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ABSTRACT

Targeting, safety, scalability, and storage stability of vectors are still challenges in the field of nucleic acid
delivery for gene therapy. Silica-based nanoparticles have been widely studied as gene carriers, exhibiting
key features such as biocompatibility, simplistic synthesis, and enabling easy surface modifications for
targeting. However, the ability of the formulation to incorporate DNA is limited, which restricts the
number of DNA molecules that can be incorporated into the particle, thereby reducing gene expression.
Here we use polymerase chain reaction (PCR)-generated linear DNA molecules to augment the coding
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sequences of gene-carrying nanoparticles, thereby maximizing nucleic acid loading and minimizing the
size of these nanocarriers. This approach results in a remarkable 16-fold increase in protein expression
six days post-transfection in cells transfected with particles carrying the linear DNA compared with
particles bearing circular plasmid DNA. The study also showed that the use of linear DNA entrapped in
DNA@SIO, resulted in a much more efficient level of gene expression compared to standard transfection
reagents. The system developed in this study features simplicity, scalability, and increased transfection
efficiency and gene expression over existing approaches, enabled by improved embedment capabilities
for linear DNA, compared to conventional methods such as lipids or polymers, which generally show
greater transfection efficiency with plasmid DNA. Therefore, this novel methodology can find applications
not only in gene therapy but also in research settings for high-throughput gene expression screenings.

silica nanoparticles;
gene delivery;
DNA embedment;
gene transfection

1. Introduction

Gene therapy has made significant progress in recent years,
leading to the approval of several groundbreaking therapies
that have paved the way for the treatment of several diseases,
with remarkable benefits for patients (High & Roncarolo, 1996;
Cring & Sheffield, 2020). This technology includes genome
editing (Yeh et al,, 2019), production of therapeutic proteins in
damaged areas (Doudna, 2020), or boosting the body’s natural
defense mechanisms against diseases (Chen et al., 2016). These
approaches can be used as therapies to mitigate the impact of
acquired mutations or enhance cellular functions affected by
diseases. Additionally, gene transfer allows disease modeling in
mice and other species, facilitating the exploration of thera-
peutic approaches and addressing scientific questions that are
challenging to investigate in humans (Winchester, 1982). The
technology has also significant potential to advance agricul-
ture by increasing food security, reducing the need for pesti-
cides, and improving environmental sustainability through
genetic modification (Das & Sherif, 2020; Lv et al., 2020).

An effective strategy for gene transfer is to use viral vectors
such as retroviruses, lentiviruses, adenoviruses, and adeno-
associated viruses (Koudelka et al.,, 2015). Among them, lentivi-
ral vectors are commonly used because they enable ex vivo cell

modification before patient reintroduction (Jackson et al.,, 2016).
However, the use of viral vectors carries certain risks. One con-
cern is the potential for introducing random DNA into the host
genome, which can compromise the safety and efficacy of the
treatment (Bock et al., 2006; Ghosh et al.,, 2020). Hence, several
critical issues need to be addressed, including vector toxicity,
non-specificity, and instability for the clinical validation of in
vivo gene transfer methods for clinical use.

Significant advances in vector technology, particularly syn-
thetic nucleic acid vectors, offer promising gene delivery strat-
egies. Among these, nucleic acid-loaded nanoparticles serve as
valuable tools for efficient cargo delivery, enabling gene
expression (Mitchell et al., 2021), transient protein expression
(Everton et al.,, 2021), and genome editing in target cells (Wei
et al, 2020). Liposomes are among the most promising
nano-vectors due to their customizability, ease of preparation,
ability to accommodate genes of varying sizes, and low immu-
nogenicity or toxicity (Buck et al., 2019; Guimaraes et al., 2021).
Solid-lipid nanoparticle formulations loaded with nucleic acids
have also shown potential as delivery vehicles for nucleic acids
in cancer treatment. However, even though lipid-based formu-
lations have the potential to overcome different barriers, their
stability remains a concern (Luo & Lu, 2023). Furthermore,
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transfection efficiency with linear DNA using lipid-based nano-
carriers is disappointingly low. Also, compared to viruses,
lipid-based nano-delivery systems are challenging to target in
vivo because they tend to concentrate in the liver or spleen
(Duan et al, 2016). Besides, they often experience a rapid
release of encapsulated DNA, which results in a short burst of
recombinant gene expression, which may compromise the via-
bility of transfected cells (Puri et al., 2009). Despite varying
success rates in cultured cells and preclinical research, with
some gene delivery systems undergoing validation as prospec-
tive therapeutics, the development of efficient and effective
gene delivery vectors continues to face challenges. Safety con-
cerns with viral or polymer-based delivery systems remain an
issue, as do the high cost and scalability barriers of complex
nanoparticle synthesis (Shahryari et al., 2021).

Silica particles (SiO,) have emerged as highly valuable sys-
tems for delivering drugs and nucleic acids (Janjua et al., 2021).
These nanoscale vehicles possess distinct morphologies and
structures, providing numerous advantages such as large spe-
cific surface areas, adjustable particle and pore sizes, favorable
mechanical and thermal stability, low toxicity, and remarkable
biocompatibility (Croissant et al., 2020). Also, the properties
and functionality of silica nanoparticles can be tailored by har-
nessing their surface chemistry (Lehman et al, 2016), which
opens new avenues for their use in nanotechnology. Colloidal
silica nanoparticles, in particular, have found diverse applica-
tions as additives in the production of food, cosmetics, phar-
maceuticals, and other applications (Lu et al, 2010; Huang
et al, 2011; Li et al, 2012; Paris & Vallet-Regi, 2020; Cox et al.,
2021). As a result, the field of drug delivery has extensively
explored silica nanoparticles for over six decades.

Tailoring the size, shape, and surface functionalization of sil-
ica materials has led to increased biocompatibility and effi-
ciency of delivery. There are different methods of delivering
DNA using silica nanoparticulate systems. One of them involves
adsorbing DNA on the nanoparticle surface (Bharali et al., 2005;
Torney et al, 2007; Kapusuz & Durucan, 2017). However, this
approach may not provide sufficient protection for the DNA
and limits DNA loading capacity, negatively impacting transfec-
tion and gene expression efficiencies. To address this issue, a
newer design has been developed, where DNA is directly
embedded within the nanoparticle itself during the synthesis
process (Ramos-Valle et al., 2023). This approach offers better
protection of the nucleic acids due to being included in the
particles rather than being attached to the outside. This
enhances their delivery efficiency, providing a protective barrier
against environmental nucleases or reactive oxygen species
(ROS) and enhancing the stability of the genetic cargo. Once
captured by a cell, the DNA@SIO, particles dissolve intracellu-
larly, and release the encapsulated DNA triggering adequate
cell transfection rates (Ramos-Valle et al., 2023). While these
silica-based nanosystems have great potential as gene delivery
systems due to their targeting, safety, scalability, and storage
stability, the actual volume of the silica particles limits DNA
capacity and transgene expression. While it is possible to syn-
thesize larger particles to encapsulate additional DNA mole-
cules and potentially increase gene expression, this approach
has a detrimental effect on particle uptake and transfection
efficiency. Here, we enhance DNA@SIO, particle gene

expression by optimizing the process used to synthesize the
particles, taking the previously published DNA@SIO, as a foun-
dation (Gonzalez-Dominguez et al.,, 2017; Iturrioz-Rodriguez et
al, 2019; Navarro-Palomares et al, 2020; Rodriguez-Ramos et
al., 2020; Ramos-Valle et al.,, 2023). We have focused on reduc-
ing the size of the DNA molecules to essential sequences,
thereby increasing the total number of encapsulated DNA mol-
ecules. The expected outcome is the development of a simple,
low-cost system that offers a promising alternative to other
gene delivery systems that are less versatile and stable.

2. Material and methods
2.1. DNA production and purification

The plasmid p-DNA was produced using standard procedures
in E. coli DH5a that had been transformed with the plasmid
pH2B-EYFP (Addgene #51002, RRID:Addgene_51002) (see
below Scheme 1a). Bacteria were cultured overnight in
400mL of Luria-Bertani (LB) broth medium supplemented
with antibiotic (100ug/ml ampicillin). Plasmid DNA was
extracted and purified using a kit (PureLink™ HiPurePlasmid
Maxiprep, Thermo Fisher) following the manufacturer’s proto-
col. DNA was precipitated and resuspended in nuclease-free
dH,O at 2.5pg/ml for direct use in the particle synthesis.

Linear DNA was produced using the PCR amplification
with the corresponding p-DNA as a template (Scheme 1b).
The PCR mixture was composed of forward and
backward-designed primers (2.5uM, forward: 5-GGGTCATTA
GTTCATAGCCCATATATGG-3', reverse: 5'-GATTTCGGCCTATTGG
TAAAAAATGAGC-3') purchased from IDT, Master Mix NZYProof
2x (1/2 of total PCR volume) containing Taq Il Polymerase
Enzyme, dNTPs, buffers, and plasmid DNA template
(100ng/50 pl of total volume) (Scheme 1b,c) used with a PCR
program following the manufacturer’s protocol.

2.2. Synthesis and characterization of DNA@SiO,
particles

2.2.1. Materials

Silica spheres containing p-DNA and |-DNA were prepared
using a modified Stober method with absolute EtOH (PanReac
AppliChem, 0.79g/ml), DNAse/RNAse free dH20 (Ultrapure™,
Invitrogen), NH, solution (ag, 25% v/v, Suprapur®, Sigma
Aldrich) and tetraethyl orthosilicate (TEOS, Sigma Aldrich,
0.933g/ml, lot #MKCJ6565).

2.2.2. General method for the synthesis of p-DNA@SiO,
particles (p-DNA#1-6)

In a 1.5ml microtube, the corresponding pg of purified
p-DNA (see Table 1, for p-DNA#4=4.5ug) were dispersed in
18l of nuclease-free ddH,O (10M). This p-DNA solution was
poured into a 1.5ml microtube containing 59l of absolute
EtOH. The mixture was stirred at 1,200 rp.m for 5min.
Subsequently, 17.3ul of ammonia 25% (1.22M) and 5.6yl
TEOS (0.24 M) were added to this mixture (Table 1). The reac-
tion mixture was then vortexed for 2hours at 1,200 r.p.m.
Silica spheres were centrifuged at 6,500 r.p.m, washed three
times with absolute EtOH, and stored in 100 ul EtOH.
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H2B: Rusty Lansford (Addgene 5 5%
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C

5000

4000
3000
2500

Expected linear fragment

#1

H2B:YFP 3000 bp

Scheme 1. p-DNA to |-DNA transformation. (a) PCR components and primer sequence design. (b) Diagram of the experimental procedure. (c) Agarose gel char-
acterization of the synthesized I-DNA.

Table 1. Optimization of DNA@SIO, particle synthesis.

Entry

type a
type b
type ¢
p-DNA#1
p-DNA#2
p-DNA#3
p-DNA#4
p-DNA#5
p-DNA#6
I-DNA#1
|-DNA#2
|-DNA#3
|-DNA#4
|-DNA#5

1.06
1.22
0.34
1.22
1.22
1.22
1.22
1.22
1.22
1.22
1.22
1.22
1.22
1.22

NH, /M

Synthesis

TEOS/ M H,0/M

0.24 332
0.24 9.99
0.24 14.0

0.24 9.99
0.24 9.99
0.24 9.99
0.24 9.99
0.24 9.99
0.24 9.99
0.24 9.99
0.24 9.99
0.24 9.99
0.24 9.99
0.24 9.99

Shape

plasmid
plasmid
plasmid
plasmid
plasmid
plasmid
plasmid
plasmid
plasmid
linear
linear
linear
linear
linear

Characterization

DNA
[DNA] / M (ug DNA/

mg Si0,) Size (TEM) Z-Size (DLS)
1.4x107° (4.5u9) 678+51 -
1.4%10° (4.5ug) 388+36 -
1.4x107° (4.5u9) 186+ 15 -
1.6x 10 (0.5ug) 468+28 601+28
4.8x10% (1.5ug) 274+19 358+18
9.6x 10 (3.0ug) 262+16 324+3
1.4x10° (4.5u9) 393+22 413+67

2.9x10% (9pg) * 1874425
4.8x10° (15ug) * 3770£17
1.6x 10 (0.5ug) 384+40 325+12
4.8x10 (1.5ug) 311+18 314428
9.6x10° (3.0ug) 284+20 236+60
1.4x10° (4.5u9) 260+22 250+28

2.9x10% (9pg) * 103430

PDI (DLS)

0.18+0.08
0.2+0.1
0.26+0.02
0.23+0.06
0.99+0.05
15%0.2
0.41+0.02
0.35+0.03
0.36+0.06
0.33+0.03
0.7+0.3

Notes: Effect of different concentrations of the Stober mixture (a-c). Effects of different amounts of DNA (plasmid and linear) on particle size and dispersity. Figures
S1-511 show the TEM and DLS results of characterization. Asterisk in places where (*) TEM sizes could not be estimated due to aggregates (see Figures S5-S6,

Figures S11).

TEM: transmission electron microscopy; DLS: dynamic light scattering; PDI: polydispersity index; p-DNA: plasmid DNA; I-DNA: linear DNA.

*The concentration of the final components in the mixture
considers EtOH as a solvent and is expressed in molarity (M).

2.2.3. General method for the synthesis of I-DNA@SiO,
particles (I-DNA#1-5)

In a 1.5ml microtube, the corresponding ug of purified
I-DNA (see Table 1, for I-DNA#4=4.5ug) were dispersed in
18l of nuclease-free ddH,O (10M). This p-DNA solution

was poured into a 1.5ml microtube containing 59ul of
absolute EtOH. The mixture was stirred at 1,200 r.p.m for
5min. Subsequently, 17.3ul of ammonia 25% (1.22M) and
5.6 ul TEOS (0.24 M) were added to this mixture (Table 1).
The reaction mixture was then vortexed for 2hours at
1,200 r.p.m. Silica spheres were centrifuged at 6,500 r.p.m,
washed three times with absolute EtOH, and stored in

100 pl EtOH.
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*The concentration of the final components in the mixture
considers EtOH as a solvent and is expressed in molarity (M).

2.2.4. Particle size characterization

TEM analysis: DNA@SIO, particles were dispersed in abso-
lute EtOH (0.5mg/ml) and 10pl was applied to the corre-
sponding carbon film on a copper grid for Transmission
Electron Microscopy (TEM) analysis. The samples were dried
for Th at 25°C and subsequently introduced into a micro-
scope sampler. TEM images were obtained with a JEM1011
TEM equipped with a high-resolution Gatan digital camera
(JEOL, Japan). The images were then analyzed using Image)
software (n=100 particles per analysis).

DLS analysis: DLS size distribution measurements of
p-DNA#1-6 and I-DNA#1-5 were carried out on a Malvern
Ultra Zetasizer at 25°C using filtered dH,O as a dispersant.
The polydispersity index (PDI) was measured following the
same protocol. The measurements were repeated three times
for each sample (n=3), and the data are presented as
mean = standard deviation (SD).

2.3. Cell lines

HEK 293 (Human Kidney Epithelial Cells, RRID:CVCL_0045)
cells were acquired in Innoprot (Innovative Technologies in
Biological Systems, Derio, Spain). HEK 293 cells were main-
tained in Iscove’s modified Dulbecco’s medium (IMDM) sup-
plemented with 10% fetal bovine serum and gentamycin in a
5% CO, incubator at 37°C.

2.4. Cell transfection assays

HEK 293 cells were seeded in a 24-well plate before transfec-
tion at a density of 5 x 10* cells/well and incubated for 24 h.
After this time, DNA@SIO, particles (valid for p-DNA@SIO,
and |-DNA@SiO,) washed in Phosphate Buffer Saline (PBS)
and resuspended in IMDM culture medium (100ug NPs/ml)
was added to each well. The medium was replaced after
16 hours.

For Lipofectamine™ 2000 transfection of HEK 293 cells,
3.13ul of reagent was diluted in 496.85ul of serum-free
IMDM medium and incubated for 5minutes. 2.5 ug of p-DNA
was diluted in 500pl of serum-free IMDM according to the
manufacturer’s instructions.

At the specified time, cells were harvested, washed twice
with PBS, and finally fixed in a 4% paraformaldehyde (PFA)
solution for 15min before qualitative or quantitative charac-
terization. For fluorescent microscopy, cells were stained with
DAPI, washed in PBS, mounted on crystal glass coverslips,
and imaged using a Nikon AIR confocal microscope. Flow
cytometry was performed on fixed transfected cells at the
corresponding sampling times. Approximately 10,000 cells
were analyzed per sample using a CytoFLEX (Beckman
Coulter) equipped with 3 excitation lasers (488 nm x 50mW;
638 nm x 50mW; 405nm x 80mW) and 13 fluorescence detec-
tors. Data corresponding to the positive cell distribution were
obtained with the appropriate single-cell gating. Three

different replicates were performed for each experiment
(n=3). Data are expressed as mean +standard deviation (SD).

2.5. Cell cytotoxicity assays

HEK 293 cells were reseeded into 96-well culture plates at a
density of 2 x 10* cells/well and incubated for 24h. DNA@
SiO, particles were washed in Phosphate Buffer Saline (PBS)
and were diluted with Iscove’s Modified Dulbecco’s Medium
(IMDM) with sera. DNA@SIO, particles were added at concen-
trations ranging from 0 to 400ug/ml (see Figure 3). After
incubation at 37°C for 16h, the medium in each well was
renewed, and the cells were incubated for 24h and 72h
before the addition of 10ul of the MTT labeling reagent
(Invitrogen, Cat. Number M6494, final concentration 0.5mg/
ml). After incubation for 4h in a humidified atmosphere
(37°C, 5-6.5% CO,), 100l of the solubilization solution was
added to each well. The plates were allowed to stand over-
night in the incubator in a humidified atmosphere. The
absorbance of the samples was measured using a microplate
reader at 570 nm.

2.6. Statistical analysis

A total of 10,000 cells were analyzed per condition in three
replicas of each experiment (n=3) in Figures 1-4. Analysis
t-tests were employed to compare the Mean Fluorescence
Intensities (related bars), and 0.05 statistical analysis was
used. Error bars represent SD.

3. Results

3.1. Excess plasmid DNA results in aberrant DNA@SiO,
particles

Aiming to reduce the DNA@SIO, particle size, we conducted
a series of experiments, varying the stoichiometric ratios of
NH;, H,0, and TEOS in the Stéber method, while maintaining
consistent amounts of plasmid DNA (p-DNA) per particle. This
allowed us to synthesize DNA@SIO, particles with sizes rang-
ing from 100 to 620nm, labeled as type a-c (Table 1, Figures
S2-S12). Due to the considerable size variation observed in
type-c particles and their negative impact on cellular uptake,
we narrowed our focus to optimize type-b particles, with a
diameter of approximately 350 nm.

To enhance transfection efficiency and achieve higher lev-
els of protein expression, we proceeded to assess how the
DNA content in the formulation impacts nanoparticle charac-
teristics, such as size, morphology, and polydispersity. Our
goal was to identify strategies that can optimize particle
properties and maximize nucleic acid loading, thereby
improving overall transfection efficiency. Proof-of-concept
experiments were performed utilizing plasmid DNA (p-DNA)
encoding the the histone H2B tagged with yellow fluorescent
protein (H2B:YFP) leading to fluorescent nuclei after transfec-
tion and protein expression. Various concentrations ranging
between 1.6x1 0 % M and 48x1 0 > M of DNA were cho-
sen to investigate the impact of nucleic acid concentration


https://doi.org/10.1080/10717544.2024.2385376
https://doi.org/10.1080/10717544.2024.2385376

DRUG DELIVERY 5

Figure 1. p-DNA@SIO, particles. (a) TEM images of p-DNA#4 particles with 4.5ug of plasmid H2B:YFP DNA. (b) Particle diameter (mean+SD) measured by TEM
within a scatter dot plot comparing p-DNA#1-6 (n=100). Values for p-DNA#5 and p-DNA#6 are not included due to the presence of aggregates (see Figures
$8-59). (*)(**) p-DNA#5-6 not included due to the presence of aggregates (see Figures S5-S6). (c) DLS characterization of p-DNA#1-6 bar chart of Z-size (mean+SD,
left Y axis, n=3) and dot plot in red showing the polydispersity index (PDI) (mean+SD, right Y axis, n=3). (d) Flow cytometry quantification of the transfection
efficiency (mean fluorescence intensity) of the p-DNA#4 DNA@SIO, particles and a representative confocal microscopy image of HEK 293 cells expressing the
recombinant H2B:YFP protein 72h after transfection. Data are shown as the mean+SD of 3 experimental replicas (n=10,000 cells/replica, t-test, *p <0.05, and
**¥p <0.001).

Figure 2. I-DNA@SIO, particles. (a) TEM images of particles I-DNA#4 with 4.5 g of linear H2B:YFP DNA. (b) Particle diameter (mean+SD) measured by TEM within
a scatter dot plot comparing I-DNA#1-5 (n=100). (*) I-DNA#5 is not included due to the presence of aggregates (see Figure S11). (c) I-DNA#1-6 bar chart of Z-size
(mean=SD, left Y axis, n=3) and dot plot in red showing polydispersity index (PDI) (mean=SD, right Y axis, n=3). (d) Flow cytometry quantification of the
transfection efficiency (mean fluorescence intensity) of the I-DNA#4 DNA@SIO, particles and a representative confocal microscopy image of HEK 293 cells express-
ing the recombinant H2B:YFP protein 72h after transfection. Data are shown as the mean+SD of 3 experimental replicas (n=10,000 cells/replica, t-test, *p <0.05,
and ***p <0.001).
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Figure 3. (a) Quantification of the transfection efficiency (mean fluorescence intensity) using p-DNA#4, I-DNA#2, and I-DNA#4 particles. Data are shown as the
mean+SD of 3 experimental replicas (n=10,000 cells/replica, t-test, **p <0.01, ***p <0.001, and ****p <0.0001). Protein expression profile from 24h to 14days.
(b) Mechanistic proposal of differences in gene transfection efficiency for p-DNA#4, I-DNA#2, and |-DNA#4.

on the properties of the particles. Interestingly, we observed
that with an increasing amount of p-DNA per particle the
particle size decreased slightly (Table 1). The sizes ranged
from 600nm for p-DNA#1 to 350nm for p-DNA#3 (Figure 1).
However, at higher DNA concentrations, there was a signifi-
cant increase in particle polydispersity that was likely due to
the formation of silica aggregates in p-DNA#5-6 (Figures 1(c),
S5, S6). At a concentration of 4.5ug p-DNA per mg SiO, the
particles demonstrated the best balance of polydispersity,
size, and DNA loading. This concentration yielded optimal
results in terms of achieving a desirable particle size distribu-
tion and loading capacity while minimizing polydispersity.
Next, we evaluated the efficiency of various particle
types on transfection using HEK 293 cells. This revealed that
protein expression levels for particle types p-DNA#1-4
increased gradually and proportionally with higher amounts
of p-DNA (Figure 1(d)). Our results show (Table 1, Figure 1),
that a balance is required between the amount of DNA and

the concentration of the Stéber components to permit sila-
nol polymerization and effective DNA loading while ensur-
ing minimal polydispersity and efficient transfection of
synthesized DNA@SIO, particles. The particles p-DNA#4 are
the most suitable candidates because they show a
well-balanced combination of maximal gene cargo loading,
optimal particle morphology, and transfection efficiency
(Figure 1). Furthermore, our experiments show that the total
amount of DNA integrated into a silica matrix acts as a lim-
iting factor to ensure the preservation of acceptable particle
size and polydispersity index (PDI) values.

3.2. Linearization of plasmid DNA: influence of I-DNA
size, shape and mass on DNA@SiO, particle synthesis

With this understanding, we next aimed to enhance gene
delivery by increasing the coding DNA (gene copy numbers)
while maintaining the total DNA mass in the formulation. To



Figure 4. Effect of particle concentration on transfection efficiency and cell
viability. (a) Flow cytometry quantification of transfected H2B:YFP protein by
using I-DNA#4 particles (mean+SD, n=3) carrying different DNA@SiO, concen-
trations (ug/ml IMDM). (b) MTT assay showing % of viable cells 24h and 72h
after I-DNA#4 treatment with the same particles (mean+SD, n=6).

achieve this, we used PCR with specific primers to selectively
eliminate elements non-essential for the transfection of
human cells, such as the origin of replication, prokaryotic
selection marker, and multiple cloning sites. Through this
approach, we successfully generated linear DNA (I-DNA) that
exclusively contained the essential DNA sequence necessary
for efficient gene expression in human cells. The synthesized
I-DNA consisted of three essential elements: (i) a promoter
sequence including the ribosome binding site for gene
expression, (ii) the coding sequence of the gene, and (iii) a
transcriptional terminator. By using I-DNA instead of p-DNA,
we were able to reduce the size of the DNA molecule by
approximately 60% (Scheme 1).

After obtaining the PCR products, we quantified them by
UV-VIS 280nm absorbance and confirmed their correct size
through electrophoresis. To assess their functionality and
ability to induce gene expression before silica encapsulation,
we tested the I-DNA molecules generated by PCR through
transfection into mammalian cells using Lipofectamine™
2000. Transfections performed using conventional methods
based on lipid vectors exhibited a notable reduction in effi-
ciency compared to transfections using p-DNA consistent
with previous observations (Lehner et al., 2013).

Having confirmed the functionality of the PCR-generated
I-DNA molecules, we incorporated them into the synthesis
reaction at different concentrations, ranging from 0.5 to
9ug per mg SiO, (Table 1). Similar to the observations with
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p-DNA, I-DNA quantities exceeding 4.5ug led to particle
aggregation, resulting in Z-sizes of approximately 1000 nm
and a PDI of 0.7+0.3 (Figures 2(c), S11). Nonetheless, parti-
cles loaded with 4.5 ug of I-DNA (I-DNA#4) demonstrated an
ideal size range of 240-280nm in diameter with a mono-
disperse distribution. These results indicate that, regardless
of the shape and size of the DNA (p-DNA or I-DNA), the
total mass of DNA in the Stéber mixture is limited to 4.5 ug
per mg SiO, to yield acceptable nanoparticle properties.
Functional tests on cells showed that I-DNA@SIO, particles
exhibited enhanced gene transfection efficiency compared
to p-DNA@SIO, particles (Figure 2(d)), indicating that our
strategy of increasing the amount of DNA molecules by
encapsulating I-DNA is suitable.

3.3. DNA@SIO, patrticles improve transfection efficiency
of linear DNA over plasmid DNA

The transfection efficiency of I-DNA@SIO, particles with dif-
ferent amounts of I-DNA was evaluated for comparison with
p-DNA particles. Specifically, we prepared particles with a
consistent number of DNA molecules, equivalent to 1.5ug
DNA per mg SiO, (referred to as I-DNA#2). Furthermore, tak-
ing advantage of the capability of I-DNA to load approxi-
mately three times more DNA molecules compared to p-DNA,
we encapsulated 4.5ug of I-DNA per mg of SiO, (referred to
as |-DNA#4), ensuring that the total mass of DNA was com-
parable to that contained in the original p-DNA@SIO, parti-
cles (referred to as p-DNA#4).

Quantification and comparison of protein expression
72 hours after transfection using flow cytometry revealed sig-
nificantly higher levels in both I-DNA#2 and |-DNA#4 particles
compared to p-DNA#4 particles, with 8-fold and 16-fold
increases, respectively (Figure 3(a)). On day 6 post-transfection,
the expression of I-DNA was still higher than p-DNA, being
twice as high as that of p-DNA, while on days 10 and 14
there were no significant differences between the two. We
propose that this pattern of protein expression is due to the
smaller size of the I-DNA molecules and the process of silica
dissolution (Iturrioz-Rodriguez et al., 2020; Ramos-Valle et al.,
2023). Because of their smaller size I-DNA molecules are sur-
rounded by less silica than the p-DNA molecules when
embedded in the particles. Assuming a constant SiO, dissolu-
tion rate in physiological conditions, I-DNA molecules would
be released faster than p-DNA, because a lower amount of
silica dissolution is required to free up an I-DNA molecule
compared to p-DNA. This hypothesis would explain a faster
expression with |-DNA#2 particles than p-DNA#4 (Figure 3(b)).

3.4. Effect of particle concentration on cell transfection
and viability

To find the optimal concentration of |-DNA#4 particles in
transfection experiments maximizing gene expression while
minimizing cell damage, we incrementally increased the
nanoparticle concentration in the culture. We assessed
the changes in recombinant gene expression levels and also
examined the cytotoxicity resulting from the presence of
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these nanoparticles in the medium at both 24 and 72hours.
Gene expression quantification was performed using flow
cytometry, while toxicity was evaluated through an MTT anal-
ysis. Our findings show that using I-DNA#4 particles at con-
centrations ranging from 100 to 200ug DNA/mI resulted in
the most effective delivery of I-DNA, showcasing promising
applications in the field of gene therapy (Figure 4).

3.5. DNA@SiO, particles are better suited for I-DNA
compared to conventional transfection reagents

Next, we wanted to assess how the gene expression effi-
ciency of optimized DNA@SIO, particles loaded with linear
DNA (I-DNA) compares to the widely used commercially
available Lipofectamine™ 2000. Thus, we transfected HEK 293
cells using both delivery systems. Lipofectamine™
2000-transfected cells exhibited approximately three times
higher gene expression when delivering plasmid DNA com-
pared to the silica gene delivery system (Figure 5). However,
the reverse was observed when linear DNA was loaded into
the particles, with DNA@SIO, surpassing Lipofectamine™
2000 transfection efficiency by approximately three-fold.
More importantly, linear DNA loaded DNA@SIO, also outper-
formed Lipofectamine™ 2000 loaded with plasmid DNA by
about 20% making it the overall superior transfection system
(Figure 5).

4. Discussion

Transfection of non-circular DNA using conventional non-viral
vectors has been limited by their reduced compactability and
DNA loading capacity compared to plasmids. Our study pres-
ents a novel approach by exploring the use of innovative
DNA@SIO, particles, which have already been recognized for
their remarkable protection of DNA against temperature,
reactive oxygen species (ROS), and nucleases, as well as their
ability to sustain gene transfection for up to 14days
(Ramos-Valle et al., 2023).
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Figure 5. Quantification of H2B:YFP protein expression (mean fluorescence
intensity) using Lipofectamine™ 2000 and DNA@SiO, system with p-DNA and
I-DNA in HEK 293 cells. Data are shown as the mean+SD of 3 experimental
replicas (n=10,000 cells/replica, t-test, *p <0.05, and ***p <0.001).

Unlike lipid or polymeric vectors, which typically require
compact DNA morphologies for nucleic acid integration,
DNA@SIO, particles can encapsulate both plasmidic and lin-
ear DNA. Since we have established a maximum loading
capacity limit of 4.5pug DNA per mg of SiO,, we used the PCR
technique to reduce the DNA molecule size to increase the
copies of genes per particle. Using this approach, we could
achieve a 16-fold increase in protein expression. This demon-
strates the versatility of SiO, nanoparticles to encapsulate
DNA regardless of its size and morphology.

When comparing the transfection efficiency of linear DNA
(I-DNA) spheres with plasmid DNA (p-DNA) spheres, the pro-
tein expression peak occurred at 72hours after transfection,
thus being accelerated compared to the expression profile
observed for plasmid DNA which peaked at around 6days
after transfection. We believe that the controlled release of
DNA is a result of the outside-in dissolution of compact silica
beads, a release mechanism that resulted in the faster release
of smaller DNA fragments during transfection experiments.
Additionally, linear DNA is susceptible to exonucleases and
thus might have a shorter lifetime compared to plasmid
DNA. In combination with the higher copy number of genes
delivered this presumably leads to the observed pattern of
higher and earlier peaking gene expression compared to
transfection with plasmid DNA. Remarkably, I-DNA#04@SiO,
particles are more efficient than standard Lipofectamine™
2000 in I-DNA as well as p-DNA cell transfection.

While our study used linearized genes (2-4kb), this deliv-
ery method could be adapted to deliver smaller and more
diverse nucleic acids, such as oligonucleotides, which are of
high interest in therapeutic applications. The results under-
line the potential application of this system with therapeutic
oligonucleotides, as the proposed release mechanism sug-
gests that smaller gene fragments may elicit more robust
responses. In addition, the internal entrapment of the genetic
cargo opens avenues for additional surface modification of
nanoparticles with biomolecules to enhance nanoparticle tar-
geting and biological properties. This would enable targeted
gene transfer, avoiding potential problems and side effects
associated with viral vectors. Reducing the size of nanoparti-
cles plays a key role, as it allows for improved intercellular
dispersion and thus increased cellular uptake. In addition,
downsizing opens the door to adding additional layers of sil-
ica encapsulating a different gene. This would allow the
time-controlled release and expression of different genes
(Ramos-Valle et al., 2023). For example, this could involve
inhibition of disease-related protein expression followed by
activation of genes to facilitate protein repair - a promising
avenue for therapeutic intervention.

5. Conclusion

In this study, we introduce highly efficient gene expression
through a novel formulation of amorphous silica nanoparti-
cles as a linear DNA delivery system outperforming
Lipofectamine™ 2000 in cell transfection efficiency. We
demonstrated that small nanoparticle size enhances intercel-
lular and intracellular dispersion and facilitates controlled



release of plasmid and linear DNA templates. These DNA@
SiO, particles show promise for gene therapy, offering supe-
rior performance in the delivery of linear DNA compared to
traditional methods, and overcoming size and morphology
limitations.

A key highlight of this paper is the newfound accessibility
of these nanoparticles, thanks to their straightforward syn-
thesis and composition. This quality makes them applicable
across most molecular biology laboratories. What sets these
particles apart is their capacity to efficiently store linear DNA,
such as PCR products, and facilitate their one-step transfec-
tion or screening.
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