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ABSTRACT: The development of smart nanoparticles (NPs) that
encode responsive features in the structural framework promises to
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nucleic acid (NA)-based organosilica

extend the applications of NP-based drugs, vaccines, and - o response to &
diagnostic tools. New nanocarriers would ideally consist of a | & Q P GO enzymatic %%,

minimal number of biocompatible components and exhibit U K activity

multiresponsive behavior to specific biomolecules, but progress is y° i

limited by the difficulty of synthesizing suitable building blocks.

Through a nature-inspired approach that combines the programm- ssNAs response N\
ability of nucleic acid interactions and sol—gel chemistry, we report . : As via strand

the incorporation of synthetic nucleic acids and analogs, as T T

constitutive components, into organosilica NPs. We prepared covalent

different nanomaterials containing single-stranded nucleic acids incorporation Y

that are covalently embedded in the silica network. Through the

incorporation of functional nucleic acids into the organosilica framework, the particles respond to various biological, physical, and
chemical inputs, resulting in detectable physicochemical changes. The one-step bottom-up approach used to prepare organosilica
NPs provides multifunctional systems that combine the tunability of oligonucleotides with the stiffness, low cost, and

biocompatibility of silica for different applications ranging from drug delivery to sensing.

B INTRODUCTION

Nanomaterials have enormous potential for advancing disease
detection, prevention, and treatment.' ™ Despite past achieve-
ments in the preparation of stimuli-responsive nanomaterials, it
remains relatively difficult to encode information for specific
functions into nanoparticles (NPs) such as the biomolecule
recognition and on-demand degradation in the presence of
biological agents. In the pursuit of obtaining NPs with tailored
responsiveness, controlled radical polymerization”® can be
used to synthesize polymers with a variety of functional groups,
which are used to prepare self-assembled micelles and vesicular
structures.” "> Other soft materials, such as engineered
supramolecular polymers'>'* or liposomes,"*™"” have also
been reported as functional nanomaterials for biomedical
applications. Stimuli-responsive features have also been
introduced into hard nanomaterials by embedding organic
functional groups into the framework of silica NPs."*~*° The
latter approach led to the development of hybrid systems that
contain reactive and cleavable components which enable the
stimuli-responsive release of cargo molecules and the
degradation of the nanocarrier.”’ ™ In these examples, the
feasibility of introducing a stimuli-responsive property depends
on the synthetic accessibility of a variety of organic building
blocks or multistep functionalization processes, all of which are
tedious and potential pitfalls for the design of funtional
materials. In the case of hard NPs (e.g, organosilicas),
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incorporating the stimuli-responsive functional group into the
silica framework relies on covalent bridges.

The need to form covalently bonded organosilica is related
to the stability of the particles during condensation of the silica
precursors. In this respect, introducing building blocks that are
held together by reversible supramolecular interactions into a
rigid silica framework appears to be difficult because the
structural integrity of the nanoparticles can be significantly
affected. Double-stranded DNA is a unique example of a stable
and rigid biopolymer that can be used to self-assemble 3D
structures with nanometer-precise features and potential
applications in biomedical technologies.”*~*® The introduction
of synthetic DNA aptamers,”” strand displacement reactions,*®
and structure-switching probes””*° as responsive modules in
DNA-based self-assembled 3D structures has already been
demonstrated for developing sensors’”’' and smart drug
delivery vehicles.”* Despite their promising potential, purely
synthetic DNA-based materials have several drawbacks, and
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Figure 1. The presence of a covalently embedded nucleic acid (DNA or PNA) building block endows nucleic acid-based organosilica NPs with

sequence-specific chemical, physical, and biological responsiveness.

there are still major obstacles on the way to real-world
nanomedicine applications.

First, the production of large quantities of synthetic DNA is
expensive, and second, long-term DNA stability in vitro or in
vivo is a significant obstacle for biomedical applications.””
Therefore, the use of resistant oligonucleotide analogs for
preparing NPs 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,** are able
to form highly stable PNA:DNA:PNA triplexes and PNA:PNA
duplexes, are compatible with both aqueous and organic
solvents,® and, most importantly for in vivo applications, are
completely resistant to peptidases and nucleases.*

Combining what we have learned from hard and soft
materials with the advanced information-encoded world of
oligonucleotides, we aimed to develop a strategy for making
hybrid nucleic acid (NA)-based organosilica NPs in a one-step
reaction using a bottom-up approach. Until now, the possibility
of using organoalkoxysilane derivatives of NAs to prepare
DNA- or PNA-bridged organosilica NPs has remained partially
explored. Previous reports on the design of hybrid NA-based
silica composites simply relied on the strategy of silicification
of DNA origami, which served as a template structure.””** So
far, only the loading of porous particles with oligonucleotides,
the functionalization of the surface of NPs with nucleic acids
for drug delivery,””™* or sensing applications have been
investigated.”~*

In this work, we capitalize on the principles of sol—gel
chemistry, in which organo-alkoxysilanes enable the prepara-
tion of responsive organosilica NPs.'® We show a variety of
rationally designed NPs that respond to biological, physical,
and chemical stimuli by using NA components (i.e., DNA or
PNA) to construct covalent or, more interestingly, noncovalent
silica networks. We also show that NAs embedded in the
hybrid material are still accessible to recognize complementary
NA strands or small molecules, which leads to morphological
changes and the disruption of the nanomaterial.

The results highlight new and sought-after possibilities for
designing responsive NPs from nontoxic starting materials,
which can be used in a wide range of applications from drug
delivery to sensing. The oligonucleotide is an active
component that can be covalently bridged between the silicon

oxide moieties, leading to an interesting responsive silica
framework in which the functionality of the NA remains
retained and can noncovalently bind a complementary strand.
These components can also be used for the noncovalent
assembly of the stimuli-responsive nanoparticles, as described
in the subsequent companion paper (see “Supramolecular
Nucleic Acid-Based Organosilica Nanoparticles Responsive to
Physical and Biological Inputs”).

B RESULTS AND DISCUSSION

ssDNA-Based Organosilica Nanoparticles. To merge
the properties of DNA-based and sol—gel chemistry,*® we used
alkoxysilane derivatives of single-stranded DNA (ssDNA) and
single-stranded peptide nucleic acids (ssPNA)*"*® as building
blocks for the preparation of ssNA-based organosilica NPs
(Figure 1). The functionalization of the oligonucleotides at the
5’- and 3’-ends with 3-(triethoxysilyl)propyl isocyanate
(ICPTES) prior to their hydrolysis and polycondensation
with the secondary silica source tetraethyl orthosilicate
(TEOS) in the presence of the surfactant cetyltrimethyl-
ammonium bromide (CTAB) allowed us to covalently embed
ssNAs into the silicate framework of the final NPs. This
approach leads to the formation of NA-based organosilica
nanoparticles containing single-stranded NA-based structural
units in their framework.

The covalent embedding of ssDNA as an organic bridging
group into the silica scaffold (Figure 1, left) was achieved in
two steps. First, we prepared a bis-alkoxysilane oligonucleotide
upon reacting the 5'- and 3’-diamino-functionalized 10mer
ssDNA with ICPTES (Supporting Information Section LI)
obtaining the corresponding bis-alkoxysilane derivative (Si-
ssDNA-Si; Figure 2a, bottom). Then the Si-ssDNA-Si was
mixed with TEOS in the presence of the surfactant CTAB in a
basic (pH = 8.5) medium (Supporting Information Section
ILII). The resulting ssDNA-bridged organosilica NPs (ssDNA-
OSPs) from which the surfactant was extracted were spherical
and had an average size of 387 + 88 nm, as revealed by
scanning electron microscopy (SEM, Figure 2a and Figure S2).
The synthetic parameters for preparing ssDNA-OSPs were
carefully adjusted to ensure DNA stability during particle
formation. In particular, milder conditions based on the use of
a pH of 8.5 and a low EtOH content (Supporting Information
Section ILI, Figure S1) were selected by modifying an earlier
procedure for the preparation of mesoporous silica NP.*
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Figure 2. (a) The DNA bis-alkoxysilane (Si-ssDNA-Si) is hydrolyzed
in basic aqueous solutions (pH = 8.5) in the presence of the
surfactant CTAB to obtain nanometer-sized ssDNA-OSPs as
visualized by SEM. (b) SEM images of ssDNA-OSPs before (left
image) and after mixing (2 h, right image) with DNase I. All scale bars
= 500 nm.

Electron microscopy analysis of ssDNA-OSPs indicates that
the presence of DNA alters the formation pathway, as particles
larger than the 100 nm model silica particles were obtained
(Figure S1b). The different morphology of ssDNA-OSPs
compared with model particles can be explained by the
presence of the negatively charged and bulky NA linkers

interacting with the positively charged CTAB micelles. This
alters the formation pathway that normally occurs when no
DNA or a shorter DNA strand is used (vide infra).*’ The
successful covalent embedding of DNA oligonucleotides into
the inorganic silica framework was demonstrated by standard
characterization techniques for organosilica particles, such as
attenuated total reflection Fourier transform infrared spectros-
copy (ATR-FTIR, Figure S3a), UV—vis absorption spectros-
copy (Figure S3b), and X-ray photoelectron spectroscopy
(XPS, Figure S3c—f). The amount of DNA incorporated into
the NPs, relative to the original amount of Si-ssDNA-Si (0.7
umol), was >97%, as determined by UV-—vis absorption
spectroscopy (Supporting Information Section ILII, Figure
S4), leading to DNA incorporation of 0.029 pmol/mg or
11.6% (w/w).

SAXS measurements on ssDNA-OSPs revealed the presence
of a disordered mesoporous phase with a hexagonal arrange-
ment, as indicated by the appearance of a broad signal at g =
1.3 nm™' (Figure S5). The disordered arrangement of the
pores was also confirmed by transmission electron microscopy
(TEM), as the visibility of the pores was low (Figure S2b). The
low order of the mesoporous phase can be explained by the
presence of structurally flexible and highly negatively charged
10mer oligonucleotides, which interfere with the formation of
a highly ordered hexagonal structure of CTAB micelles during
particle formation. To demonstrate that the length of the ssNA
affects the order of the mesopores, organosilica particles
containing a 4mer oligonucleotide (Supporting Information
Section LI) were prepared by using the same synthetic
procedure as for ssDNA-OSPs. The TEM images of the latter
particles reveal the presence of clearly visible mesopores
(Figure S6), confirming the effect of oligonucleotide length in
the formation of an ordered mesophase in the final particle.

Next, the reactivity and hybridization properties of ssDNA-
OSPs, namely, the degradation of ssDNA-OSPs in the
presence of hydrolytic enzymes (Supporting Information
Section SILIII) or the possibility of binding with a
complementary DNA (Supporting Information Section
SILIV), were investigated, respectively. As shown in the SEM
images in Figure 2b and Figure S7¢, ssDNA-OSPs disintegrate
into small debris due to enzyme-catalyzed hydrolysis of the NA
bridge when a dispersion of ssDNA-OSPs is mixed with the
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Figure 3. (a) The ssDNA embedded in the silica framework of ssDNA-OSPs is accessible and can hybridize with its complementary strand. When
the complementary and CyS-labeled strand binds to Cy3-labeled ssDNA-OSPs, a partial energy transfer (ET) from the excited state of the donor,
Cy3 (blue dot), to the acceptor, CyS (red dot), occurs. (b) Fluorescence spectra obtained upon addition of CyS-ssDNA to a dispersion containing
ssDNA-OSPs(Cy3) (0.06 mgmL™" £ 1.76 uM of Cy3-labeled DNA, bold line). (c) Relative FRET efficiencies obtained from energy-transfer
experiments with the free Cy3-ssDNA strand (3.52 uM) or with the ssDNA-OSPs(Cy3) (0.12 mg-mL™ £ 3.52 4M) in the presence of Cy5-
ssDNA (0—S uM). All of the experiments were performed in Tris-HCl buffer (10 mM, containing 3 mM MgCl, at pH 7.5). All fluorescence spectra
and intensities were recorded upon excitation at A, c,3 = 520 nm. The FRET intensities were recorded at ey, cy3 = 570 nm and Ay, cys = 665 nm.
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enzyme DNase I, a hydrolase that catalyzes the hydrolysis of
phosphodiester bonds of DNA. In the absence of the enzyme,
however, the spherical morphology of the particles was
preserved (Figure S7b). Enzyme-triggered degradation was
further confirmed by dynamic light scattering (DLS) analysis,
in which degradation induced by the enzyme resulted in the
formation of smaller fragments (Figure S8). As shown in the
electron micrographs, ssDNA-OSPs break up into smaller
silica-based degradation products, which can be detected in the
DLS analysis by the disappearance of the micrometer-sized
aggregates of ssDNA-OSPs and the appearance of a new
particulate aggregate (average Dy = 200 nm).

To evaluate if the DNA can recognize a complementary
strand even when it is a structural component of ssDNA-OSPs,
Forster resonance energy transfer (FRET)-based experiments
(Supporting Information Section ILIV) were performed. The
10mer and Cy3-labeled Si-ssDNA-Si bisalkoxysilane were used
to prepare the hybrid particles (i.e., ssDNA-OSPs(Cy3)). The
complementary CyS-labeled ssDNA (CyS-ssDNA) was
synthesized (Supporting Information Section LI) and added
in the form of aliquots to a dispersion of ssDNA-OSPs(Cy3).
After light excitation (A, = 520 nm) of the Cy3 energy donor,
energy transfer to the excited state of the acceptor, CyS, occurs
as proven by the emission at low energy (CyS, Ao, = 665 nm;
see Figure S9 for band identification). As FRET is regulated by
distance, the evidence of FRET confirms the formation of a
duplex between the immobilized DNA strand and the added
complementary strand (Figure 3a). Indeed, successive addition
of the CyS-labeled ssDNA strand to the dispersion of ssDNA-
OSPs(Cy3) resulted in a concentration-dependent sensitiza-
tion of the CyS emission (4., = 665 nm) upon Cy3 excitation
(Figure 3b). The (-potential measurements showed that
ssDNA-OSPs had an overall negative surface charge of —27
+ 2 mV when dispersed in deionized water at pH = 7.4, ruling
out the possibility of electrostatic interaction between the
particles and the complementary CyS-labeled ssDNA strand.

The observed FRET efficiency of ssDNA-OSP with Cy5-
ssDNA was 8% of what was obtained with the same free
oligonucleotides (Cy3-ssDNA and CyS-ssDNA) in solution;
this can be explained by considering that only about 11% of
the materials are constituted by the oligonucleotides, and most
of them are not on the surfaces but embedded in the silica
framework that has a tile structure. In addition, some of the
DNA could have a wrong conformation in the silica, therefore
limiting the accessibility of the DNA binding sites in the
particles.

However, as shown above, the apparently small recognition
ability does not prevent the DNase from degrading the
particles, suggesting the possible use of such particles for
biomedical applications and for sensing purposes, as described
in the subsequent companion paper (“Supramolecular Nucleic
Acid-Based Organosilica Nanoparticles Responsive to Physical
and Biological Inputs”).

The kinetic properties of the FRET process were found to
be slow, as might be expected for relatively large objects when
capturing small molecules. The energy transfer process
increased over a sustained period and did not reach a steady
state even after 120 min of mixing (Figure S10), unlike what
was observed with free Cy3-ssDNA and Cy5-ssDNA, for which
it already reached its maximum after 30 min (Figure 3 c).

ssPNA-Based Organosilica Nanoparticles. As men-
tioned earlier, the presence of highly charged bridging groups
such as DNA can affect the control of the morphology of NPs.

ssPNA has the same nucleobases as DNA, but its backbone is
neutral” and therefore can lead to a different morphology.
Furthermore, using PNA instead of DNA can produce enzyme-
resistant nanostructures with a high affinity for target DNA and
RNA. To address these issues, we prepared NPs with
uncharged ssPNA (Supporting Information Section LII)
under the same experimental conditions used for ssDNA-
OSPs (Figure 4a; Supporting Information Section ILV).
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Figure 4. (a) Synthesis scheme for the preparation of ssPNA-OSPs
shown in the SEM image (top right). Scale bar: 500 nm. (b) ssPNA-
OSPs based FRET study in the presence of the CyS-labeled and the
PNA complementary ssDNA strand.

The ssPNA-bridged organosilica particles (ssPNA-OSPs)
showed a more regular spherical shape and a narrower size
distribution (103 + 27 nm, Figure 4a and Figure Sllab)
compared with the ssDNA-OSPs. The PNA sequence was
chosen to be the same as for ssDNA-OSP, which is
complementary to the “seed region” of micro-RNA 221, an
important target for cancer cell regulation.”® It is thus of
interest to evaluate the ability of ssPNA-OSPs to recognize
complementary NA sequences (using DNA as used for
ssDNA-OSPs for comparison). UV—vis absorption spectros-
copy confirmed the successful integration of the S5(6)-
carboxytetramethylrhodamine (TAMRA)-labeled ssPNA (Fig-
ure 4a) into the final NPs (ssPNA-OSPs(TAMRA), Figure
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Sllc), as indicated by the presence of the characteristic
absorption band of the nucleobases at 250—300 nm and the
presence of the absorption band of the fluorophore at 500—
60S nm.

FRET experiments demonstrate that the PNA present in
ssPNA-OSPs(TAMRA) is still accessible and can hybridize
with complementary ssDNA-CyS (Figure 4b). To this end,
aliquots of the Cy5-labeled ssDNA strand solution were added
to a dispersion of ssPNA-OSPs(TAMRA) (Supporting
Information Section ILVI). Upon subsequent TAMRA
excitation (4, = 500 nm), sensitized CyS emission (A, =
667 nm) was recorded (Figure 4b).

As with ssDNA-OSPs, the observed FRET efficiency is also
low for ssPNA-OSPs if compared to that derived from dsDNA
in solution, which can be explained by the same reasons as
those for ssDNA-OSPs. Moreover, due to the lack of negative
charges on the PNA during particle formation, the PNA is less
likely to be incorporated into regions where it is directly
exposed to the silica—water interface than its charged DNA
counterpart. Therefore, the PNA molecules will be located in
even less-accessible sites for strand hybridization.

In contrast to ssDNA-OSPs, the addition of DNase I does
not lead to the degradation of the particles, as shown by the
DLS measurements (Figure S12). The size distribution of the
micrometer-sized aggregates of ssSPNA-OSPs does not change
significantly upon incubation with the enzyme, contrary to
what was observed for ssDNA-OSPs. This can be explained by
the fact that DNase I enzymes cannot hydrolyze the PNA’s N-
(2-aminoethyl)-glycine units and therefore do not degrade the
corresponding ssPNA-containing hybrid nanoparticles.

B CONCLUSIONS

This work shows that nucleic acid-derived alkoxysilanes can be
prepared and used for a one-step bottom-up process to design
multifunctional organosilica NPs. From a material chemistry
point of view, the presence of Watson—Crick—Franklin-type
supramolecular bonds leads to responsive and programmable
behavior that can be explored for various applications. For
example, when ssDNA is used as a bridging group within the
inorganic framework of silica particles, enzymatically degrad-
able particles capable of hybridizing with complementary DNA
are obtained. Such NPs represent attractive nanomaterials for
biomedical applications, as the NPs can carry therapeutically
active oligonucleotides, an important aspect in developing safe
nanomedicines and gene therapies. In addition, non-biode-
gradable NPs can be obtained using PNA building blocks,
conserving the ability to bind to cognate NAs. The ability to
incorporate these biocomponents can also be exploited to
create new hybrid structures held together by noncovalent
interactions as shown in the following companion paper (see
“Supramolecular Nucleic Acid-Based Organosilica Nano-
particles Responsive to Physical and Biological Inputs”).
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CTAB, cetyltrimethylammonium bromide; Cy3, cyanine 3;
CyS, cyanine S; ET, energy transfer; FRET, Forster resonance
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particles; ssDNA, single-stranded DNA; ssDNA-OSPs, ssDNA-
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