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Repairing genetic defects using exogenous DNA is a major challenge the science is currently facing. This
requires the design of vectors that can effectively encapsulate, protect and target nucleic acids to specific
cells safely and precisely. Here we have designed silica-based physiologically responsive particles to
encapsulate, store, and transfer DNA. Unlike existing vectors (e.g., viral or lipidic particles), these
DNA@SiO, systems are very stable at room temperature. We also demonstrate how they protect the

encapsulated DNA from exposure to different biological and physicochemical stresses, including DNase,
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denaturation temperatures (>100 °C), or reactive oxygen species (ROS). Remarkably, upon cellular up-
take, these vectors dissolve safely unpacking the DNA and transfecting the cells.

silica The versatility of the design is such that it can encapsulate genes without gene/size restrictions, in

Gene transfer
Nanoparticle
Sequential-gene expression

single or multiple layers of silica, so different genes can be expressed sequentially. This allows the time-
controlled transcription of several genes, mimicking viral gene expression cascades, or even “fine-tun-
ing” gene expression in transfected cells on demand. In addition, the method is easily scalable, repro-

ducible, and inexpensive, enabling large-scale production and batch-quality testing, all of which are
important for the personalized therapeutics industry. The high stability of these DNA vectors allows for
easy and low-cost transport from the point of production to virtually any destination, making them

unique as gene delivery tools.

© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Decades ago, visionary scientists hypothesized that some dis-
eases would be curable by delivering a healthy copy of a defective
gene into the target cells. Since then, gene-transfer methods have
evolved considerably and many strategies have been developed to
“fine-tune” gene expression. So far, gene therapy has produced
clinical benefits in patients with neuromuscular diseases, blind-
ness, hemophilia, immunodeficiencies, or cancer [1]. However,
vector toxicity, nonspecificity, or instability are some critical
questions for the clinical validation of in vivo gene transfer.

A few years ago, the first ex vivo genetic modification gene
therapy was approved to treat an inherited disease. The strategy
consisted of using a lentiviral vector that encoded an anti-CD19
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chimeric antigen receptor on autologous T cells [2]. Yet, safety
concerns and clinical trial results that fell short of expectations
have hampered progress. Among the main obstacles encountered
are limited stability, reproducibility, and scalability of the gene
delivery vectors [3,4]. Currently, the majority of the clinical trials in
phase-I use recombinant viruses as vectors for gene delivery [5].
The most extensively used are adenovirus, retrovirus, and lenti-
virus. However, vector-related side effects (including inflammatory
responses), or vector-mediated activation by insertion of proto-
oncogenes limit in vivo administration of viral gene therapies
[6-8].

The latest chemical advances in the production of biomaterials
have improved the delivery of nucleic acids to cells [9]. Among
these, liposomes and lipid-based systems are the most promising
strategies. They are customizable, easy to prepare, show no re-
strictions on the size of the genes to be transduced, and have low
immunogenicity or toxicity [10,11]. However, most of these vectors
are not sufficiently stable as they must be prepared in situ leading to
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variable efficiency. Also, in contrast to viral vectors, liposomes are
difficult to target in vivo, typically accumulating in the liver or
spleen [12].

Alternative systems rely on DNA-carrier proteins as vectors.
Among these, nuclear proteins such as histones, some structural
proteins of DNA viruses, or engineered chimeric fusion proteins are
being investigated to improve specific recognition of target cells
and to trigger receptor-mediated endocytosis and subcellular tar-
geting [13]. Other synthetic gene carrier systems include calcium
carbonate nanostructures, polymeric particles (e.g., micelles,
nanogels, cationic polymers, dendrimers, polymersomes, etc.),
inorganic particles (e.g., magnetic, gold, quantum dots, silica), car-
bon nanomaterials (e.g., carbon nanotubes, graphene, carbon dots,
and fullerenes) [14—18], or exosome-based vectors [19—25]. Most
of these are mainly used in vitro or preclinically with varying suc-
cess rates, while some are in the process of being validated as
therapies. Still, there are many manufacturing procedures, stan-
dardization, and regulatory hurdles to overcome in the grand
challenge of developing efficient and effective gene delivery vectors
[26].

Silica (SiO3) particles are valuable carriers for drug or nucleic
acid delivery [27]. Silicon is the closest element to carbon, and in
fact, many carbon compounds have homologous counterparts to
silicon. Colloidal silica is highly biocompatible [28] and is currently
used as an additive in food production, the cosmetic and pharma-
ceutical industries, and many nanometric designs [29—33]. Silica
nanomaterials display well-defined morphologies and structures
with customizable particle and pore sizes, large specific surface
area, high mechanical and thermal stability, low toxicity, and
excellent biocompatibility. Silica particles also offer the possibility
of surface functionalization with many different ligands that for
example could be used to target the nanoparticle to specific cell
types. Indeed, silica shells are often used to endow a variety of
different nanomaterials with these properties [34—37].

Interestingly, while colloidal silica is stable in some solvents
(such as ethanol or isopropanol), it is degraded in aqueous media
[38] and gets faster dissolved at physiological conditions (saline
solution, pH 7.4) into silicic acid molecules that, in vivo, are excreted
through the urine in both mice and humans [39,40]. Colloidal silica
particle dissolution has been reported in vitro upon exposure to
phosphate buffer, culture media, or serum [28,41—43], and also in
the cell cytoplasm [42,43]. Concomitantly, silicon is detected
extracellularly, suggesting that this element can cross the cell
membrane without causing toxicity, even in fragile cells such as
neurons [28,43,44]. The higher stability of amorphous silica nano-
particles at physiologically acidic pH (pH 5—6) is, in fact, a crucial
advantage over their poor stability at pH above 7, where they
degrade into silicic acid Si(OH)4 [39,41]. This endows them with
resistance to the lysosomal pH 5—6 when they are captured by the
endo-lysosomal route, thus protecting the genetic material inside
them from degradation. However, when they escape from the
membranes into the cytosol, silica dissolution is observed at the
physiological pH (7.4) of the cytosol. All these properties make silica
an invaluable molecular carrier system in nanomedicine.

As observed in Fig. 1, some studies have already used silica
vectors to transfer DNA by binding nucleic acids on the surface of
particles [31,45—51]. These systems have the disadvantage that
they expose nucleic acids to environmental DNases and are there-
fore not safe systems, as they could cause irreversible mutations
and DNA damage. Another possible alternative is to encapsulate
DNA in the cavities of mesoporous silica particles, but most of the
DNA of therapeutic interest is too large to fit in the mesopores [31].
In some of these models, these particles are additionally coated to
protect the DNA and prevent spontaneous release [52].
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In light of this background, we aimed to develop a stable and
bioresponsive silica-based DNA transfer system that could be
applied for therapeutical purposes. A DNA transfer vector that
would meet requirements such as batch and scalable synthesis, and
storage/transport stability until use. As DNA is quite stable in saline
and alcoholic solutions, here we decided to evaluate the encapsu-
lation/decapsulation and transduction efficiency of plasmid DNA
(pDNA) by introducing it directly into the Stober mixture (“one pot”
synthesis method). Our work shows that the designed system
shows great stability, resistance, transfection efficiency, and design
versatility.

2. Materials and methods
2.1. DNA production and purification

The pDNA was produced in E. coli DH5a using standard pro-
cedures (Table S1). Bacteria were cultured overnight in Luria-
Bertani (LB) broth medium. The DNA was extracted and purified
using a kit (PureLink™ HiPurePlasmid Maxiprep, ThermoFisher)
following the manufacturer's protocol. DNA was precipitated and
resuspended in double distilled water (ddH,0) free nucleases at
2.5 pg/mL for direct use in particle synthesis.

2.2. Plain SiO; particle synthesis

Plain monodispersed silica spheres were prepared by the Stober
modified method (Table S2) [35,53]. In a typical experiment, a
mixture of ethanol (EtOH) and dH,0 was vortexed in a bench-top
thermoshaker at 1200 r.p.m for 5 min. Next, ammonia (NH3, 25%,
aqueous solution, Suprapur®) and Tetraethoxysilane (TEOS, 99%,
Sigma Aldrich) were added to the mixture that was vortexed for 2 h
at 20 °C before DNA@SiO, particle precipitation. The particles were
washed in several cycles of centrifugation/redispersion and were
stored in EtOH.

2.3. DNA@SiO, particle synthesis and characterization

Silica beads containing pDNA were prepared by a modification
of the Stober method. In brief, the EtOH was mixed with 5 pg of the
corresponding pDNA (0.14 x 10~* M) dispersed in 18 pL of
nuclease-free ddH,0 (10 M) and was stirred at 1200 rpm for 5 min
(Tables S2—S3). 17.3 pL of NH3; 25% (1.22 M) and 5.6 pL TEOS
(0.24 M) were next added to the reaction that was vortexed for 2 h.
DNA@SIiO,; spheres were centrifuged, washed, and stored in EtOH.
Dynamic Light Scattering (DLS) and zeta potential characterization
of the particles were carried out on a Malvern Ultra Zetasizer at
25 °C in a PBS solution. Transmission electron microscopy (TEM)
images were obtained with a JEM1011 microscope equipped with a
high-resolution Gatan digital camera (JEOL, Japan). TEM measure-
ments were performed in samples dispersed in ethanol and dried
on carbon film-coated copper grids. A total of n = 100 particles in 3
replicas were measured for each sample. The data shown are the
mean + standard deviation (SD).

2.4. DNA extraction from the particles and electrophoretic analysis

DNA@SIiO; particles were dissolved in phosphate-buffered sa-
line media (PBS, pH 7.4) inside a 14 kDa cut-off cellulose dialysis
membrane (Sigma) for 72 h. The released DNA was precipitated
from the media with NaCl 0.2 M in ice for 1 h, centrifuged at
15,000 g for 30 min, and run a 1% agarose gel for electrophoresis. A
total of 1 ug of DNA was loaded in the gel, stained with ethidium
bromide, and observed in a UV transilluminator.
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Fig. 1. General scheme of silica particles as gene delivery vectors a) Recent designs of non-viral vectors for gene delivery based on silica. Systems A-B are prepared by (i) bare
amorphous SiO, particle synthesis (negative surface), (ii) surface modification with amines or cationic ligands to (iii) furtherly conjugate DNA molecules. In system B, DNA cargo is
protected with SiO, extra-layering (iv). Systems C-D are based on mesoporous silica nanoparticles and require small DNA molecules to fit inside the pores. System D implements a
cationic polymer coating on the surface to stabilize and protect the genetic cargo. b) The outline of the DNA@SiO, synthesis and main biological properties are described herein.

2.5. Cell culture, in cellulo DNA@SiO, particle dissolution, and
viability assays

HEK 293T (human embryonic kidney) cells were maintained in
Iscove's Modified Dulbecco's Medium (IMDM) supplemented with
10% fetal bovine serum and antibiotics. HeLa cells were maintained
in Minimum Essential Medium (MEM) supplemented with 10%

fetal bovine serum and antibiotics. Cultures were maintained in a
5% CO, incubator at 37 °C. HEK 293T and HeLa were seeded in a 6-
well plate at a density of 5 x 10° per well and allowed to attach to
the plate overnight. DNA@SiO; particles were resuspended in me-
dium to a final concentration of 100 pug/mL and were added to the
cells that were incubated for 16 h before media replacement (2 mL
IMDM medium containing the particles per well). For
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ultramicrotomy and TEM observation, cells were fixed with 3%
glutaraldehyde in 0.12 M PBS for 24 h, were post-fixed in 2% buff-
ered osmium tetroxide, dehydrated in a graded acetone series, and
embedded in Araldite resin. Ultrathin sections of ca. 70 nm thick,
were obtained on an LKB ultramicrotome, stained with lead citrate
and uranyl acetate. TEM was a JEOL JEM 1011 operated at 120 kV.
Cell viability was assessed in cultures treated with 100 pg particles/
mL for 24 h (24-well plate, 50.000 cells/well seeded, 0.5 mL me-
dium/well). Particle-treated cells were harvested, centrifuged,
washed twice with PBS, and resuspended 50 uL of a solution of 0.1%
of Trypan Blue for live/dead cell counting in a Neubauer chamber.

2.6. Transfection efficiency assays and flow cytometry

For transfection with DNA@SiO, particles, HEK 293T and Hela
cells were seeded in a 6-well plate at a density of 5 x 10° cells per
well and were allowed to attach to the plate overnight. Cells were
treated with a final concentration of 100 pg particles/mL in the
media and were incubated for 16 h before media replacement (2 mL
medium/well). As a control with standard reagents, HEK 293T cells
were also transfected with Lipofectamine™ 2000 following the
manufacturer's instructions. In brief, 3.13 pL of pDNA:Lipofect-
amine™ 2000 were combined with IMDM medium and 2.5 ug of
pDNA. Cells were incubated with 100 pL of the mixture and 400 pL
for 4 h, before media replacement. Finally, the cultures were
washed twice with PBS and fixed in 4% PFA solution for 15 min for
fixation before fluorescent microscopy observation or quantifica-
tion by flow cytometric analysis. Cells were harvested at the indi-
cated times and were centrifuged and washed twice with PBS and
fixed in PFA/PBS 4% solution for 15 min. A total of ca. 10,000 cells
were analyzed using a CytoFLEX (Beckman Coulter) equipped with
excitation 3 lasers (488 nm x 50 mW,; 638 nm x 50 mW,
405 nm x 80 mW) and 13 fluorescence detectors. Quantification of
cells treated with HSP70:GFP@SiO,@H2B:mCherry@SiO, particles
was performed by spectral flow cytometric analysis. A minimum of
ca. 10,000 cells were analyzed per experimental replica (a total of 3
replicas for each experimental group). Data are shown as the
mean + standard deviation (SD).

2.7. DNA@SIO; particle treatment with DNase, ROS, high
temperature, UVC

The stability of YFP-DNA@SiO, particles was assessed under
different extreme conditions; (i) 150 pg of the synthesized particles
were treated with two ROS-producing solutions: HyO, (12.5 pL,
20 mM (aq)), CuCly (17.5 pL, 500 pM) [54]; (ii) 150 pg of synthesized
particles were heated to 105 °C for 45 min; (iii) 150 pg were
exposed to direct UVC light 36 W for 60 min, or (iv) 1000 pg of
DNA@SiO, (with 5 pug of pDNA encoding H2B:YFP protein) were
treated with DNase type I (5 U) (Sigma-Aldrich) for 10 min at 37 °C
(following commercial protocol 1U DNAse type I per ug of pDNA).
The DNase reaction was quenched at 70 °C for 15 min to destroy the
nuclease. After all these treatments, the DNA@SiO, particles were
washed 2x with EtOH and MiliQ water. Treated particles were
transfected in parallel using the as-prepared particles as controls
for quantification. The experiment was done in triplicate.

2.8. Synthesis and characterization of double/triple-layered
particles

DNA@SIiO; particle nuclei (Fig. 5 #1, internal cores) were pre-
pared as described. EtOH was mixed with 5 pg of the corresponding
pDNA (0.14 x 104 M) dispersed in 31.3 pL of nuclease-free ddH,0
(14 M) and was stirred at 1200 rpm for 5 min 5.5 pL of NH3 25%
(0.34 M) and 5.6 pL TEOS (0.24 M) were next added to the reaction
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that was vortexed for 2 h. DNA@SiO; spheres were centrifuged,
washed, and finally stored in EtOH. For the external silica layer
(Fig. 5, #2), 800 pg of these particles were used as nuclei (#1). These
were dispersed and sonicated for 5 min in 43 pL of EtOH and mixed
with 5 pg of pDNA:mCherry:H2B resuspended in 18 pL of nuclease-
free dH,0. Next, 17.3 pL of ammonia and TEOS (2.8 pL) were added
to the mixture and the reaction was vortexed for 2 h at room
temperature.

2.9. Time-lapse video microscopy

Double-layered DNA@SiO, particles (Fig. 5, #2) were resus-
pended in the culture medium and applied as described in section
2.5. After incubation at 37 °C for 16 h, the medium of each well was
replaced with 2 mL of fresh medium. For observation, and to pre-
vent cell overgrowth, cells were split and diluted 1/3 in volume and
reseeded in a 6-well plate. After 42 h, the 6-well plate was inserted
in a Nikon Ti (Tokyo, Japan) live-station epifluorescence micro-
scope. Cell cultures were recorded for 48 h. All images were
pseudo-colored.

3. Results and discussion

3.1. Synthesis and characterization of silica particles loaded with
pDNA (DNA@SiO,)

To prepare DNA@SiO; particles, a modified Stober method was
employed based on previous protocols (Experimental Section) [55].
Briefly, purified pDNA was added to the Stober reaction, facilitating
simultaneously nanoparticle formation and nucleic acid encapsu-
lation. We tested three different reaction conditions yielding
different sizes of silica (Table S2). Upon refined protocol estab-
lishment, we obtained DNA@SiO-, particles displaying a size of ca.
375 nm in diameter, with a {-potential of —26.9 + 3 mV (Fig. 2a—b,
Table S3). The as-prepared SiO, control particles synthesized in
parallel, devoid of pDNA, were ca. 325 nm and presented a {-po-
tential of —24.9 + 2 mV. This ¢ potential increases from —27 mV to
-18 mV as soon as the particles are exposed to the culture medium
containing serum, when the protein biocorona spontaneously
forms, changing their biological identity and being captured by
cells in the culture.

To evaluate the encapsulation efficiency of the particles we used
an empirical approach. We calculated the encapsulation was in the
range of 66 + 4%, and the approximate average number of plasmids
per particle was 20 to 40 molecules of 5000—6000 bp. This repre-
sented 0.35% of the total mass of the DNA@SiO, particles by TGA
(Fig. S1), in agreement with theoretical estimations of ca. 5 pg/mg
of DNA@SIiO, particles. The encapsulation efficiency (EE %) and
loading capacity (LC %) were additionally calculated by measuring
the non-encapsulated pDNA after the Stober reaction in the su-
pernatant (Fig. S2). The encapsulation efficiency was estimated at
75% and the loading capacity was similar as observed by TG-MS
with 0.35%. The seemingly low percentage of the mass of DNA to
silica is due to the high density of the encapsulating material
compared to other encapsulation systems e.g., lipids.

Finally, the silica encapsulation protocol was tested for different
types of pDNA encoding different proteins (Table S1) resulting in
virtually identical pDNA@SiO; particles (Table S4). The encapsula-
tion of plasmids with various backbones and inserts of different
sizes demonstrates the versatility of this system.

3.2. DNA release occurs upon silica dissolution

Based on previous studies demonstrating silica dissolution
intracellularly [28,43,44], we now tested the release of the
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Fig. 2. Synthesis and characterization of silica vectors. a). DLS characterization of DNA@SiO; particles. b). TEM images of the pDNA@SiO, particles. c). Dissolution of DNA@SiO,
particles at 37 °C in PBS and HBSS both, physiological buffers d). Agarose gel electrophoresis displaying bands containing the DNA ladder (#1); the as-prepared H2B:YFP pDNA (#2);
the H2B:YFP extracted pDNA using phosphate buffer (#3) or the NH4HF etching solution (#4). Blue arrows show the circular and supercoiled pDNA bands. e). In cellulo DNA@SiO,
particle dissolution. TEM images of ultrathin sections of cells treated with DNA@SiO,. Visible intracellular DNA@SiO,, particles (red arrows) are intact after cell entry but degraded
after 72 h (see Fig. S3). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

encapsulated DNA upon particle dissolution in physiological
buffers. For this, we used two physiological saline solutions,
phosphate-buffered saline (PBS) (pH 7.4, ca. 150 mM NaCl) and cell
culture buffered media (pH 7.4, Hank's Balanced Salt Solution,
HBSS). Fig. 2c shows TEM images of the degradation of the silica
cores of DNA@SiO-, particles exposed to these physiological buffers
at 37 °C for 72 h in both buffers. The apparent faster degradation
observed in PBS might be due to the major total concentration of
Na® and K* monovalent counterions in the phosphate salts as
previously described [41,56].

The release of pDNA from the dissolving particles was investi-
gated by electrophoresis of the liquid phase on agarose gels. We
compared: (i) the as-produced pDNA, (ii) the pDNA obtained after
silica dissolution in buffers, and (iii) the pDNA extracted from the
particles using a hydrofluoric acid treatment [46]. Fig. 2d shows
intact released pDNA using both, PBS, and hydrofluoric acid, thus
confirming the effective encapsulation/decapsulation of pDNA
molecules in amorphous silica particles by direct incorporation of
the nucleic acid into the Stober mixture.

Next, we investigated whether DNA@SiO, particles can dissolve
intracellularly as described for plain SiO, particles [43]. For this,
100 pg/mL of the particles were added to the media of cultured

human cells (HEK 293T and HeLa) that were incubated with the
particles for different times before fixation, processing for ultra-
microtomy, and TEM imaging. Fig. 2e are ultrathin sections of
representative cells displaying various intact cytoplasmic DNA@-
SiO, particles (red arrows) 2 h after particle addition of the particles
to the culture. As predicted by the in vitro studies, intracellular
particles were significantly degraded after 72 h. These images
suggest that the DNA@SiO, particles underwent progressive
dissolution in the cellular realm (Fig. S3). In the study, we also
evaluated cell viability at different times after exposure to DNA@-
SiO; particles in mammalian cells. The results shown in Fig. S4
indicate that cellular uptake of DNA@SiO, particles does not
result in a cytotoxic response and that cell viability is not reduced at
48—72 h. These results suggest that silica degradation is biocom-
patible and validate the use of these particles for biological
experiments.

3.3. DNA@SIO; particles effectively transfect mammalian cells

After confirmation that silica particles can encapsulate and
release nucleic acids, we investigated whether the released pDNA
was fully intact and functional. To do this we carried out gene
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Fig. 3. Transfection experiment. a) Diagram of the DNA@SIiO, particle intracellular processing. Upon entry, the particle must dissolve in the cytoplasm releasing the DNA (#1) that
has to enter the nucleus to be transcribed (#2). In the nucleus, the resulting messenger RNA moves back to the cytoplasm (#3) where the protein is produced by the ribosomes.
Upon synthesis, the fluorescent histone protein is immediately imported back into the nucleus (#4) that becomes fluorescent. b) Quantification of H2B:YFP protein expression
during 336 h (14 days) after transfection using flow cytometry. Data are shown as the mean + standard deviation (SD) of 3 experimental replicas (n = 10,000 cells/replica). c) Image
of cells treated with DNA@SiO,, particles expressing fluorescent H2B:YFP 144 h (6 days) post gene transfer.

transfection tests with the DNA@SiO, particles. This test should
reveal information on whether the encapsulation/release process
preserves nucleic acid integrity, as mutations in the plasmid
sequence (such as small breaks or chemical modifications) are ex-
pected to interfere with gene expression.

As proof of concept, we encapsulated a pDNA encoding the
histone H2B that naturally targets the cell nucleus, fused at its
carboxyl terminus to the fluorescent protein YFP (H2B:YFP)
(Table S3) (Fig. 3). Successful transfection results in a well-defined
yellow fluorescence highlighting the nucleus that allows effective
quantitative and qualitative assessment of gene expression by flow
cytometry or fluorescence microscopy techniques. Fig. 3a shows a
diagram of the sequential steps (#1 to #4) required upon DNA@-
SiO, entry into cells for successful protein expression. The
appearance of yellow fluorescence in the nucleus (Fig. 3a, #4) is the
way to validate the release of pDNA, and demonstrate the integrity
of the nucleic acid.

The expression of pDNA-encoded H2B:YFP protein was assessed
at different times for 2 weeks (336 h) after the addition of DNA@-
SiO; particles to the cell culture. The first fluorescent cells emerged
approximately 24 h after treatment, demonstrating that the engi-
neered silica particles were efficient gene delivery devices. From
that time point onwards, a progressive increase in nuclear fluo-
rescence was observed. Quantification of H2B:YFP protein expres-
sion performed by flow cytometric analysis at different time points
revealed that the number of positive cells and the intensity of
fluorescence per cell increased gradually over 6 days (144 h after
particle exposure) (Fig. 3b and c). To demonstrate the versatility of
the encapsulation system and prove that our results were pDNA-
dependent, we encapsulated another 5 different pDNA backbones
encoding the proteins: HSP70:eGFP, Utrophin-Red, Actin:eGFP,
BFP:KDEL, and H2B:mCherry (Table S3). All 5 pDNAs were encap-
sulated (Table S4), successfully transfecting mammalian cells
(Fig. S5). This confirmed that the silica vector can easily be loaded

with a variety of different pDNAs bearing several genes with
different sizes for cell transfection. These results reinforce the hy-
pothesis that intact, functional pDNA is released from silica parti-
cles and provides evidence that these DNA@SiO, vectors are
suitable as gene delivery devices.

In addition to the transfection efficiency at 72 h of approxi-
mately 40% compared to Lipofectamine 2000, the most remarkable
feature of this gene transfer system is its extended window of
expression of almost one week. This represents a clear advantage
over transfection with standard reagents, where gene expression
characteristically lasts for an average of 48—72 h (Fig. S6), after
which there is a rapid drop in gene expression (e.g., Lipofect-
amine™ 2000, calcium carbonate, or magnetofection). In all these
methods, the release of DNA into the cytoplasm occurs rapidly after
entry of the vector into the cell, triggering peak levels of gene
expression within a few hours (which may compromise constitu-
tive protein synthesis), and is short-lived, lasting a couple of days
[57]. Based on the described particle dissolution process, we believe
that the sustained levels of recombinant protein expression
observed are dependent on the kinetics of silica dissolution [38].
The protein detection starts to be significant after 48—72 h and
agrees with the completed silica degradation observed in TEM
imaging after 48 h (Fig. 2e).

3.4. DNA is embedded in the silica matrix

To demonstrate that the pDNA was embedded in the silica
colloid (and not adhered to the particle surface as described in
previous works), the DNA@SiO, particles and naked control pDNA
were submerged in a DNase solution (Experimental Section,
Fig. S7). After the treatment, we dissolved the particles and
extracted the pDNA for examination. Fig. 4 shows how the control
as-prepared (naked) pDNA (#2) was completely digested upon
DNase treatment, but the decapsulated silica-coated pDNA (#4)
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Fig. 4. DNAse treatment of the particles. a) Agarose gel electrophoresis showing (#1) Control as-prepared (untreated) pDNA; (#2) pDNA treated with DNAse (scissors); (#3) pDNA
extracted from the untreated DNA@SiO, particles; (#4) pDNA extracted from DNA@SiO, particles treated with DNase. Blue arrows show circular and supercoiled DNA bands. b)
Fluorescent images of cells transfected with control (#3) or (#4) DNase-treated DNA@SiO-, particles (72 h after transfection). c) Quantification of H2B:YFP protein expression in
cultures exposed to #3 and #4 after 72 h using flow cytometry. Data are shown as the mean + SD of 3 experimental replicas (n = 10,000 cells/replica, t-test, p = 0.10, ns). A
transfection efficiency reduction that is not statistically significant is detected in the DNase-treated particles compared to controls. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

was intact after the nuclease treatment thus, supporting the hy-
pothesis that the DNA was coated and protected inside the silica
particles.

The DNase tests were complemented with functional tests that
were performed with both, the as-prepared and the DNase-treated
DNA@SiO, particles. Quantification of the cellular protein expres-
sion using flow cytometry at 72 h post-transfection revealed a
reduction of ca. 30% gene expression in cultures exposed to the
DNase-treated particles compared to the as-prepared DNA@SiO,
control particles (Fig. 4b and c). This reduction, although not sta-
tistically significant, suggests that while most of the DNA is
embedded and protected in the particles, some pDNA molecules are
susceptible to DNase digestion. We hypothesize that this effect may
be inherent to the requirements of the experimental setup as the
buffer used during the nuclease test (similar to PBS) likely dissolves
the outer layer of silica, partially exposing the DNA and making it
accessible to the DNAse. Still, compared to the other silica-based
gene transfer vectors, the DNA@SiO;, particles offer significant
protection for the encapsulated DNA from attack by nucleases
existing in the biological environments.

3.5. DNA@SIO; particles preserve DNA from storage, heat, and ROS

Analogous to insects trapped and preserved in amber, silica is a
material that has the potential to function as a protective barrier for
molecules encapsulated within it. Hence, to investigate if these
DNA@SIiO, particles as gene delivery devices, improve the stability
of the encapsulated nucleic acids, we tested the shelf-life of the
vectors in comparison to existing systems.

To explore physical and chemical stresses we first tested the
functionality of the system after a prolonged time of storage (1
month) at room temperature (RT) in ethanol (Fig. 5a). TEM imaging
revealed that the particles are stable in this condition showing no
signs of dissolution (Fig. 5b) and are visually indistinguishable from
particles imaged immediately after the synthesis reaction (compare
Figs. 1c and 5b). Quantification of gene expression using flow
cytometry in cell cultures treated with particles stored for 1 month
showed gene expression levels similar to those treated with the as-
prepared DNA@SiO, particles (Fig. 5¢). This remarkable stability is
extraordinary among the most widely used gene transfer vectors,
highlighting that the DNA@SiO, particles can easily, and cost-
efficiently be stored for a prolonged timeframe not requiring so-
phisticated or expensive storage conditions.

Next, we investigated the level of protection of the encapsulated
DNA against more extreme conditions such as high temperatures
(105 °C), ROS (see below), and UV radiation. For these tests, parti-
cles were incubated for 45 min at 105 °C, a temperature that would
irreversibly denature DNA [58]. To expose the particles to ROS, we
used H,0, and Cu®* as described in the supplementary material
[48]. Finally, DNA@SiO, spheres were irradiated with UVC light
(36 W), and used for germicidal purposes, for 60 min (Fig. 5a). In
none of the cases were changes in particle morphology observed
(Fig. 5b).

After, we tested the functionality of the encapsulated DNA after
these treatments by using the treated particles in transfection ex-
periments and quantified the gene expression with flow cytometry
assays. The particles were found effective at protecting DNA from
heat and ROS exposure with a non-significant reduction in the
transfection efficiencies (91%, and 83%, respectively) compared to
the as-prepared particle controls (Fig. 5¢). However, UVC exposure
significantly decreased the transfection rate to about 10%. This ev-
idence can be explained by the fact of silica transparency to UV light
and the radiation wavelength of 100—280 nm is used to cause DNA
damage ultimately rendering the DNA non-functional and
impeding transcription [59].

In summary, all these experiments show that silica as a DNA
encapsulation vector can significantly improve the stability of
nucleic acids used for different purposes for example destined for
gene therapy or immunization. The quantitative functional studies
suggest that silica spheres can be used to store DNA, protecting it
from biological, physical, and chemical attacks, thus permitting
long-term storage under standard shelf conditions. Furthermore,
these vectors protect the encapsulated DNA under extreme cir-
cumstances, including treatments such as denaturing temperatures
or ROS, that would damage any most available vectors, whether
biological (e.g., virus) or synthetic (e.g.,, liposomes).

3.6. Layered DNA@SiO; particles for sequential gene expression

When a virus infects a mammalian cell, it expresses the viral
genes in a sequentially controlled way to manipulate the activity of
the host cell (Fig. 6a). Artificially producing gene expression cas-
cades could also have great therapeutic potential, for example, in
cumulative disorders (such as neurodegenerative diseases), to first
inhibit the expression of a pathological protein, e.g., to produce an
interfering RNA, and then activate repair mechanisms.
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Fig. 5. DNA@SiO, particle stability. a) Diagram of the experimental procedure. TEM images of the DNA@SiO, particles after 1-month room-temperature (RT) storage in a
transparent vial. b) Diagram of the experimental procedure. ¢) Quantification using flow cytometry of H2B:YFP protein expression in cultures after 72 h being exposed to the
particles stored for 1 month at RT and treated with high temperature, ROS, or UVC. A non-significant reduction in the transfection efficiency in the stored particles is observed. On
the contrary, a significant reduction in the transfection efficiency is observed for particles treated with UVC. Flow cytometry quantitative data (Fig. S8) are shown as the mean + SD

of 3 experimental replicas (n = 10,000 cells/replica, t-test, ***p = 0.0001 ANOVA).

Current gene delivery systems do not allow the sequential
expression of genes. This can neither be achieved by combining
several vectors carrying different genes nor by encapsulating
several genes simultaneously in one vector. So, we investigated
whether we could modify our design to trigger the expression of
different genes in a chronologically controlled way as viruses do. To
do this, we produce silica particles to encapsulate different pDNAs
in concentric layers of silica that we hypothesize will progressively
release the different pDNAs, triggering the sequential expression of
the proteins encoded in them.

As a proof-of-concept experiment and, to unambiguously
identify sequentially expressed proteins, we used genes encoding
two distinctive fluorescent proteins. Thus, we chose one gene
encoding the nuclear histone H2B fused to the red fluorescent
protein mCherry (H2B:mCherry), and a second gene, expected to be
released and expressed later, encoding the cytoplasmic heat shock
protein 70 fused to GFP (Hsp70:GFP) (Fig. 6b, Table S3).

To prepare a double pDNA vector, Hsp70:GFP pDNA particles of
ca. 200 nm diameter were prepared as described (Fig. 6¢-d, #1)
(Experimental section 2.9). The next silica layer containing
H2B:mCherry pDNA was produced using these Hsp70:GFP@SiO;
particles as seeds. The Stober conditions for the second silica layer
were similar. Briefly,. 800 ng of the Hsp70:GFP@SiO; silica particles
were mixed with the outer layer pDNA (e.g, mCherry:H2B) and
resuspended in water/EtOH before ammonia and TEOS were added.
The HSP70:GFP@SiO,@H2B:mCherry@SiO, double-layered parti-
cles, with an approximate size of ca. 500 nm diameter, were ob-
tained after ca. 2 h vortex at room temperature (Table S2). The same
strategy was used to synthesize triple-layered particles that finally
had a size of ca. 700 nm by DLS. Unfortunately, as demonstrated for
other systems [51], these larger double/triple-layered particles
were less efficient in gene transduction (Fig. 6f).

The double-layered systems were transfected and time-lapse
video-imaged to verify the sequential expression sequence
(Fig. 6e—g, S8). Based on the DNA@SiO, particle dissolution model

discussed (from the outside in), the H2B:mCherry coding plasmid
was programmed to be released and expressed before the
Hsp70:GFP plasmid. This will make the red fluorescence of
H2B:mCherry visible in the cellular nuclei, before the green fluo-
rescence of Hsp70:GFP appears in the cellular cytoplasm. Fig. 6e
shows some representative sequential frames from Video S1
demonstrating how these effectively transfected cells follow the
designed gene expression program, expressing first the red fluo-
rescent nuclear protein and, approximately 10 h later, the green
fluorescent protein. Quantification of fluorescent protein expres-
sion at 24, 48, and 72 h after particle treatment confirmed that most
cells (ca. 80%, as determined by spectral flow cytometric analysis)
were expressing the nuclear red fluorescent protein (red, Fig. 6g).
At 72 h, co-expression of both genes was visible in about half of the
transfected cells. At that time, approximately 20% of the cells had
only detectable green fluorescence, suggesting that nuclear protein
expression might have been downregulated after several post-
transfection cell division cycles.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.mtadv.2023.100357.

Finally, to demonstrate the versatility of the layered particle
technology, combinations of plasmids encoding different fluores-
cent proteins were used to produce three-layered particles
(Table S3, Experimental Section). These particles were tested by
performing transfection and demonstrating how they also acti-
vated the sequential expression of programmed multicolor pro-
teins. (Figs. S10, S11, S12).

4. Discussion

Here we developed a novel gene delivery carrier system using
amorphous silica as the encapsulating material. The silica nano-
particles effectively functioned as a biological barrier protecting the
encapsulated DNA from digestion by environmental nucleases,
against physical (heat) and chemical (ROS) stresses, and were able
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to deliver functional cargo to cells. Combined, these are excellent
protective properties enabling cost-efficient storage as it doesn't
require cost intense storage conditions.

Another novel characteristic of the DNA@SiO, particles is the
significantly extended duration of transfected gene expression
compared to existing devices, which could prove advantageous for
several applications in nanomedicine when used for gene therapy
or immunization purposes among many others. Furthermore, this
extraordinary gene delivery system also allows programming the
sequential expression of various proteins by synthesizing layered
particles encapsulating different pDNAs. Because the release of the
PDNA:s is linked to the relatively slow dissolution process of the
particles, genes get expressed with a time delay in the reverse order
of particle synthesis (Fig. 5¢).

Hence, this novel method enables entirely new possibilities in
gene expression manipulation. For example, it may allow the
treatment of neurodegenerative diseases where toxic proteins
accumulate irreversibly [60,61]. In these diseases, sequential gene
expression could first be used to block the expression of defective
genes, and then trigger the production of either repair proteins or
healthy proteins. But there are many other interesting potential
applications in the field of biotechnology and medicine. These
particles could be used to modify gene expression in living organ-
isms in a precise and controlled manner, for example by injection
into the diseased tissue, or using targeting ligands, thus opening a
wide range of possibilities for treatments and cures of genetic
disorders by selective activation of gene expression in the affected
cells [62].

Another possible application is the treatment of cancer to con-
trol the expression of genes involved in cell growth, division, and
death. In a targeted way, these particles could be used against
cancer [63]. Additionally, by triggering the expression of genes
involved in immune response, these particles can also enhance the
body's natural ability to fight infectious diseases or cancer [64]. But
these nanoparticles can also be used in regenerative medicine to
stimulate the growth of new tissues to enhance the expression of
genes involved in cell growth and differentiation, to promote the
regeneration of damaged tissues, leading to better healing and
reduced scarring [65]. Also, these applications in the clinical world
could be widely extended to other fields, for example, agricultural
biotechnology. These particles could be used to activate the
expression of genes that improve growth and stress tolerance,
making crops more productive and resistant to environmental
challenges, resulting in higher yields and greater food security,
ultimately improving crop yields or resistance to pests and diseases
[47].

Thanks to the straightforward modification of the nanoparticle
synthesis reaction, this system allows the encapsulation of a wide
range of plasmids plasmid backbones of different sizes bearing
different genes, while maintaining their functionality in a very cost-
effective way, increasing their versatility and attractiveness for a
wide range of potential applications. It also has the potential to be
easily scalable for industrial production and clinical evaluation.
Besides, the surface of these particles is highly customizable and
can be easily functionalized to target, for example, to introduce
genes into cells with certain receptors or to cross the blood-brain
barrier. Together, these properties make this new vector a viral-
mimetic system, which could find application in many different
aspects of nanomedicine.

5. Conclusions
In summary, these devices satisfy criteria such as (i) being cost-

efficient, (ii) reproducible, (iii) can be produced and tested indus-
trially, (iv) displaying excellent storability, (v) can be efficiently
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functionalized to achieve fully customizable, cell-targeted systems,
and (vi) have no DNA type/size limitations, etc. Other great added
values of these vectors are: (i) they protect DNA (from nuclease
attack, high temperature, ROS degradation); (ii) do not produce
cytotoxicity; (iii) significantly extends the length of the window of
transduced gene expression by several days; and finally (iv) the
system makes possible to control the expression of different genes
in a sequential and chronologically programmable manner, a
unique feature among vectors in current use. All these properties
make this new gene transfer system a robust and efficient vector
that will surely allow, in the medium and long term, the develop-
ment of gene therapies, immunization systems, or personalized
medicines that can be scalable at an industrial level and that, with
few logistical drawbacks, allow the analysis of large batches and
long-distance distribution.
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