GDCh
~—

@ WAL Hot Paper

Zuschriften

dte

Chemie

Deutsche Ausgabe: DOI: 10.1002/ange.201508288
Internationale Ausgabe: DOI: 10.1002/anie.201508288

«‘ Breakable Hybrid Organosilica Nanocapsules for Protein Delivery

N\

3384

Eko Adi Prasetyanto,* Alessandro Bertucci, Dedy Septiadi, Roberto Corradini, Pablo Castro-

Hartmann, and Luisa De Cola*

Abstract: The direct delivery of specific proteins to live cells
promises a tremendous impact for biological and medical
applications, from therapeutics to genetic engineering. How-
ever, the process mostly involves tedious techniques and often
requires extensive alteration of the protein itself. Herein we
report a straightforward approach to encapsulate native
proteins by using breakable organosilica matrices that disinte-
grate upon exposure to a chemical stimulus. The biomolecule-
containing capsules were tested for the intracellular delivery of
highly cytotoxic proteins into C6 glioma cells. We demonstrate
that the shell is broken, the release of the active proteins occurs,
and therefore our hybrid architecture is a promising strategy to
deliver fragile biomacromolecules into living organisms.

I ntracellular delivery of particular proteins holds an impor-
tant role in biology and medicine, from restoring the function
of interest, producing highly specific molecules in situ, to
regulating gene expression without any genomic alteration
that leads to a reprogramming of the cell behavior.!!
Innovations in biotechnology and nanomedicine have led to
a significant increase in the number of protein- and peptide-
based therapeutics and other macromolecular drugs. Further-
more, recent advances in genomic and proteomic technolo-
gies are expected to continue to expand the pipeline of
molecular curative candidates.”) Nevertheless, the efficient
delivery of native, functional proteins or enzymes, in an active
conformation to the necessary site of action, still remains
a challenge. Under physiological conditions, proteins and
peptides tend to undergo degradation by proteolytic enzymes
or, in the case of the higher-molecular-weight proteins, may be
recognized by neutralizing antibodies.”! To overcome these
limitations, proper delivery systems must be able to shield and
to protect the bioactive molecules in order to preserve their
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functional nature, reducing the need for repetitive injections,
and without compromising the biological activity of the
protein.™

Protein stabilization for delivery purposes has mainly
been achieved by micro- and nano-encapsulation (e.g., within
liposomes, polymeric, or inorganic structures)® and biocon-
jugation (i.e., covalently linking proteins with water-soluble
polymers or simply crosslinking proteins to form stable
particle complexes).'"*®! In vitro protein delivery has been
addressed by using protein-coated gold-nanoparticle-stabi-
lized nanocapsules, however the proteins were still exposed to
the surrounding environment.”” Encapsulation strategies
have received more and more attention and some examples
of diverse soft host structures have been reported.”’! Mostly
polymeric assemblies having biodegradable or, even better,
stimuli-responsive networks for controlled release have been
described.”’! However this encapsulation strategy may suffer
from a lack of stability since only physical interactions occur
between the polymer framework and the protein cargo.!"!

Very recently Tasciotti et al. reported silicon degradable
nanoneedles for delivering RNA."l Furthermore, the use of
porous or hollow silica has emerged as one of the most
promising strategies in the field of nanomedicine. However,
to the best of our knowledge, no examples of biodegradable
hybrid silica shells for the encapsulation and subsequent
release of large biomolecules have been reported. Herein we
describe the development of an innovative system able to
encapsulate functional proteins in their active folding. The
capsules possess excellent stability in water, and are engi-
neered to break into very small pieces (<5nm) once
internalized into cells. The natural reducing environment of
the cells is used to trigger the disruption of the shell.

We demonstrate that the construction of the breakable
shell around the proteins is a general methodology and
different bioactive macromolecules can be entrapped and
released from the stimulus-responsive container. As a model
protein we used cytochrome C (CyC), as its strong absorption
in the visible region allows us to study the kinetics of release
by UV/Vis absorption spectroscopy. We then extended the
investigation to other proteins known to be effective for
killing cancer cells, such as the cytotoxic TRAIL Apo2 ligand
and onconase.™™ The capsules containing any of the toxic
proteins were tested in vitro as a possible treatment towards
glioblastoma, one of the most aggressive cancers with
a survival rate as low as five years.'*!

The first proof of the successful encapsulation is given by
the formation of nanoparticles and their UV/Vis absorption
profile. The realization of the shell, in order to prevent
denaturation of the biomolecule, was performed following the
reverse nanoemulsion procedure described in the experimen-
tal section (see Figure 1 for a general description). The silica
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Figure 1. Construction of the breakable silica capsules. The protein
cargo is encapsulated within a breakable hybrid shell that comprises
disulfide bridges embedded in a silica network.

network of the formed capsules contains about 30% of
organic material made of the bispropyldisulfide (see Figure 1)
derivatives, representing the redox-sensitive groups. Well-
defined nanospheres, uniform in size, possessing a diameter
around 40-50 nm were obtained (CyC@BS-NP), as shown in
the SEM pictures (Figure 2A). A similar size (65 nm) was
measured by dynamic light scattering measurements on
a suspension of the capsules in water. Interestingly, the
materials remain intact even after 10 months storage of the
solution at 4°C and the dispersion and size confirm no
aggregation or destruction of the capsules (see Figure S1A
and S1B in the Supporting Information). The morphology,
shape, and size of the obtained capsules have been analyzed in
more detail by HR-TEM measurements (Figure 2B and
Figure S1B). The material was suspended in a sodium
borohydride solution (see the Supporting Information for
details) and cryo-TEM images were taken after 1 h and 3 h
exposure to the reducing agent, (Figure 2C, D) to monitor the
destruction of the capsules through the reduction of the
disulfide groups. In an analogous manner we have prepared
and analyzed nonbreakable particles that lack the S-S
moieties, but contain the same protein. They show very
similar size and morphology (Figure S2 in the Supporting
Information) but do not display any degradation in the same
reducing agent solution.

To evaluate the release kinetics of cytochrome C from the
breakable nanocapsules, upon their destruction, the particles
were dispersed in water and incubated with glutathione
(5 mm; mimicking a concentration present in living cells).
Analysis of the supernatant with UV/Vis spectroscopy
revealed the absorption of the cytochrome C released from
the destroyed particles. The results summarized in Figure 2E
show that at time =0 (before adding glutathione) there is no
signal of the protein in solution. Upon addition of glutathione,
already after 1 hour, a detectable absorption appeared at
around 400 nm. The signal then increased over time, as the
cytochrome C left the broken capsules and dissolved into
water. After 24 h, the signal reached a plateau, thus suggest-
ing that almost the overall protein escape took place in one
day (Figure S3). Analysis of the supernatant by mass spec-
trometry also confirms the presence of CyC in solution
(Figure S4). As a control experiment we have compared the
release from the nonbreakable capsules, using the same
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Figure 2. Characterization of the material and release kinetics. A) SEM
image of synthesized CyC@BS-NPs, B) HR-TEM images of intact
CyC@BS-NPs, and C, D) cryo-TEM images of the same particles after
treatment with a solution of NaBH, for 1 h and 3 h, respectively.

E) UV/Vis spectra of the supernatants recovered after treating
CyC@BS-NPs with glutathione, in aqueous solution. The signal
monitored is due to the main electronic transitions of the released
cytochrome C. Inset: release profile over time at fixed wavelength

(Aabs =410 nm).

amount of cytochrome C (CyC@NonBS-NPs), and observed
no protein in solution even after 48 h (Figure S5). From the
absorption feature we have also calculated the number of
proteins per particle (about 31), and their almost quantitative
(>90%) release from the broken capsules (see the Support-
ing Information for more data).

To exploit the use of these carriers in living cells, and
therefore their possible applications for protein delivery, we
performed cellular uptake experiments by incubating
CyC@NPs on living C6 glioma cells. The internalization of
the materials, was followed by SEM (Figure S6). The cells
rapidly internalized small numbers of particles only 7 min
after starting the incubation, and the amount of material
taken up increased over time (Figure S6C, D). Since SEM can
only visualize what is happening on the cell surface, we
performed further studies by using TEM on the cells after
they were incubated with the particles. The aim of this
experiment is also to observe the effect of the reducing agent
(glutathione present in the biological environment) on the
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breakable shell. We also compared the different response
between the investigated system, CyC@BS-NPs, and the
nonbreakable shells (see Figure 3 A for a pictorial descrip-
tion). The experiments were carried out by analyzing the
internalized particles at different incubation times that is, 4
and 24 h (Figure 3B,C,D) at a concentration of particles of
0.1 mgmL™".

A

g, protein —s protein@nonBS route
© protein@shell — protein@BS route

ezl )

‘,b induced
lysosomeand®  2POPtosis

protein@nonB;

lysosome and
endosome fusion
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Figure 3. Transmission electron micrographs of internalized particles
in cells. C6 glioma cells were incubated for 4 and 24 h with

0.1 mgmL " particle dispersion (CyC@BS-NPs and CyC@NonBS-NPs
respectively) and cultured for additional 24 h after changing the culture
media. Panel A shows a schematic representation of the nanoparticle
internalization and their fate in the cell. Images B, D, F: breakable
particles. Images C and E: nonbreakable nanomaterials.

One experiment was prolonged to 48 h: the cells were
incubated with the nanoparticles for 24 h and, after washing
away the particles, a further 24 h incubation was performed in
clean cell culture media (48 h in Figure 3E and F).

TEM images clearly indicate that the nanomaterials are
compartmentalized and after 4 h even the breakable particles
are still mostly intact. Interestingly, after 24 h, the breaking of
the particles, triggered by the lysosomal enzymatic activity,
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occurs and only a multitude of amorphous morphologies are
detectable (Figure 3D). The destruction of the organosilica
shell is complete after 48 h, and aggregated debris, which give
a diffuse contrast to the lysosome, are observed (Figure 3F).
The nonbreakable particles do not show any degradation
even after 48 h incubation, and maintain the typical round
shape (Figure 3C and E) of the freshly synthesized particles
(Figure 2B).

In order to visualize and colocalize the particles, we
encapsulated a green fluorescent protein, EGFP, in the
breakable capsules, as probe for confocal microscopy, and
also to prove that the encapsulation can occur with different
type of proteins (Figure S7). Incubation of the EGFP@BS-NP
with C6 glioma cells (see Figure 4 A,B), showed colocaliza-
tion into the lysosome and the degradation results are in
accordance with the breaking behavior observed by TEM for
the CyC@BS-NP. In this case, the release of EGFP into the
cytoplasm results in a diffused non-colocalized emission
signal because of the spreading of the fluorescent proteins
into the cytoplasm (see Figure S8 and S9).

Finally, to demonstrate that the shell is protecting and
maintaining the activity of the intact macrobiomolecules, we
next encapsulated toxic proteins such as human TRAIL Apo2
ligand (TRAIL@BS-NP) and onconase (oncon@BS-NP) in
breakable shell nanocapsules (Figure S4).

TRAIL Apo2 ligand is a protein that belongs to the tumor
necrosis factor (TNF) family of death ligands and can be used
to overcome resistance to conventional chemotherapeutic
drugs. TRAIL@BS-NPs were thus initially tested on a C6
glioma cell line, and toxicity can be expected only when the
protein is delivered into the cytosol in its native folding. To
have a full quantification of the toxicity of the material, we
also investigated the same type and number of cells after
incubation with the potentially nontoxic CyC@BS-NP and
CyC@NonBS-NPs.

The overall cell viability was measured as direct indicator
of the cytotoxic/anticancer effect provided by the hybrid
particles. The results are summarized in the plot in Figure 4 C
and show that CyC@NonBS-NPs did not influence the total
cell viability with respect to the control culture, thus
confirming that the core/shell system is absolutely biocom-
patible and noncytotoxic (Figure 4C). In the case of
CyC@BS-NPs, a slight reduction of the viability was recorded
(78.7 % vs. 89.5 % control), which can be possibly ascribed to
an interference effect in the normal biological metabolism
because of an excess of cytochrome C present in the cell after
the delivery, thus inducing apoptosis.['”)

An important result, shown in Figure 4C, is the cell
viability percentage obtained when treating the C6 glioma
cells with TRAIL@BS-NP (0.15mgmL~', 24h), which
induced a drastic reduction of the value up to 45% with
respect to the control sample. The results highlight the
effective role of the nanosphere system internalized by the
cell: the ability to deliver the protein in the native form upon
degradation of the outer shell. The released TRAIL must be
in an active conformation to carry on its apoptosis-inducing
effect, as indicated by the overall cell viability reduction. To
confirm this effect, the same TRAIL@BS-NPs were also used
to incubate C6 glioma cells under the same conditions, which
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Figure 4. A) Confocal micrographs taken after 24 h incubation with the particles (concentration 0.05 mgmL™") showing the localization of the
particles in C6 glioma cells. Colocalization experiments with LysoTracker® Red DND-99 revealed the sublocalization of particles in lysosome area
(overlap coefficient 0.87). Green color: signal from EGFP, red corresponds to lysosome. Yellow circle: non-colocalized area of released EGFP with
lysosome. Scale bars =10 um. B) Top view of 3D confocal microscopy image of f-actin (red) and nucleus-stained (blue) C6 cells taking up EGFP-

containing particles (green). Excitation wavelengths are 405, 488, 594, and 633 nm for DAPI, EGFP, LysoTracker Red DND-99, and Alexa Fluor 647

Phalloidin, respectively. C) Summary of cell viability tests.

were eventually analyzed in a Trypan Blue cell mortality test
(Figure S10).

The role played by the breakable disulfide-containing
shell and its potential as chemotherapeutic tool was corrobo-
rated when viability experiments were conducted on the same
cell line using Onco@BS-NP and compared with the non-
breakable nanoparticles, Onco@NonBS-NP. The nanomate-
rials were synthesized and incubated with C6 glioma. The
cytotoxicity experiments were then performed as outlined
above, and once again the cell viability was employed to
evaluate the integrity of the protein and its activity as cell
inducing apoptosis. It is important to note that Onco@-
NonBS-NP did not affect the cell viability, as no significant
change could be registered with respect to the control sample
(Figure 4 C). The excellent biocompatibility of the material is
also an indicator that the protein cargo cannot leak out when
the nanocapsule shell is made entirely of silica, and the
selected proteins are not present on the silica surface. On the
other hand, when treating the cells with Oncon@BS-NP
(0.15mgmL"", 24 h), a dramatic drop (up to 40%) of the
viability percentage was observed. This result demonstrates
that the delivery of onconase occurs upon degradation of the
breakable shell. The data strongly suggest that the onconase
was thus released in its functional conformation, able to carry
on its related antitumor effect (for a summary of the data see
Table 1 in the Supporting Information).

In conclusion, we have proposed a general method for the
encapsulation of proteins within a stimulus-responsive break-
able hybrid organosilica shell. The breaking of the capsules is
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efficient once the nanocapsules are internalized in cancer cells
and the released proteins retained their activity.

Experimental Section

Synthesis of CyC@BS-NP: Triton X-100 (1.77 mL) and n-hexanol
(1.8 mL) were dissolved in cyclohexane (7.5 mL). Separately, 300 pL
of a2.5 mgmL " aqueous solution of cytochrome C from equine heart
were mixed with 40 pL of tetraethyl orthosilicate (TEOS) and 60 uL
of bis[3-(triethoxysilyl)propyl]disulfide. After shaking, this mixture
was added to the organic solution. 50 pL. of 30 % aqueous ammonia
solution was added and the water—oil emulsion was stirred overnight
at room temperature. 20 mL of pure acetone was subsequently added
in order to precipitate the CyC@BS-NPs and the material was
recovered by centrifugation, washing twice with ethanol, and three
times with water. Encapsulation of other protein and cell experiment
is described in the Supporting Information.
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