endocytosis experiment. A) Graph representing the inclu-
sion percentage of FAMSNs (gray bars) versus unmodified mesoporous
silica nanoparticles (white bars): due to surface functionalization, the
FAMSNs are selectively taken up by the cancer cells, while bare silica
nanoparticles do not show this tendency. B) Laser confocal microscopy
of U20s cells with FAMSNSs (green). The blue signal is given by the nuclei
and the cytoskeleton was stained in red. B,C) U2Os cells with particles
located in the cytoplasm. D) The nanoparticles are also visible in the
nuclear region, as shown by the white arrows.

20-50 nm particles into the nucleus, depending on the cell line.
However, Chen showed that 70 nm SiO, particles can be trans-
ported through the NPC, while 200 nm particles are unable to
enter the nucleus.l'”] The diameter of the silica core used in
this study was approximately 100 nm, as determined by SEM
(Figure 1a). Furthermore, a possible explanation could come
from the work of Bozard et al.,l'®l who showed the presence of
folate receptors in the nuclear membrane. Therefore, our find-
ings are in line with this study, since the FAMSNs are taken
up in the nucleus using the receptor-mediated mechanism. To
support this hypothesis, we also studied the cellular uptake of
unmodified MSNs using the same experimental conditions
with confocal laser scanning microscopy, and these nano-
particles were found only in the cytoplasm (Supporting Infor-
mation, Figure S2).

The drug delivery of camptothecin (CPT) in human cancer
cells leads to growth inhibition and cell death. However, CPT
is hydrophobic; thus, the formulation and the delivery of this
drug remains a challenge. Therefore the delivery of CPT using
FAMSNSs can increase the efficacy of this molecule, preventing
serious side effects as the compound is released only in the
targeted cells. When a cancer cell enters the apoptosis pathway
there is an activation of several mechanisms that lead the cell
to a programmed death. Activation of specific enzymes, such as
caspase-3, and the fragmentation of nuclear DNA are the most-
investigated pathways.[!’]

The release of CPT from the FAMSNs into the cytoplasm
was investigated using a TUNEL assay and a Western blot.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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CPT-loaded FAMSNs were incubated with U20s at 37 °C
and then fixed after 30, 60, 180, and 240 min. Next, we studied
the effect of released CPT on the cell with the TUNEL assay.
In Figure 5A—-C, laser confocal images are reported of samples
fixated after 60, 180, and 240 min. The TUNEL-positive cells
bear green fluorescence in the nuclear region due to selective
interaction of the labeled nick end with fragmented DNA. We
determined the percentage of cellular death (TUNEL-positive
cells) versus time of incubation and observed 90% of cells
were positive after 240 min. Thus folic acid-modified nano-
carriers after being taken up by cancer cells, release their pay-
load in an effective manner, as confirmed by the DNA fragmen-
tation of the TUNEL-positive cells. We also investigated whether
the MSNs and FAMSNs showed any toxicity. Figure 5E shows
the positive TUNEL cells after incubation with MSNs (control),
a solution of 5 x 107> m of CPT in dimethyl sulfoxide (DMSO),P!
FAMSNs, and CPT-loaded FAMSNs. The MSNs and FAMSNs
showed biocompatibility properties when incubated with
U20s cells as only a low cytotoxicity was observed. The effect
on the apoptosis of a solution in DMSO of the anticancer drug
CPT was observed as approximately 50% of cultured cells were
found to be positive. However 93% were found to be positive
when exposed to CPT-FAMSNs nanoparticles. This result is
very important as the calculated amount of CPT released by the
suspension of nanoparticles used for the assay was 0.4 nmol
of CPT per ug of FAMSNS: thus, significantly lower than the
amount previously used. Therefore, loading nanoparticles
with CPT increases significantly the efficacy of this drug, as it
is delivered directly in the cellular environment. Moreover, the
prevention of any premature release allows the delivery of a
significant concentration of CPT at the targeted site.

In summary, we designed a site-specific drug-delivery
system using the so-called nanovalve concept. The FAMSNs
release their cargo upon a biological stimulus (i.e., esterase)
and no leakage was observed in the absence of this enzyme.
Thus this system prevents significantly severe side effects due
to the unspecific release of the drug. A lag time of approxi-
mately 30 min was observed due to the steric hindrance of the
tethered rotaxane. Moreover, the cyclodextrin has a crucial role
in preventing aggregation, as shown by DLS experiment. Active
internalization was observed when folic acid was a part of
the surface functionalization of the nanocarrier, as confirmed
by flow-cytometry studies. The FAMSNs were demonstrated to
be biocompatible as they do not induce apoptosis in U20s cul-
tured cells. This result was also confirmed by a TUNEL assay
where the cytotoxicity was compared with unmodified MSNs.
The release of CPT from the FAMSNs was detected and quan-
tified as a function of time using TUNEL and Western Blot
assays. Hence, the delivery of the anticancer drug led to the
detected pharmacological effects as a significant concentration
of the compound was released in the cytoplasm of the cells.

At present, a large number of molecules in the pipeline of
pharmaceutical companies have low water solubility and there-
fore some administration ways are completely precluded.?l The
employment of mesoporous silica nanoparticles to encapsulate
hydrophilic anticancer drugs is one of the most promising strat-
egies to deliver these compounds into living organisms. The
ability to functionalize the silica surface with specific targeting
molecules enhances the possibility of having successful

Adv. Healthcare Mater. 2013, 2, 281-286
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Figure 5. TUNEL staining assay in U20s cells. U20s were incubated with FAMSNs loaded with CPT and analyzed using laser confocal scanning
microscopy. Positive apoptotic cells have green fluorescent nuclei, while not-apoptotic cells have blue (DAPI) nuclei. A-C) Laser confocal image after
1 hour (A), after 3 hours (B), and after 4 hours (C). D) Amount of positive TUNEL cells as a function of time. After 4 hours of incubation, approximately
90% of the U20s observed were found to be apoptotic. E) TUNEL assay performed with MSNs (control), FAMSNs, a solution in DMSO of CPT, and
FAMSNSs loaded with CPT. MSNs and FAMSNs have shown a low cytotoxicity very similar to the normal turnover of a cell culture. 50% of the U20s
cells were found dead after exposure to CPT solution in DMSO, while 93% of the cells were found positive to TUNEL after exposure to CPT-loaded
FAMSNSs. Thus, the nanoparticles deliver the drug into the cytoplasm releasing an effective amount of CPT.
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