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ABSTRACT: Organosilica nanoparticles that contain responsive organic
building blocks as constitutive components of the silica network offer
promising opportunities for the development of innovative drug formulations,
biomolecule delivery, and diagnostic tools. However, the synthetic challenges
required to introduce dynamic and multifunctional building blocks have
hindered the realization of biomimicking nanoparticles. In this study,
capitalizing on our previous research on responsive nucleic acid-based
organosilica nanoparticles, we combine the supramolecular programmability
of nucleic acid (NA) interactions with sol—gel chemistry. This approach
allows us to create dynamic supramolecular bridging units of nucleic acids in a
silica-based scaffold. Two peptide nucleic acid-based monoalkoxysilane
derivatives, which self-assemble into a supramolecular bis-alkoxysilane
through direct base pairing, were chosen as the noncovalent units inserted
into the silica network. In addition, a bridging functional NA aptamer leads to
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the specific recognition of ATP molecules. In a one-step bottom-up approach, the resulting supramolecular building blocks can be
used to prepare responsive organosilica nanoparticles. The supramolecular Watson—Crick—Franklin interactions of the organosilica
nanoparticles result in a programmable response to external physical (i.e., temperature) and biological (i.e.,, DNA and ATP) inputs
and thus pave the way for the rational design of multifunctional silica materials with application from drug delivery to theranostics.

B INTRODUCTION

In recent years, the use of nanoparticles (NPs) has led to a
number of exciting breakthroughs in medicine, providing new
tools for the treatment and detection of diseases. > Regarding
ongoing efforts to endow nanomaterials with the ability to
respond to their environment and perform critical tasks for
emerging biomedical technologies, the development of supra-
molecular materials*® and liposomes®™® with versatile organic
functional structures has shown particular promise. However,
creating cost-effective, long-term-stable, and biocompatible
NPs that exhibit multifunctionality, such as recognizing disease
biomarkers like DNA or small organic molecules and
degrading in response to their presence, remains a challenge.”

In this regard, using organosilica particles (0SPs)'°
represents a promising strategy for developing smart nanoma-
terials for biomedical applications. The main advantages of
OSPs include their general biocompatibility, tunable phys-
icochemical properties, such as size, shape, and porosity, and
the possibility of introducing responsive organic linkers within
their framework using well-established sol—gel chemistry."" By
following such an approach, the organic component is
covalently incorporated into a rigid silica framework that can
be used in NPs fabrication. The covalent bonds ensure
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structural stability during the condensation of the silica
precursors but limit the possibility of exploiting the dynamic
behavior of supramolecular systems (see our work “Responsive
Nucleic Acid-Based Organosilica Nanoparticles”)."”

On the other hand, biopolymers such as nucleic acids (NAs)
can yield 3D structures with nanometer-precise features and
potential applications in biomedical technologies."*~"> Despite
their promising properties, purely synthetic DNA-based
materials have several drawbacks, such as lack of in vivo
stability and challenging large-scale synthesis.'®'” These have
limited, until now, use in real-world nanomedicine applica-
tions.'® Nucleic acids not only self-assemble into double
helices and bind to complementary sequences according to
programmable Watson—Crick—Franklin base pairing but can
also interact with proteins and small molecules through
noncovalent interactions. Indeed, several RNA and DNA
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Figure 1. The presence of supramolecular-bridged NA (DNA or PNA) building blocks endows nucleic acid-based organosilicas with sequence-

specific chemical, physical, and biological responsiveness.
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Figure 2. Alkoxysilanes Si-T-PNA and Si-F-PNA self assemble to form a supramolecular bisalkoxysilane, which, after its hydrolysis and
polycondensation, yields supra-OSPs as shown in the SEM image (scale bar = S00 nm).

aptamers,'” a class of synthetic single-stranded oligonucleo-
tides able to recognize and bind to non-nucleic acid targets
with high affinity and specificity, have been described in the
last decades and developed thanks to SELEX or similar
selection strategies.zo_22 DNA aptamers, in particular, have
found numerous applications in sensing technologies when
used as probes for proteins,23’24 toxins,”>*® small organic
molecules,”” or metals”® and are under development as
potential drugs.””*° Several protective chemical modifications
can be introduced to improve the stability of DNA
oligonucleotides, and this can affect their functionality,
especially when using aptamers.”’ As an alternative, the use
of resistant oligonucleotide analogs, for self-assembly into
nanoparticles, has become increasingly important.'” Peptide
nucleic acids (PNAs),”” polyamide analogs of DNA, are more
stable and easier to produce, and their derivatives can be
particularly useful in nanotechnology. PNAs have a high
affinity and sequence selectivity for DNA and RNA*® and can
form highly stable PNA:DNA:PNA triplexes and PNA:PNA
duplexes; high-affinity PNA aptamers were also recently
described.** In nanofabrication, PNAs are particularly advanta-
geous since they are compatible with both aqueous and organic

solvents” and, most importantly, are completely resistant to
both peptidases and nucleases.*

Previous works on merging nucleic acids and silica-based
(nano)materials relied on the use of DNA as a purely structural
template for the silicification of preformed DNA structures®”*®
and as a tool to load porous particles or functionalize the
surface of NPs with nucleic acids for drug delivery™~** or
sensing applications.** ™"

Inspired by the unique properties of dynamic self-assembling
of biopolymers in nature and capitalizing on the principles of
sol—gel chemistry in which organo-alkoxysilanes enable the
preparation of self-assembled organic—inorganic hybrid
materials*®™' and responsive organosilica NPs,*>*" we
achieved hybrid nanomaterials that incorporate nucleic acid-
based noncovalent bridging units, which can undergo a series
of different dynamic processes in the presence of external
stimuli.

In our previous work,'> we demonstrated that organo-
alkoxysilane derivatives of NAs can be used to prepare
covalently bridged DNA- or PNA-OSPs. Here we extend this
concept by creating noncovalent NA-based silica networks
using programmed PNA:PNA or PNA:DNA interactions as

https://doi.org/10.1021/jacs.3c04345
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/jacs.3c04345?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04345?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04345?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04345?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04345?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04345?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04345?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04345?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c04345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

constitutive elements. Self-assembled PNA:PNA, PNA:D-
NA:PNA supramolecular building blocks were used to prepare
the OSPs with or without the presence of a secondary silica
source (Figure 1). The resulting organosilica nanoparticles
contain nucleic acid structures that can respond to physical
stimuli (e.g., temperature) and can recognize complementary
NA strands or small molecules (e.g, ATP), leading to
morphological changes and eventually the disruption of the
nanomaterial. To the best of our knowledge, this is the first
example of silica-based nanomaterials held together by a
network of programmable, stimuli-responsive noncovalent
interactions. Our findings highlight exciting possibilities for
designing responsive nanoparticles using nontoxic starting
materials that can be applied in a broad range of applications,
including drug delivery and sensing.

B RESULTS AND DISCUSSION

Synthesis of Supramolecular Organosilica Particles.
In our previous work,'” we described the preparation of bis-
alkoxysilane oligonucleotides and showed that the resulting
biomolecule can be integrated as an active element into
mesoporous OSPs. Utilizing the unique complementarity of
oligonucleotides mediated by Watson—Crick—Franklin
(WCF) base pairing and z—z-stacking interactions, in the
current study, we prepared oligonucleotide-based monoalkox-
ysilane derivatives that can self-assemble into a supramolecular
bis-alkoxysilane in a programmable way. The self-assembled
bis-alkoxysilane was then used to prepare organosilica particles
that have supramolecular and self-assembled organic bridges in
their backbones.

For practical reasons, we decided to test this strategy using
PNA strands since these bind more strongly than DNA to
complementary strands and allow the use of shorter sequences,
and then we moved on to a more advanced PNA:DNA-
(aptamer)-based example (vide infra).

In the first step, monoalkoxysilane derivatives were prepared
from two complementary PNA strands (Supporting Informa-
tion Section I). One of them was labeled with the
carboxyfluorescein dye (FAM), and the other with §-
carboxytetramethylrhodamine (TAMRA), and the resulting
derivatives were designated as Si-F-PNA and Si-T-PNA,
respectively (Figure 2). This design enabled a FRET-based
study of their hybridization (Figure S1).

Mixing equimolar amounts of Si-F-PNA and Si-T-PNA
strands led to the formation of the supramolecular Si-F-
PNA:PNA-T-Si adduct, which was used to prepare organosilica
particles with supramolecular bridging groups (Supra-OSPs)
through direct hydrolysis and polycondensation in basic
aqueous solutions (Figure 2; Supporting Information Section
ILI). The presence of the organic functionalities in the Supra-
OSPs was investigated by UV—vis absorption (Figure S2a) and
ATR-FTIR spectroscopy (Figure S2b). The amount of PNA
incorporated into the Supra-OSPs was analyzed by fluores-
cence spectroscopy using an emission-based calibration curve
of the T-PNA (Figure S3). Fluorescence analysis showed that
95% of the T-PNA and thus also the F-PNA was incorporated
into the final particles compared with the original PNA feed,
leading to PNA incorporation of 0.02 ymol-mg™" or 6.7% (w/
w; Supporting Information Section ILI).

Forster resonance energy transfer (FRET) studies (Figure 3;
Supporting Information Section ILII) showed that by heating a
dispersion of the particles in water, thermal melting of the
PNA:PNA interactions within the Supra-OSPs occurred, as the
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Figure 3. (a) Fluorescence spectra of a dispersion of supra-OSPs (¢ =
0.008 mg-mL™") in PBS (pH = 6) at room temperature (4, = 450
nm). (b) Overlaid emission spectra of the same supra-OSPs
dispersion before and after heating at 60 °C (4, = 450 nm).

energy transfer (ET) present in the particles was drastically
reduced as well (Figure 3b). Indeed, after heating (T = 60 °C),
the emission intensity of fluorescein (Aypmpay = 517 nm)
increased by 6-fold and was associated with a negligible change
of the TAMRA emission (Aeptamra = $90 nm). This result is
important because the melting temperature of the PNA:PNA
duplex can be easily modulated by changing the length of the
PNA double strand, thus enabling fine-tuning of the thermal
stability of the NPs. This result can be considered to be a proof
of principle for the preparation of supramolecular organosilica
particles, opening up possibilities for reversible dynamic
systems.

Bioresponsive DNA Aptamer-Bridged Organosilica
Particles. Having established that responsive organosilica can
be prepared with noncovalent WCF interactions, we used this
approach to generate a more complex supramolecular
organosilica assembly that can in principle respond to different
target biomolecules (bioresponsive aptamer—organosilica NPs
in Figure 1) such as complementary DNA or adenosine
triphosphate (ATP), the universal energy carrier for living
organisms and an essential regulator of cellular processes. We
selected an ATP-binding DNA aptamer (Supporting Informa-
tion Section IILI) since it selectively recognizes ATP through a
binding-induced conformational change mechanism.”**® As
shown in Figure 4a, the ATP aptamer additionally contained a
6-carboxy-X-rhodamine (ROX) label and two PNA-binding
regions. These regions were designed to hybridize with two
partially complementary PNA silanes: Si-F-PNA (green strand
in Figure 4a) and the 8mer Si-PNAS strand (Figure 4a, orange
strand). We confirmed that the modified aptamer used in this
work retains its binding affinity to ATP by using ratiometric
FRET studies (Supporting Information Section IILIII and
Figures S4 and SS).

Mixing the aptamer and the two monoalkoxysilane
derivatives (Si-F-PNA and Si-PNAS8) resulted in a supra-
molecular bis-alkoxysilane (Si-F-PNA:aptaROX:PNAS-Si; see
Figure 4a and Figure S6 for the detailed structure). This
supramolecular aggregate was subsequently hydrolyzed and
polycondensed in basic aqueous media (pH = 8.5) containing
CTAB to yield aptamer-bridged organosilica particles (Apta-
OSPs; Supporting Information Section IILIV). The SEM
images recorded on Apta-OSPs (Figure 4a right image and
Figure S7a) indicated the successful preparation of spherical
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Figure 4. (a) Schematic representation of the self-assembly of two PNA-based monoalkoxysilanes (green and orange strands) that can hybridize
with the ATP aptamer to form the supramolecular bis-alkoxysilane derivative (Si-F-PNA:aptaROX:PNAS8-Si). The supramolecular alkoxysilane is
used to prepare organosilica particles by the hydrolysis and polycondensation of its alkoxysilane groups. On the right, the SEM image of Apta-OSPs
is shown (scale bar = S00 nm). (b) UV—vis absorption spectrum of Apta-OSPs (captamer =1.28 uM) in Tris buffer (10 mM, pH 7. 4, with MgCL, 3

mM). (c) Emission spectrum of Apta-OSPs (¢

aptamer = 1.28 M) in Tris buffer (10 mM, pH 7.4, with MgCl,, 3 mM) upon excitation at A, = 480

nm. Due to FAM-labeled PNA and ROX-labeled aptamer hybridization, FRET is observed in Apta-OSPs. (d) Schematic representation of the
hybridization of the aptamer with DNA, which in turn induces the displacement of the PNA. This process can be followed by decreased sensitized
emission of the ROX dye of the aptamer. FRET study on the dispersion of Apta-OSPs (corresponding to 2 M ROX aptamer) in the presence of
different inDNA concentrations (0—10 M) in Tris-HCl buffer (10 mM, 3 mM MgCL, pH = 7.4).

nanoparticles with an average diameter of 53 + 16 nm (Figure
S7b).

The synthesis of Apta-OSPs as well as Supra-OSPs was
based on a previously reported and optimized procedure for
the preparation of DNA-bridged mesoporous organosilica
particles.'” The use of other organoalkoxysilanes and the larger
amount of dimethyl sulfoxide likely are the reasons for the
differently shaped nanoparticles obtained in this work, as the
synthesis of organosilicas is generally strongly dependent on
the reaction conditions (e.g, type of organosilanes used,
composition of the solvent, temperature, etc.).M

The presence of the organic functional groups in the Apta-
OSPs was confirmed by ATR-FITR spectroscopy (Figure S8),
which revealed a structured but broad transmission band in the
range of approximately 3600—3000 cm ™" that can be attributed
to the N—H and O—H stretching vibrations of the
oligonucleotides and to the partially condensed OH groups
in the silicate framework of the Apta-OSPs. The sharp
transmission bands occurring at 2970, 2910, and 2852 cm™!
can be assigned to C,>—H and Cy;*—H stretching vibrations
originating from the organic components of the particles.’®
The two sharp bands at 1640 and 1560 cm™' reflect the
characteristic amide I and II bands, respectively, due to the
amide-based backbone of the PNAs.’® Importantly, the
successful condensation of Si-F-PNA:apta:PNAS8-Si was
confirmed by the emergence of two relatively intense and
sharp transmission bands at 1060 and 763 cm™, reflecting the
Si—O—Si stretching vibrations.”” The presence of some

noncondensed Si—OH groups was detected by the appearance
of a sharp transmission band at 906 cm™.>’

UV—vis spectra were also recorded from a dispersion of
Apta-OSPs (Figure 4b) in Tris buffer (10 mM, pH 7.4). These
absorbance spectra showed the characteristic absorption band
of purine and pyrimidine nucleobases at 260 nm and the band
corresponding to the FAM and ROX absorptions with maxima
at 500 and 596 nm, respectively, confirming the successful
integration of the PNA-aptamer assembly in the Apta-OSPs.
The amount of aptamer incorporated into the particles was
analyzed by fluorescence spectroscopy using a fluorescence-
based calibration curve of the ROX-labeled aptamer (Figure
S9). The fluorescence-based analysis showed that 91% of the
aptamer was incorporated into the final particles compared
with the original aptamer feed, leading to an aptamer
incorporation of 0.006 pmol'mg™' or 9% (w/w; Supporting
Information Section IILIV).

The integrity of the PNA:aptamer:PNA bridge in Apta-OSPs
was verified by FRET spectroscopy. We hypothesized that
excitation of the FRET donor (F-PNA) should result in
sensitized emission of the FRET acceptor (ROX in the
aptamer) due to a distance-dependent ET. As shown in Figure
4c, sensitized ROX emission from the aptamer (4,,, = 613 nm)
is observed upon excitation of F-PNA (4, = 480 nm),
confirming that the structural integrity of the aptamer-PNA
adduct is preserved after particle formation.

Given the PNA:aptamer:PNA tile design in Apta-OSPs, the
responsiveness of Apta-OSPs was explored by challenging the
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Figure S. (a) Schematic representation of the strand displacement induced by the presence of ATP within Apta-OSPs. (b) SEM images of (I) Apta-
OSPs and (II) Apta-SiO,-OSPs before and after the addition of ATP (scale bars = 500 nm). The initial spherical morphology of the Apta-OSPs is
lost due to displacement of the PNA strand (orange). (c) UV—vis absorption spectra recorded for the dispersion of Apta-OSPs ([Si-F-
PNA:aptaROX:PNA8-Si] = 0.012 yM) in Tris buffer (10 mM, pH = 7.4, with MgCl, = 3 mM). (d) FRET experiments indicated the increase in
ROX emission intensities and a concomitant decrease and blue-shifted emission profile of Alexa680 upon addition of ATP to the Apta-OSPs

dispersion.

bridging aptamer with a fully complementary invading ssDNA
(i.e., inDNA; Supporting Information Section IILII)).
Specifically, we hypothesized that the thermodynamically
favorable inDNA hybridization with the aptamer due to the
presence of extra nucleobases that are not involved in the
PNA:aptamer:PNA building block (toehold) would displace
the aptamer from the PNAs, thus demonstrating the
responsiveness of Apta-OSPs to external DNA molecules and
dynamic nature of the supramolecular PNA:aptamer assembly.
This process was monitored by FRET analysis using the ROX
acceptor-labeled aptamer and donor-containing F-PNA in the
NPs. Indeed, mixing Apta-OSPs with increasing concentrations
of inDNA resulted in a significant decrease in the relative
energy transfer efficiency from the FRET donor to the
acceptor, suggesting that toehold-mediated strand displace-
ment occurs (Figure 4d and Supporting Information Section
IILV). Thus, this system can recognize and respond to a fully
complementary DNA strand, generating a detectable fluo-
rescence response, a finding that may be of interest for imaging
and theranostic applications, and targeted release.

The ability of the aptamer to bind ATP once it is integrated
as a structural element in Apta-OSPs was similarly investigated
by electron microscopy and FRET spectroscopy (Supporting
Information Section IIL.V). The aptamer folding induced by

binding to ATP was expected to displace the PNAS8 unit
(Figure Sa), disrupting the supramolecular bridge in the
framework and ultimately triggering degradation and morpho-
logical changes in the NPs. As expected, the addition of ATP
to a dispersion of Apta-OSPs led to complete particle
disintegration, as revealed by SEM microscopy (Figure Sb I).
In the case in which Apta-OSPs were prepared by co-
condensation of the organic silica precursor TEOS (50 mol %
with respect to Si-F-PNA:aptaROX:PNAS8-Si and designated
herein as Apta-SiO,-OSPs; Figure S10), particle degradation
was still observed upon addition of ATP, although to a lesser
extent when compared to Apta-OSPs (Figure Sb II). In this
latter case, the formation of morphologically distinct and less
spherical particles was observed, as well as an amorphous layer
surrounding the particles resulting from a surface reaction with
ATP. Importantly, this loss of morphology was observed only
in the presence of ATP. Mixing the particles with other
biomolecules (e.g., glutathione; GSH) or in water as a control
did not cause a drastic morphological change (Figure S11),
confirming ATP-triggered strand displacement within Apta-
OSPs.

The observed morphological changes can be explained by
the structure-switching reconfiguration of the DNA aptamer
bound to ATP and the resulting displacement of Si-PNAS8
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Figure 6. (a) Analysis of live/dead cell viability of 4T1.2 cells treated with ssOSPs and Apta-OSPs (0.05 mg-mL™") for 4 and 24 h. Images were
obtained using FITC and TRITC channels by fluorescence microscopy. Live cells were labeled with calcein-AM (green), and dead cells were
colored with EhD-1 (red). (b) Dot plots of propidium iodide flow cytometry analysis of 4T1.2 cells treated with ssOSPs and Apta-OSPs (0.0 mg:
mL™") for 4 and 24 h. (c) Flow cytometry analysis of live/dead cells. (d) MTT assay for cell metabolic activity measurements (left panel, 4 h; right

panel, 24 h).

(orange strand) from the supramolecular bridging group.
Disruption of the supramolecular bridge leads to pronounced
mechanical deformability and structural collapse of the
particles.

OSPs which were prepared from 100% Si-F-PNA:aptaR-
OX:PNAS8-Si showed more drastic morphological changes
because they lack additional inorganic silicates, which are
structurally robust building blocks that attenuate the effects
induced by the ATP binding. The response of Apta-OSPs to
the presence of ATP was further confirmed by dynamic light
scattering (DLS) analysis, which showed that mixing ATP with
the particles triggered their aggregation in an ATP-dependent
manner (Figure S12), most likely resulting from the formation
of dispersed and fused particle debris, as previously observed in
SEM images. In a second control experiment, guanosine 5’-
triphosphate (GTP) was added to the Apta-OSPs to follow
eventual morphological changes, which in turn would show
whether the aptamer retains its selectivity toward ATP. DLS
experiments with a dispersion of Apta-OSPs showed that the
presence of GTP did not alter their hydrodynamic diameter
(Figure S13), indicating the structural integrity of the particles
and thus the selectivity of the aptamer for ATP.

To gain further insight into the strand displacement process,
we prepared Apta-OSPs with the Alexa680-labeled mono-
alkoxy-PNA strand (Si-PNA8-ALEXA; Supporting Information
Section I) shown in Figure Sa. This type of fluorescent labeling
was used to confirm the dual function of PNAS as an essential
structural component of the supramolecular bridging group in
Apta-OSPs and as an ATP-responsive dynamic linker. The

absorption spectra of the particles dispersed in Tris buffer (10
mM containing 3 mM MgCl,, pH = 7.4) are depicted in Figure
5S¢, showing the presence of the three fluorescent dyes in the
particles (A, my = S00 nm: FAM; Ay o = S50 nm: ROX;
Aspmax = 690 nm: Alexa680). Excitation of the ROX dye
(Aexrox = S50 nm) resulted in sensitized Alexa680 emission
(Figure 5d, black curve), indicating that PNA8-ALEXA is
hybridized with the ROX-labeled aptamer in the particles.
Conversely, the excitation of PNA8-ALEXA alone at the same
wavelength did not result in a significant sensitized emission of
the Alexa fluorophore (Figure S14). When ATP was added to
the Apta-OSPs dispersion, an increase in the emission intensity
of ROX was observed, while the emission intensity of the
Alexa680 dye slightly decreased and its emission spectrum
exhibited a hypsochromic shift (Figure Sd; Supporting
Information Section IILV). These observed photophysical
changes showed that the aptamer binds to ATP, displacing the
Alexa680-labeled PNA-8 strand, resulting in decreased
efficiency of energy transfer from the excited state of the
donor dye (ROX) to the acceptor dye (ALEXA). The FRET-
based experiment, in combination with the previously
described electron microscopy analysis, showed that the
aptamer remained accessible and functional after particle
formation and that a visible change in particle morphology was
observed in the presence of ATP due to the dynamic
displacement process within the supramolecular bridging
group of Apta-OSPs. From the studies presented here, it
appears that ATP recognition by Apta-OSPs begins at the
surface of the particles. In this scenario, most aptamer
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molecules remain unaffected by the addition of ATP and thus
“dormant” until the surface of Apta-OSPs is degraded, allowing
new ATP molecules to diffuse to newly available aptamer sites.
In addition, the limited accessibility of aptamers in the inner
particle scaffold explains why significant photophysical and
morphological changes were observed in the presence of an
excess of ATP when compared to the amount of aptamer used
for the preparation of Apta-OSPs.

Apta-OSPs’ Intracellular Entry and Metabolic Activ-
ity. The internalization of Apta-OSPs into breast cancer 4T1.2
cells was assessed by confocal microscopy (see Supporting
Information Section IV). After the 4T1.2 cells were treated
with Apta-OSPs (0.05 mg-mL™") under standard cell culture
conditions, they were fixed and labeled with WGA-Alexa488
(cell membrane) and Hoechst 33342 (nuclei). Apta-OSPs
particles were imaged upon excitation at 561 nm (ROX
labeled). Representative images from 4T1.2 cells after
treatment with Apta-OSPs for 4 and 24 h are shown in Figure
S15 and Video S1. The analysis of the red fluorescent signal
and the Z-stack sections of the images confirmed the
intracellular localization of the Apta-OSPs at the shortest
time point (4 h). The punctate emission observed for Apta-
OSPs is consistent with an endosomal uptake pathway that we
have also previously observed and studied in detail for other
organosilica nanoparticles.”®

After the demonstration that Apta-OSPs were successfully
localized in the cell, a live/dead test was carried out to evaluate
the viability of Apta-OSP-treated cells. In this assay, ethidium
homodimer-1 (EthD-1) is employed for labeling damaged
membranes. EthD-1 is excluded by the intact plasma
membrane of live cells, and the determination of cell viability
depends only on these physical properties. Disulfide-bridged
mesoporous organosilica NPs (ssOSPs) were also tested as a
control (see Supporting Information Section IV, Figure S22).
The live/dead results (live green cells were labeled with
calcein-AM and dead cells are shown in red after the
incubation with EthD-1, Figure 6a) show that almost 100%
of the cells were alive after the treatment with ssOSPs and
Apta-OSPs (0.05 mg-mL™") for 4 h. After 24 h of incubation,
untreated and ssOSP-treated cells continued their replication,
and the number of living cells significantly increased. In
contrast, Asp-OSP-treated cells decrease their level of
replication and proliferation. Very similar results were observed
by flow cytometry (Figure 6b,c). 4T1.2 cells treated with
ssOSPs exhibited high cell viability levels (around 100%),
similar to control (untreated) cells after incubation for 4 and
24 h. On the contrary, for the highest time point (24 h), a
decrease in cell viability for the Asp-OSP-treated cells was
clearly observed (67% of the cells were alive).

To assess whether the decrease in cell viability and the
reduction in cell proliferation were related to a reduction in
intracellular metabolic activity (caused by the internalization of
Apta-OSPs), an MTT metabolic study was performed (Figure
6d). The MTT assay provides information about the
intracellular redox balance and the mitochondrial dehydro-
genases in living cells.”” This metabolic activity is strongly
influenced by the ATP concentration. After 4 and 24 h of
exposure, no significant effects on cell viability were observed
for the ssOSPs. However, cells treated with Apta-OSPs
exhibited a decrease in metabolic activity and, as a result,
cell viability. This decrease was statistically significant for the
highest dose (0.1 mgmL™") at the lowest incubation time
point (4 h). After 24 h of incubation, 4T1.2 cells exhibited a

significant decrease in cellular activity, even at the lowest doses.
This observation suggests that this effect may be related to the
disruption of intracellular ATP metabolism by Apta-OSPs as
well as to a silencing activity of the internalized aptamer and
PNAs. >~

B CONCLUSIONS

This work shows that nucleic acid-derived alkoxysilanes held
together by supramolecular interactions can be used for a one-
step, bottom-up synthesis of functional organosilica NPs
responsive to physical and biochemical inputs. From a
materials chemistry point of view, the presence of Watson—
Crick—Franklin interactions leads to dynamic and program-
mable behavior that can be explored for various applications.
We showed that introducing dsPNA bridging groups as
structural units in organosilica NPs made the noncovalent
self-assembling organo-alkoxysilanes temperature-sensitive.
Additionally, using a three-component tile-type design, we
extended the supramolecular approach and introduced an
ATP-responsive DNA aptamer in the structural framework of
organosilica NPs. This system turned out to be versatile, since
the DNA aptamer is sensitive to both complementary
oligonucleotides and to its target ATP molecule with different
mechanisms based on noncovalent interactions, which can be
monitored via fluorescence spectroscopy. Disruption of the
morphology by ATP was confirmed by electron microscopy
imaging. Cell uptake experiments also show that Apta-OSPs
are readily taken up by breast cancer cells and alter their
metabolic activity. We envisage that the preparation of
organosilica nanoparticles as presented herein will enhance
the ability to develop responsive materials that could possibly
be exploited for the targeted delivery of drugs and bioactive
molecules, nanoparticle-based gene therapy, and the prepara-
tion of nanoparticle-based methods for the detection of
oligonucleotides, biomolecules, or even toxins in biofluids
and wastewaters.
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ATR, attenuated total reflectance; ATP, adenosine triphos-
phate; Apta-OSPs, aptamer-bridged organosilica particles;
CTAB, cetyltrimethylammonium bromide; DLS, dynamic
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trazolium bromide; NAs, nucleic acids; NPs, nanoparticles;
OSPs, organosilica particles; PNA, peptide nucleic acid; ROX,
6-carboxy-X-rhodamine; ssDNA, single-stranded DNA;
ssOSPs, disulfide-bridged mesoporous organosilica particles;
TAMRA, S-carboxytetramethylrhodamine; TEM, transmission
electron microscopy; TEOS, tetraethyl orthosilicate; WCE,
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