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Synthetic DNA-based oligonucleotides are loaded into porous
silicon nanoparticles (pSiNPs) and incorporated into nanofibers of
poly(lactide-co-glycolide) (PLGA), poly--lactic acid (PLA), or
polycaprolactone (PCL). The resulting hybrid nanofibers are
characterized for their ability to release the functional
oligonucleotide payload under physiologic conditions. Under
temperature and pH conditions mimicking physiological values,
the PLGA-based nanofibers release >80% of their DNA cargo
within 5 days, whereas the PLA and PClL-based fibers require 15
days to release >80% of their cargo. The quantity of DNA released
scales with the quantity of DNA-loaded pSiNPs embedded in the
nanofibers; mass loadings of between 2.4 and 9.1% (based on
mass of DNA-pSiNP construct relative to mass of polymer
composite) are investigated. When a responsive DNA-based
nanodevice (i.e. molecular beacon) is used as a payload, it retains
its functionality during the release period, independent of the
polymer used for the formation of the nanofibers.

Recent advances in nucleic acid nanotechnology have
generated many innovative applications in biomedical research.!
Synthetic DNA-based functional devices have been engineered as
fluorescent probes for intracellular bioimaging,?® as nanocarriers
for the delivery of therapeutics,* > as programmable biosensors,”
and for various other applications.1% 11 The ease of assembly of DNA
sequences, their intrinsic programmability, and their versatile
functions in both extracellular and intracellular media make DNA
nanotechnology especially attractive for tissue engineering. For in
vivo applications where sensing or therapeutic function is needed
for extended time periods, long-term, localized release is important
for overcoming the necessity of multiple therapeutic
interventions.'? Both in vitro and in vivo tissue engineering scaffold
studies often require residence times ranging from several days to
months in order to perform their function.’® This currently limits

o Department of Chemistry and Biochemistry, University of California San Diego, La
Jolla, CA, USA. E-mail: msailor@ucsd.edu

b-Department of Chemical Science and Technologies, University of Rome Tor
Vergata, 00133 Rome, Italy. E-mail: Francesco.ricci@uniroma?2.it

¢ Department of Nanoengineering, University of California San Diego, La Jolla, CA,
USA.

* These authors contributed equally to this work.

Electronic Supplementary Information (ESI) available: Experimental Methods,

Figures S1-S12.

Jonathan M. Zuidema, t2 Alessandro Bertucci,t2? Jinyoung Kang,© Michael J. Sailor,*2< and

the extent to which synthetic DNA-based nanodevices can be
deployed in tissue engineering and regenerative medicine.

Polymer systems, and in particular polymer nanofibers,
offer a potential means to extend the time window over which
DNA-based functional devices might perform useful sensing or
therapeutic functions.  Nanofibers, which present topological
features that aid in cellular growth, have previously been
engineered to act as reservoirs for local release of nucleic acids.**
These biomaterials have utility in nervous system repair,'> bone
tissue engineering,'® cardiovascular regeneration,”” wound
healing,'® and many other applications.’® Methods to incorporate
nucleic acids into a polymer fiber structure for extended, local
release include electrospinning with co-encapsulation of water-
soluble  additives,?® emulsion electrospinning,?!  co-axial
electrospinning,?2 and doping with chitosan or other positively
charged species that form siRNA polyplexes.> Immobilization
techniques have also been explored to release nucleic acids directly
from the surface of polymer fibers.?* 2> However, there are inherent
drawbacks with these nucleic acid loading approaches. The high
voltage and organic solvents used in electrospun nanofiber
formation have limited compatibility with many nucleic acid
structures,’* while surface immobilization often results in
undesirably rapid release.2®

This work provides a means to overcome the above
limitations using hierarchical loading of DNA within a mesoporous
nanoparticle carrier that is embedded in a polymer nanofiber
matrix. Mesoporous silicon has been extensively studied for drug
delivery  applications due to its biodegradability, its
biocompatibility, and its large surface area and pore volume
available for drug loading.?’3! Mesoporous silicon containing
various therapeutic or diagnostic payloads has been combined with
polymer systems,32%2 and these constructs have shown promise for
biomedical imaging and drug delivery applications. Of relevance to
the present work, porous silicon nanoparticles (pSiNPs) have been
shown to protect bioactivity of proteins*?® and nucleic acids,***” and
protein-loaded pSiNPs have been incorporated into biocompatible
polymers in the form of nanofibers using a voltage-free nebulization
fabrication method, creating a protective shell that maintained
active protein release for 60 days in vitro.*®
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Figure 1. Fabrication of hybrid polymer nanofibers containing DNA-loaded porous silicon nanoparticles (pSiNPs). The DNA-based molecular beacon is first
loaded into pSiNPs, which are then added to a chloroform solution of the polymer of interest. The solution is added to an airbrush hopper, and deposited

onto a substrate using pressurized nitrogen. The hybrid nanofibers are then collected for analysis.

In this work we aimed to generate materials that could provide
controlled release of a DNA-based responsive nanodevice (i.e. a
molecular beacon) as a long-acting sensing system. To accomplish
this objective, we combined a calcium silicate-based trapping
chemistry that was previously used to load nucleic acid payloads
into pSiNPs*? with a spray nebulization method to incorporate the
DNA beacon-loaded pSiNPs into poly(lactide-co-glycolide) (PLGA),
poly- -lactic acid (PLA), and polycaprolactone (PCL) nanofibers. This
work reports the release characteristics and functional properties of
the resulting hybrid constructs.

The synthetic approach used to prepare the hybrid polymer
nanofibers containing DNA-loaded pSiNPs is outlined in Figure 1.
First, the pSiNPs were prepared by electrochemical etch of single
crystal silicon wafers and loaded with a model 22-nt single-stranded
DNA sequence using calcium silicate condensation/trapping
chemistry.*® Hybrid polymer/pSiNP nanofibers were fabricated by
spray nebulization using a commercial airbrush.3% 5! The nanofibers
were fabricated from PLGA, PLA, or PCL, and contained three
different concentrations of pSiNPs (2.4%, 4.7%, and 9.1% w/w). The
as-etched pSiNPs displayed a nominal porosity of 49 + 4%
(determined via a nondestructive optical interferometric
technique),®? average hydrodynamic diameter of 166 *+ 9 nm
(measured by dynamic light scattering, DLS), and a C-potential of -
37 + 8 mV (Figure S1A,C). Following DNA loading and sealing of the
nanostructures with calcium silicate, the average hydrodynamic
diameter increased to 217 = 12 nm and the {-potential decreased
to -18.7 = 2.5 mV (Figure 2A, S1B,C). Hybrid nanofibers with
diameters in the range of 423-495 nm were created by spray
nebulization, and no significant difference in these dimensions was
observed between the different fiber formulations (Figure S2, S3).
Transmission electron micrographs revealed pSiNPs embedded
within the polymer nanofibers (Figure 2B, S2). Fiber morphology,
depicted in scanning electron micrographs (Figure 2C), was similar
across the nine fiber formulations investigated in this study (Figure
S2).

During DNA loading, a passivating layer of silicon oxide grows
on the particle surface, which results in quantum-confined
photoluminescence of the silicon nanoparticles.*® This property of
silicon makes it a useful material for imaging and tracking the
materials in vitro and in vivo. When excited with a 365 nm LED
excitation source, we observed the typical broad photoluminescent
emission from the DNA-loaded nanoparticles (Figure S4). Broad
photoluminescence emission was maintained when the
nanoparticles were loaded into nanofibers composed of PLGA, PLA,
or PCL (Figure 2D, S4, S5). We used time-gated imaging to remove
the fluorescence signals from the polymer in order to selectively
image the silicon nanoparticles. A 5 ps time gate was used, which
allowed visualization of the photoluminescent emission specific to
the silicon nanoparticles due to their microsecond emission
lifetime.53: >4

Once the DNA-pSiNPs were loaded into the polymer nanofibers,
time-gated imaging was utilized to remove background signals
caused by autofluorescence and reflection of the excitation source
(Figure 2E, S6). Using time-gated imaging, it was possible to achieve
a 60-fold increase in the signal-to-noise ratio (SNR) in the 2.4%
DNA-pSiNPs-containing PLGA nanofibers compared to control PLGA
nanofibers, a 16-fold increase in the PLA nanofibers, and a 120-fold
increase in the PCL nanofibers. Without using time-gated imaging,
the pSiNPs were essentially indistinguishable from the polymer
autofluorescence; the fractional change in SNR from 2.4% DNA-
pSiNP nanofibers relative to control nanofibers (containing no
pSiNPs) was 0.97, 0.6, and 1.7 for PLGA, PLA, and PCL nanofibers,
respectively. This data demonstrates that time-gated imaging
allowed identification of the presence of the pSiNP component of
the nanofibers, removing the short-lived emission from the polymer
matrix and other unwanted background signals (Figure S6).
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Figure 2: Characterization of morphology and photoluminescence
properties of hybrid polymer nanofibers containing DNA-pSiNPs. (A) TEM
image of DNA-loaded pSiNPs. (B) TEM image of PLGA nanofibers
embedded with 2.4% (by mass) of DNA-loaded pSiNPs. (C) SEM image of a
collection of PLGA nanofibers impregnated with 2.4% (by mass) of DNA-
loaded pSiNPs. (D) Photoluminescence emission spectra (A, = 365nm) of
2.4% (by mass) of DNA-loaded pSiNPs in PLGA nanofibers and control
PLGA nanofibers. Inset images show pSiNP containing PLGA nanofibers (at
left), and control PLGA nanofibers (at right). The DNA in the samples
contained no fluorescent tag; the emission spectrum is derived from intrinsic
photoluminescence of the silicon nanostructure. Sample diameter in each
image is ~10mm and the images were acquired using a A, = 365nm
excitation source. (E) Time-gated photoluminescence images of samples
from the inset image in (D). The top images are obtained with continuous
wave imaging (no time gating); the top left image shows PLGA nanofibers
containing DNA-pSiNPs while the top right is control PLGA nanofibers
containing no nanoparticles and no DNA. The bottom images are obtained
using a 5 ps delay after the A, = 365nm excitation pulse; at bottom left is
PLGA nanofibers containing DNA-pSiNPs while the bottom right image is
control PLGA nanofibers containing no nanoparticles and no DNA. Scale
bars = 200 nm (A) and (B); 2 um (C); and 5 mm (E).

We next determined DNA release kinetics from the hybrid
nanofibers using the model 22-nt single-stranded DNA sequence
loaded into the pSiNPs. We initially monitored the DNA release
from "free" pSiNPs (not incorporated into a polymer) into aqueous
phosphate buffer saline (PBS) solutions maintained at 37° C. The
concentration of DNA in solution was monitored at specific time
points by UV-Vis spectrophotometry. For this study, the mass
loading of DNA in the nanoparticles was set at 4.7 = 0.4% w/w
(defined as mass of DNA divided by total mass of DNA-containing
pSiNPs). We found that 90 + 6% of the loaded DNA was released in
the incubation medium in 24 hours, with a burst release over the
first 2 hours (88 + 5%) (Figure S7).

Using a FAM-labeled DNA sequence allowed for visualization of
the DNA incorporated into the PCL nanofibers, while two-photon
excitation of pSiNPs?® 5557 was exploited to image the embedded
nanoparticles. The two-photon microscope images revealed co-
localization of the FAM-labeled DNA with pSiNPs throughout the
nanofibers (Figure 3A). DNA release from PLGA, PLA, and PCL hybrid
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nanofibers was monitored for a 30 day period. The release study
was carried out in PBS, pH 7.4 at 37 °C for the PLGA, PLA, and PCL
hybrid nanofibers containing 2.4%, 4.7%, and 9.1% by mass DNA-
pSiNPs (for a total of 9 formulations). PBS solutions were changed
every 48 hours, and the DNA concentration was determined by UV-
Vis spectrophotometry. PLGA nanofibers showed a significant burst
release for all three concentrations of pSiNPs, with an average of
76% of the total DNA released from the scaffolds in the first 2 days,
and an average of 92% released over the first 10 days (Figure 3B 3E,
S8A). Increasing the concentration of pSiNPs in the PLGA fibers had
little effect on the rate of release (Figure S8A), but, as expected,
increased the total amount of DNA released from the hybrid
nanofibers (2.4% formulation: 157 + 15 pmoles mg? nanofiber,
4.7% formulation: 340 + 23 pmoles mg?! nanofiber, 9.1%
formulation: 473 + 40 pmoles mg? nanofiber) (Figure 3B). After 20
days, no additional release of DNA from any of the three PLGA
hybrid fibers analyzed could be detected (Figure 3B, S8A).

DNA release from PLA nanofibers showed a different profile
compared with PLGA. No major burst release was observed in this
case, with an average of 33% of the total DNA released from PLA
scaffolds occurring in the first 2 days and 70% over the first 10 days
(Figure 3C, 3E, S8B). Release of DNA was maintained over 30 days in
the 9.1% pSiNP scaffolds, whereas DNA release in both the 2.4%
and 4.7% pSiNP formulations became undetectable after 24 days
(Figure 3C, S8B). As previously observed, a variation in the
concentration of embedded pSiNPs had only minor effects on the
rate of DNA release (Figure S8B), while increasing the total moles of
DNA released (2.4% formulation: 118 + 30 pmoles mg? nanofiber,
4.7% formulation: 185 + 33 pmoles mg?! nanofiber, 9.1%
formulation: 432 £ 67 pmoles mg! nanofiber) (Figure 3C).

The rate and duration of DNA release from PCL scaffolds was
comparable to that of the PLA nanofibers (Figure 3D, 3E, S9). An
average of 35% of total DNA released was observed in the first 2
days, and 73% over the first 10 days (Figure S8C). Release of DNA
was maintained over 30 days in the 9.1% pSiNP scaffold
formulation, but DNA release from both the 2.4% and 4.7% pSiNP
hybrid formulations became undetectable after 24 days (Figure 3D,
S8C). As with PLGA and PLA, changing the concentration of DNA-
pSiNPs in the nanofibers increased the total amount of DNA
released (2.4% formulation: 81 + 25 pmoles mg? nanofiber, 4.7%
formulation: 217 + 75 pmoles mg? nanofiber, 9.1% formulation:
482 + 51 pmoles mg? nanofiber), while producing a minimal effect
on the release rate (Figure 3D, S8C).

The polymer used in the fabrication of the nanofibers had a
much more pronounced effect on the rate of DNA release
compared to the percent content of pSiNPs in the nanofibers
(Figure 3E, S8, S9). While inclusion of 9.1% pSiNPs in both PLA and
PCL extended the total duration of measurable release to ~30 days
due to the higher overall concentration of DNA, there was only a
minor change in the rate of release compared with the hybrid
nanofibers containing 2.4% and 4.7% pSiNP-DNA (Figure S8B, S8C).
No DNA release was detected from PLGA nanofibers after 20 days
(Figure S8A), indicating that the PLGA scaffolds released DNA from
the pSiNPs faster than either PLA or PCL.

J. Name., 2013, 00, 1-3 | 3
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Figure 3. Location and temporal release of a model 22 nucleotide, single stranded DNA payload from hybrid nanofibers. (A) Confocal microscope images of
PCL nanofibers in bright field (BF), emission from the quantum-confined silicon of the pSiNPs (Si), emission from the FAM-labeled DNA (DNA), and the co-
localization of the pSiNPs with the loaded DNA signals (Merge). Scale bar = 10 um. Diagram of the elution experiment, where DNA was released into a PBS
reservoir at 37 °C and the supernatant was changed every 48 hours. Cumulative moles of DNA released mg' of PLGA (B), PLA (C), and PCL (D) at all three
DNA-pSiNP concentrations is shown. The fractional quantity of DNA released from all three polymers containing DNA-pSiNPs shows that PLGA releases its

payload at a faster rate than either the PLA or the PCL hybrid nanofibers (E).

When presented as the fractional amount of DNA released as a
function of time, the difference between the rate of DNA release
from PLGA scaffolds and the PLA or PCL scaffolds is more apparent
(Figure 3E, S9). Furthermore, when integrated over the entire 30-
day release period in the study, the total percentage of
incorporated DNA released from the PLGA scaffolds (80%) was
significantly larger than that of either PLA (57%) or PCL (55%)
nanofiber groups (Figure S10). This can be attributed to the known
greater susceptibility of PLGA to degradation (by hydrolysis of its
backbone ester linkages)®® relative to either PLA or PCL. The more
rapid polymer degradation is expected to lead to more rapid
degradation/dissolution of the pSiNP carriers and thus faster
release of the loaded DNA. Such differences in hydrolysis rates
provide a versatile means of controlling release rate and the ability
to vary the quantity of pSiNPs loaded in a given polymer lends
control over the total amount of DNA that can be delivered from a
scaffold.

We next determined the ability of the hybrid nanofibers to load
and release a functional input-responsive DNA nanodevice.
Previously, we have shown that pSiNPs protect oligonucleotides
from degradation over 1 hour,>® but the ability of the hybrid
nanofibers to maintain oligonucleotide function over multiple
weeks has not been established. As a proof-of-principle we used a
DNA molecular beacon, a single-stranded fluorophore-and-
guencher-modified DNA sequence with self-complementary ends.
In the absence of the target sequence, the molecular beacon adopts
a stem-loop configuration that holds its fluorophore/quencher pair
in proximity, suppressing emission. Hybridization of a specific
nucleic acid target to the loop breaks the stem and separates the
fluorophore/quencher pair, increasing the fluorescence signal. In
the present work we employed a molecular beacon targeting
microRNA-21 (miR-21), one of the most studied oncogenic
microRNAs due to its aberrant expression in a multitude of tumors
and its potential role as a cancer biomarker.50-63

In order to test if the DNA molecular beacon could maintain its
activity upon loading into the pSiNPs (Fig. 4), we first performed an
experiment where we observed fluorescence intensity gain when

This journal is © The Royal Society of Chemistry 20xx

loaded pSiNPs were placed in solution in the presence of miR-21,
but without loading the pSiNPs into a polymer matrix. The release
of the beacon from the free pSiNPs was monitored for 8 hours
(Figure S12); during this period strong signals associated with
hybridization of miR-21 to the beacon were observed. Negligible
gains in signal were observed in the presence of a control miR-140,
demonstrating that the functionality and specificity of the DNA
molecular beacon was maintained during loading and release from
pSiNPs.

The DNA beacon-pSiNPs were then loaded into the three
different polymers, and the activity of the molecular beacon was
determined following its release from the hybrid nanofibers. Based
on the release rate study presented above, we tuned the
concentration of the released DNA to a low nanomolar
concentration at the desired time points by adjusting the polymer,
the DNA-pSiNP loading parameters, and the volume of PBS release
buffer. This allowed for more or less complete hybridization with a
5uM concentration of miR-21 in solution. The PLGA formulation
was assayed at a 2-day time point due to the rapid burst release
observed from this polymer, while the PLA and PCL formulations
were assayed at 10- and 20-day time points, respectively, due to
their ability to sustain DNA release over these longer time periods.
In the presence of miR-21, the eluents containing the molecular
beacon showed ~150% fluorescence signal gain (relative to
background prior to addition of the target miR analyte) after 2 days
release from PLGA, ~100% fluorescence signal gain after 10 days
release from PLA, and ~90% fluorescence signal gain after 20 days
release from PCL hybrid nanofibers (Figure 4). Control miR-140 did
not induce any significant increase in fluorescence emission from
the probe, showing that the molecular beacon maintained its
structural integrity and specificity. The differences in signal gain
observed with the different polymers is ascribed to partial
degradation of the DNA molecular beacon under the elution
conditions, but the fluorescence assay clearly demonstrates that
the released DNA molecular beacon retains detectable functionality
for up to 20 days when loaded into hybrid nanofibers.
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Figure 4. Functional release of a DNA molecular beacon from hybrid
nanofibers. (A) The DNA beacon was loaded into pSiNPs, dispersed into
polymer nanofibers by nebulization fabrication, and then the ability of the
released DNA beacon to sense its target micro-RNA was determined by
fluorescence. (B) Sensing of the miR-21 target, compared to a non-binding
miR-140 control, measured by fluorescence signal gain of the released DNA
beacon measured from PLGA nanofibers at day 2, from PLA nanofibers at
day 10, and from PCL nanofibers at day 2. Here signal gain is quantified as
percentage [lmir-lbackgroundl/[Ibackground], Where I is fluorescence intensity
measured in the presence of the relevant miRNA analyte, and lyckground IS
fluorescence intensity measured prior to addition of the miRNA analyte.

Conclusions

This study shows, for the first time, the release of functional
DNA beacons from pSiNPs in polymer nanofibers. It also represents
the first example of release of functional DNA beacons from
common biocompatible polymers. Loading of DNA into such
polymers is difficult due to the incompatibility of DNA with the
organic solvents typically used in the polymer processing steps. The
results demonstrate the potential for hybrid polymer/porous silicon
nanofibers to release functional DNA nanodevices for applications
in tissue engineering, biomedical research and for prolonged in situ
determination of extracellular microRNAs. For example, molecular
beacons released from hybrid scaffolds may have the potential to
act as real-time sensors for microRNAs externalized by cells. The
fact that the functional DNA molecular beacon employed here as a
model system is still detectable after 20 days of release suggests
that extracellular microRNAs could be detected in culture over
several weeks.

The versatility of the hybrid nanofiber platforms makes them
readily customizable. The work here showed that pSiNP loading can
be modulated to control the release time and total quantity of the
DNA payload. The amount of pSiNPs incorporated in the nanofibers
can be set to select a desired amount of DNA cargo. Although not
demonstrated here, it is likely that multiple DNA payloads could be
loaded into the same nanofiber platform by incorporating different
preparations of pSiNPs carrying distinct DNA payloads.

This journal is © The Royal Society of Chemistry 20xx
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Since the nanofiber hybrids in this study were fabricated using a
commercial airbrush, the method is straightforward and relatively
inexpensive. Nearly any surface can be directly coated with hybrid
nanofibers due to the fact that a high voltage source (as is
employed in electrospinning) is not required for nanofiber
formation. Imaging of the hybrid scaffolds with the time-gated
photoluminescence technique allows for direct visualization of the
pSiNPs for applications in bioimaging and in monitoring the
degradation of the pSiNP carriers. Additionally, the compatibility
with common bioengineering polymers demonstrated here
suggests these hybrid systems can be a powerful tool in DNA
nanotechnology, tissue engineering, and regenerative medicine.
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TOC Figure

Synthetic DNA-based oligonucleotides are loaded into porous
silicon nanoparticles and incorporated into polymer nanofibers.
The functionality of these input-responsive nanodevices is
retained following release from the hybrid nanofibers.
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