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ABSTRACT: Localized delivery of small interfering RNA
(siRNA) is a promising approach for spatial control of cell
responses at biomaterial interfaces. Layer-by-layer (LbL) assembly
of siRNA with cationic polyelectrolytes has been used in film and
nanoparticle vectors for transfection. Herein, we combine the
ability of particles to efficiently deliver siRNA with the ability of
film polyelectrolyte multilayers to act locally. LbL particles were
prepared with alternating layers of poly(L-arginine) and siRNA and
capped with hyaluronic acid. Negatively charged LbL particles were
subsequently assembled on the poly(L-lysine)-functionalized
substrate to form a LbL particle-decorated surface. Cells grown
in contact with the particle-decorated surface were able to survive, internalize particles, and undergo gene silencing. This work shows
that particle-decorated surfaces can be engineered by using electrostatic interactions and used to deliver therapeutic payloads for cell-
instructive biointerfaces.
KEYWORDS: particle surface, siRNA, layer-by-layer, particle uptake, drug delivery, transfection

■ INTRODUCTION
The idea of programming cell behavior by controlling gene
expression has proved alluring for its potential applications in
treating a wide manner of diseases as well as directing biology
into desired forms for tissue engineering or regenerative
medicine.1−3 Small interfering RNAs (siRNAs) have attracted
attention for their ability to suppress the translation of genes and
allow aberrant protein production to be controlled. However,
the delivery of siRNA to cells is challenging due to the need for
cellular uptake and the abundant presence of ribonucleases
which can degrade them.4,5 Actions of siRNA rely on the
delivery of nucleic acid to the cytoplasm, where they are able to
interact with the components of the RNA-induced silencing
complex (RISC).1 Complementarity between the guide strand/
antisense of the siRNA sequence to mRNA allows the directed
cleavage of target messenger RNA. Therefore, the efficacy of
silencing is contingent on the ability to adequately traffic siRNA
to the cytoplasm. For non-viral vectors such as nanoparticles or
cationic complexes, endosomal escape is thought to occur due to
osmotic swelling and bursting associated with the proton sponge
effect or membrane disruption.6

Complexation of siRNAwith cationicmolecules has remained
a facile and appealing approach to non-viral vector delivery.7−11

Assemblies of polycations with siRNA can be produced due to
interactions between the positively charged amine groups of the
polycation and negatively charged phosphate of the RNA
backbone.12 In order to facilitate efficient delivery of siRNA, it is

often encapsulated or incorporated into particles.While particle-
based designs have shown promise in gene therapy, in vivo
biodistribution remains a significant challenge to local
delivery.13 Contrastingly, film-based approaches can release
siRNA locally but in a predominantly passive manner.11,14−16

Recent work has shown that it is possible to assemble particles
on the surfaces through electrostatic interactions in a manner
that allows uptake by cells.17,18 In addition to mediating the
particle uptake, these assemblies can also influence cell behavior
through topographic cues. Concomitantly, topographic cues
have been indicated to be able to influence endocytosis.19 Based
on these observations, we engineered an approach that would
exploit the endocytic potential of particle carriers for siRNAwith
the localized delivery capabilities of polyelectrolyte multilayer
films by creating siRNA particle assemblies via electrostatic
interactions. Layer-by-layer (LbL) interactions can be used to
assemble functional particles as well as surface-based particle
assemblies. This approach allows us to combine the advantages
of particle non-viral vectors with localized surface-mediated
delivery of siRNA using biocompatible components such as
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poly(L-arginine) (PLA) and hyaluronic acid (HA) as a proof of
concept for the design of bioactive composite coating systems.

■ RESULTS AND DISCUSSION
LbL siRNA Particle Surfaces for Nucleic Acid Delivery.

Nanoparticles are highly advantageous constructs for therapeu-
tic applications as they can deliver payloads containing drugs,
proteins, and nucleic acids. Electrostatic assembly by alternating
complexation of polyanions and polycations was demonstrated
by Decher for flat surfaces20 and Donath et al. for colloids.21 As
nucleic acids are negatively charged, they can be complexed with

positively charged polymers such as polyethyleneimine.12 LbL
nanoparticle designs utilizing this approach are especially
valuable for non-viral delivery of siRNA as they can protect
naked siRNA and facilitate uptake.22 Herein, we employ a
negatively charged silica core as a template for the siRNA LbL
particles (Figure 1). We have previously shown that sufficiently
sized silica particles can be presented on a surface by
electrostatic interactions and that cells in contact with these
particles will be mechanically induced to internalize them.17 To
ensure biocompatibility, biodegradable polymers were selected
for complexation. PLA has been found to be an effective carrier

Figure 1. Electrostatic adsorption of biopolyelectrolytes used to functionalize a LbL silica particle indicating layers of alternating charge composition.
PLA is used as a cationic polymer to electrostatically assemble negatively charged siRNAs. A surface layer of HA is used to confer a negative charge for
particle assembly on PLL-functionalized substrates and enhance cell interactions. Synthesis and characterization of core silica particles.

Figure 2. Characterization of core silica particles used for assembling LbL particles. (A) TEM image of rhodamine-labeled silica particles. (B) Size
distribution of rhodamine-labeled silica particles determined by TEM. Scale bar represents 2 μm, inset scale bar 1 μm.
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for siRNA, whileHA can enhance cell targeting through receptor
interactions.10,22,23 As synthesized silica particles exhibit a net
negative zeta potential in water due to the presence of surface
hydroxyl groups, PLA is the first layer to be assembled.24 The
positive charge of PLA is then used to adsorb negatively charged
siRNA or HA.
Silica particle templates were produced by adapting the

Stöber protocol. Spherical silica particles were synthesized with
and without fluorescent dye labeling (Figures 2 and S1).
Particles were monodisperse as characterized by transmission
electronmicroscopy (TEM), exhibiting sizes of 431± 22 nm for
rhodamine B-labeled silica (RhoB) (dDLS = 472 ± 21 nm) and
430 ± 34 nm unlabeled silica (SiO2) (dDLS = 480 ± 40 nm)
particles (Table S1, Supporting Information). As we have
previously demonstrated, silica particles that are approximately
500 nm in diameter result in pronounced surface particle
clearance and uptake by A549 epithelial cells and macrophages,
as well as regulate cell adhesion through focal adhesion
maturation.17 Smaller particles (50 nm, 180 nm) were found
not to be readily cleared by A549 and would not be expected to
be effective for mediating transfection.
The addition of a minute amount of rhodamine did not have a

noticeable effect on the particle size or shape. Conjugation of the
dye moiety to (3-aminopropyl)triethoxysilane (APTES)
allowed the covalent integration of the molecule into the silica
network of the particle. This allows a route to visualize and
detect particles following interactions with cells and confirm
internalization.17 Moreover, the zeta potential of rhodamine-
labeled silica particles was still sufficiently negative to be used for
subsequent LbL assembly (−28.5 ± 3.9 mV).
LbL Functionalization of Silica Particles. LbL particles

were prepared by the electrostatic assembly of polyelectrolytes
on core silica particles. Polyelectrolyte layer addition was
accompanied by increases in the hydrodynamic diameter
(Figure 3 and Table S1, Supporting Information). Although
the hydrodynamic diameter largely increased with an increasing
number of layers, the hydrodynamic size of the prepared LbL

particles decreased slightly upon the addition of HA. The
apparent changes in hydrodynamic diameter likely reflect the
differences in solvent interaction, chain flexibility, and
conformation of polyelectrolytes. Additionally, the formation
of polyelectrolyte multilayers is known to be influenced by both
pH and ionic strength.16,25 Unlike PLA and HA which are
molecules that have relatively high degrees of freedom, siRNA as
a double-stranded RNA molecule is expected to be rigid, which
may contribute to the larger increase in hydrodynamic diameter
noted between layer 1 and layer 2.26,27 Imaging of particles
following polyelectrolyte adsorption by TEM indicated that
particles were largely colloidally stable (Figure S2, Supporting
Information).
Confirmation of layer assembly is made by measuring the

particle zeta potential, which demonstrates charge reversal due
to overcompensation (Figure 3 and Table S1, Supporting
Information).28 Adsorption of PLA layers leads to positive zeta
potentials, while adsorption of siRNA or HA produces negative
zeta potentials. Charge reversal observed by monitoring the
particle zeta potential indicates that the adsorption of alternating
charged polyelectrolytes leads to the modification of particle
surface chemistry (Table S1, Supporting Information). PLA was
selected as it is biodegradable, unlike other common polycations
such as polyethyleneimine and polyallylamine.12,29 As ionization
and buffering capacity are important for facilitating endosomal
escape, arginine residues may offer improved transfection
efficiency in comparison with lysine as was indicated by Najjar
et al. for cell-penetrating peptides, which may be due to the
higher pKa of arginine in comparison with lysine.

30−33 HA is
used to neutralize the potentially cytotoxic effects of polycations
by wrapping the particle in a polysaccharide shell while
concomitantly modifying particle surface properties to en-
courage interaction through recognition by CD44 receptors.34

We designed our LbL system based on that used by Gu et al.,
who found that a spherical particle coated with a layer of PLA
could achieve approximately 90% surface coverage with RNA.8

Figure 3. LbL functionalization of particles with PLA, siRNA, and HA monitored by light scattering. (A) Hydrodynamic diameter of LbL silica
particles in water. (B) Zeta potential of LbL silica particles in water. Data are presented as mean ± standard deviation, n = 10.
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Chemical Characterization of LbL Particles. Fourier
transform infrared (FTIR) analysis of particles was used to
highlight chemical differences following polyelectrolyte assem-
bly (Figure 4). Silica particles exhibit peaks arising from the S−

O−Si stretching at 798 and 1100 cm−1, with a peak at 960 cm−1

assigned to the Si−OH stretching.35 Adsorption of water is
observed at 1638 cm−1 as well as the broad band at 3400 cm−1.
Following the assembly of PLA/siRNA and HA layers,
additional peaks are present at 1410, 2898, and 2985 cm−1.
The presence of a peak at 1410 cm−1 is attributed to the C−O−
Hbending in HA.36,37 The peaks at 2898 and 2985 cm−1 are due
to the CH2 stretching and likely indicative of PLA.

38,39

Additionally, possible expansion of the peak observed at 1650
cm−1 in the functionalized sample may reflect contributions
from the carbonyl or amide functionalities present in HA and
PLA, respectively. Other characteristic peaks which might be
used to confirm the presence of PLA, siRNA, or HA are
obscured by overlap and relatively low concentration in the
sample.
Assembly of Particle Surfaces. Negatively charged

particles can be electrostatically assembled on the surfaces by

conditioning the surface with a cationic polyelectrolyte.17,18

Poly(L-lysine) (PLL) is commonly used as a biocompatible
material for enabling adhesion of cells.11,40 A suspension of
functionalized LbL particles was incubated in PLL-conditioned
wells to produce the gene delivery particle surface based on
previous work showing an uptake of silica particles from PLL-
functionalized glass (Figure 5).17 In order to detect gene
delivery efficacy, siRNA targeting green fluorescent protein
(GFP) was incorporated into LbL particles prior to assembly.
GFP-expressing A549 was then cultured in contact with the
surfaces to investigate particle−cell interactions. Successful
internalization of particles by cells from the surface would be
detectable as an accumulation of intracellular fluorescence due
to rhodamine labeling, while endosomal escape of siRNA would
manifest as a reduction in the intensity of GFP fluorescence as an
indicator of silencing activity. In this way, both the accumulation
of particles and the consequences (loss of intrinsic cell
fluorescence due to gene silencing) can be used as hallmarks
to assess the potential of gene therapy via functional surfaces.
Biocompatibility of Particle-Decorated Substrates.

Biocompatibility of LbL particle surfaces was determined for
GFP-expressing A549 by the continued culture of cells on
relevant substrates. Following 72 h of culture, cell viability was
assessed by L-lactate dehydrogenase (LDH) release and
metabolic reduction of resazurin salt (Figure 6). Triton X-100
was used as a positive control by inducing membrane rupture
and cell death. No differences in LDH release were observed
between the cells grown in standard wells or on LbL particle-
decorated surfaces (Figure 6a). Metabolic activity was also
assessed to indicate whether cell health and proliferation were
hindered by particle surfaces (Figure 6b). Similarly, cell viability
remained high on all substrates, showing that the LbL particle
assembly does not exert strong adverse effects on cell health.
Particle Surface-Mediated Cell Transfection.The ability

of particle surfaces to deliver biological cargo was investigated by
incorporating siRNA against GFP into LbL particles. A
scrambled RNA sequence was used as a negative control to
ensure that silencing and loss of cell fluorescence were sequence-
specific (Figure S3). Cells were maintained in contact with LbL
particles assembled in PLL-conditioned wells in order to enable
surface-mediated uptake. Labeling of particles with rhodamine
showed that particles interact with cells and are likely
internalized within cells due to surface clearance and uptake
(Figure 7). Subsequent visualization of GFP-expressing A549

Figure 4. FTIR characterization of LbL silica particles showing bare
unlabeled silica particles (SiO2) and LbL-functionalized silica with four
layers (SiO2@PLA@siRNA@PLA@HA).

Figure 5. Schematic depiction of particle assembly for surface-mediated transfection. LbL particles are assembled on PLL-functionalized surfaces.
GFP-expressing A549 (shown in green) is cultured on the particle surfaces, leading to surface particle removal and uptake. Lysosomal escape mediated
by the proton sponge effect to facilitate delivery of siRNA to the cytoplasm. Translation of GFP is suppressed by siRNA, leading to a reduction in
fluorescence (cell in gray).
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shows that when cultured with bare silica particles (SiO2), cells
maintain their fluorescence in the absence of specific siRNA.
Incorporation of one layer of siRNA (SiO2@PLA@RNA@

PLA@HA) around the silica core resulted in an interaction
between particles and cells coupled with a decrease in cell green
fluorescence intensity. The suppression of cell fluorescence is
even more notable when an additional layer of siRNA (SiO2@
PLA@RNA@PLA@RNA@PLA@HA) is included in the LbL
capsule. Moreover, cell fluorescence associated with GFP
expression appears to be most diminished in cells that possess
a considerable number of LbL silica particles.
The ability of LbL particle surface assemblies to silence GFP

expression in a cell population was analyzed through the
fluorescence intensity of GFP-expressing A549. Reduction in
population cell fluorescence was found to occur in a dose-
dependent manner with increased siRNA loading, leading to a
stronger overall silencing effect (Figure 8). An LbL silica particle
containing one layer of siRNA (SiO2@PLA@RNA@PLA@
HA) resulted in a marginal decrease in fluorescence (74 ±
10.7%) relative to untreated cells. By adding two layers of siRNA
to LbL particles (SiO2@PLA@RNA@PLA@RNA@PLA@
HA), a significant decrease in fluorescence was noted (51 ±
7.0%, **p < 0.01). Observations gleaned from fluorescence
microscopy visualization indicate that transfection may be a
product of local accumulation of particles.
Non-viral vectors for transmission of nucleic acids are a

tantalizing prospect for therapy, circumventing possible
pathogenicity and immunological activation associated with
viral vectors.41 An important consideration for these systems is
maintaining the stability of a genetic material for delivery as an
essential component for efficacy. LbLmethods for particles have
been demonstrated to offer a facile method to both enhanced
protection and delivery of nucleic acids. Work by Ledo et al.
created a nanocapsule using both PLA andHA for the delivery of
a chemokine and micro-RNA (miRNA), showing strong

Figure 6. Biocompatibility of particle surfaces used for gene transfection. (A) Release of LDHby A549-GFP after 72 h of culture determined over three
biologically independent replicates. (B) Cell viability of A549-GFP determined after 72 h of culture by the reduction of resazurin to resorufin over three
biologically independent replicates. A 20min exposure of 0.2% v/v Triton-X is used as the positive control. Data are shown as mean + standard error of
the mean. Comparison between substrate means and the negative control was performed with a one-way ANOVA and Dunnett’s multiple comparison
test. No statistically significant difference determined between particle substrates and the negative control (p> 0.05). Statistical significance for positive
LDH control, ****p < 0.0001.

Figure 7. Fluorescence images of A549-GFP after 72 h of culture on
different substrates with bright-field overlay. Cells expressing GFP
appear in green and rhodamine-labeled silica particles in magenta. Scale
bar represents 100 μm.
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association efficiency as well as stability in plasma.42 Similarly,
LbL assembly of PLL on a gold core was shown to be capable of
supporting multiple layers of siRNA to increase silencing
effects.43 Increasing the particle loading of RNA in this way
allows for dose control distinct from particle concentration.
RNA silencing utilizes endogenous cellular machinery to

regulate protein translation. Short non-coding RNA sequences
interact with the RISC whereupon the sense strand is cleaved by
endonuclease argonaute 2 (AGO2).1 The antisense (guide)
strand remains associated with RISC, which is used to target
complementary mRNA sequences. The key difference between
siRNA and miRNA is that there is often incomplete
complementarity between the guide strand and target messenger
RNA (mRNA), which allows it to interact with different mRNA
transcripts. Instead of direct cleavage, partial binding of miRNA
can downregulate genes through repression or degradation.1

Due to the molecular similarity between siRNA and miRNA,
delivery through LbL systems can be achieved in a similar
fashion with wider-reaching therapeutic effects.44,45

Film-based approaches to RNA delivery are often based on
LbL assembly and are permissive for the modification of existing
structures such as stents.46 They have the advantage of local
delivery when compared to the administration of circulatory-
based particles. Hong showed that siRNA multilayers could be
assembled on glass with PLL with a knockdown to 33% of GFP
in HeLa when six layers of siRNA/PLL are used.11 For our LbL
particle surfaces, cell fluorescence was reduced by approximately
50%. Confocal microscopy of GFP-expressing HeLa on gene
targeting multilayers shows similar loss of GFP-associated
fluorescence when compared to the particle surface. It is
noteworthy that increasing multilayer thickness leads to a
reduction in cell viability, likely due to large amounts of PLL.
Moreover, release of siRNA from these coatings principally

relies on degradation or disassembly, followed by diffusion-
controlled release.15,16 In contrast, particles can be engineered to
concentrate payloads with the polycation playing a key role in
osmotic swelling and membrane disruption.47 In addition to the
use of positively charged polymers to achieve endolysosomal
escape, cationic amphiphilic drugs such as desloratadine can also
be used to improve cytosolic release and potentiate silencing
effects.48,49 Recently, Janardhanam et al. demonstrated that LbL
films could be used to entrap a chemotherapeutic with an
siRNA-containing particle coating in order to specifically adhere
to colon cancer tissue for localized particle and drug delivery.7

Development of materials conducive to directing cell behavior
through local gene transfer in a spatiotemporally definedmanner
is critical to many tissue engineering and regenerative medicine
applications. To achieve complex tissue organization and
appropriate regrowth, attempts involve replicating key features
of the extracellular matrix.50,51 Gene delivery from extracellular
matrix-like materials can then be used to direct cell fate.52 While
the incorporation of a genetic material can be a powerful
approach, its applicability is hampered by exonucleases which
degrade them if they are unprotected in the extracellular space.
Notably, the native extracellular matrix contains structures
known as matrix-bound vesicles which contain proteins and
nucleic acids. Matrix-bound vesicles are an often overlooked
component of the functional extracellular matrix and may
provide additional signaling cues to cells in a local and defined
manner.53−55 Our approach attempts to bridge the lack of
functionality often present in synthetic biomaterial systems by
replicating the role of matrix-bound vesicles as a component of
the cellular niche. Combining particle delivery with film formats
for surface modification has the benefit of leveraging the
strengths of each approach to gene delivery. By tailoring the size
and properties of the particles used, it is possible to control the
interaction with the surface as well as with the cells
themselves.17,18,56 Moreover, through the control of particle
surface chemistry, it is possible to tailor the surface interactions
through the introduction of targeting or adhesion motifs to
improve the likelihood of particle uptake.57,58

Synthetic strategies for nanoparticles and capsules can be
utilized to produce vehicles for the delivery of drugs, proteins,
mRNA, and non-coding RNA.59−62 Encapsulation of nucleic
acids within a capsule or particle provides protection from serum
degradation. These preloaded particles can then be attached to a
matrix or scaffold for local delivery through mechanically driven
interactions in a cell-dependent manner.17,18 By controlling the
particle size, stiffness, and anchoring interaction with the
substrate, the dose can be regulated by cell behavior. As these
particles are in close proximity to the cells and the surface,
particles can induce changes in membrane curvature, which
promotes their uptake through biomechanical signaling.18,63

This approach ensures a truly bio-responsive interface as the
unique mechanical profile of each cell type can be used to target
specific subpopulations. As cells interact with their environment,
instructional molecules such as signaling proteins and a genetic
material can be programmed to be delivered as a function of cell
phenotype or developmental state.
Through the surface-mediated transfer of LbL siRNA

particles to GFP-expressing cells and subsequent silencing, we
show that cell behavior and protein expression can be controlled
through particle surfaces. This broadens the potential of nano-
and microparticles for biological applications as it circumvents
the challenges associated with biodistribution and targeting
while also enhancing the potential of scaffolds and other material

Figure 8.Normalized median fluorescence intensity of GFP-expressing
A549 cells cultured on particle surfaces. Data are presented as mean +
standard error of the mean for three biologically independent replicates.
Statistical significance determined by one-way ANOVA with Tukey’s
multiple comparison test, *p < 0.05, **p < 0.01.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.2c00668
ACS Appl. Bio Mater. 2023, 6, 83−92

88

https://pubs.acs.org/doi/10.1021/acsabm.2c00668?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00668?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00668?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00668?fig=fig8&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


constructs used for tissue engineering and wound healing.
Further work to improve particle design and spatiotemporal
signaling in material-based constructs may help to provide
specific cell cues for complex organization of the cells and their
behavior.

■ CONCLUSIONS
Bioactive surfaces are promising alternatives for achieving local
gene delivery as well as directing cell behavior during tissue
engineering and regeneration. LbL approaches with biodegrad-
able polyelectrolytes could be used to encapsulate siRNA on a
colloidal silica template. These LbL particles could then be
assembled to form a particle-decorated surface that would
function as a drug delivery depot for cells in contact with it. By
incorporating two layers of siRNA into the LbL design, the GFP
fluorescence intensity could be reduced to 51% following
surface-mediated particle uptake. This approach leverages the
advantages of nanoparticles for drug delivery with the ability to
constrain delivery to a small localized cell population.

■ MATERIALS AND METHODS
Tetraethylorthosilicate (TEOS) (>99.0%, Germany), APTES (99%,
Germany), rhodamine B isothiocyanate, diethylpyrocarbonate
(DEPC) (96%), PLA (15,000−70,000 g mol−1), and PLL (150,000−
300,000 g mol−1) were purchased from Sigma-Aldrich, Germany.
Ethanol (98%, analytical grade) was purchased from VWR, UK, while
sodium hyaluronate (10−20 kDa, Research Grade) was obtained from
LifeCore Biomedical, USA. Ammonia (25% for analysis), puromycin
dihydrochloride from Streptomyces alboniger (>98% HPLC, BioRe-
agent), and Corning 96-well black polystyrene microplates were
purchased fromMerck, Germany. Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), penicillin−streptomycin, OPTI-
MEM I Reduced Serum Medium, and Silencer GFP (eGFP) siRNA
were purchased from ThermoFisher Scientific (Switzerland). GFP-
expressing A549 (A549-eGFP-Puro) reporter cells were obtained from
Imanis Life Sciences, US. All aqueous preparations were performed
with ultrapure water from a Milli-Q system (resistivity 18.2 MΩ cm,
Sartorius Arium Pro, France). To reduce the degradation of RNA,
DEPC was added to ultrapure water at 0.1% v/v and autoclaved before
use.
Synthesis of Silica Particles. Silica particles were prepared by

adapting the Stöber process for monodisperse colloidal silica.64 Briefly,
174 mL of ethanol, 13.5 mL of water, and 40.9 mL of ammonia were
added to a 500 mL round bottom flask and heated to 50 °C while
stirring under reflux. Once at temperature, 22.5 mL of TEOSwas added
and allowed to react for 3 h. Silica suspensions were washed by repeated
centrifugation cycles at 2500g for 20min. For fluorescent silica particles,
RhoB was reacted with APTES overnight as previously described17 and
added to the TEOS reaction mixture after 3 min.
Transmission Electron Microscopy. Visualization of particle

morphology and size characterization was performed using a trans-
mission electronmicroscope. A dilute particle suspension was drop-cast
onto the formvar film on a copper 300 square mesh (Electron
Microscopy Sciences, USA) and allowed to dry overnight at room
temperature. Micrographs were acquired using a Tecnai Spirit
transmission electron microscope equipped with a 120 kV LaB6
filament and a 2048× 2048 pixel wide-angle Veleta camera. Particle size
was determined by thresholding and binarization of acquired images
and automated analysis with FiJi (ImageJ, National Institutes of Health,
USA). The mean diameter and standard deviation were determined
from more than 500 particles.
Dynamic Light Scattering and Zeta Potential Analysis. The

hydrodynamic diameter and zeta potential of synthesized particles were
characterized using a Brookhaven 90Plus Particle Size Analyzer with
phase-amplitude light scattering (PALS) (Brookhaven Instruments,
USA) equipped with a 40 mW diode laser, λ = 635 nm. Analysis was
performed for dilute suspensions in water at 25 °C.

LbL Preparation. PLA solutions were prepared at 1 mg mL−1 in
water and added dropwise to a 1 mg mL−1 solution of silica particles.
The mixture was allowed to react for 20 min, followed by centrifugation
at 500g for 20 min. Particles were then resuspended two times to
remove excess PLA. A 1 μM siRNA aqueous solution was then used to
functionalize particles, and the solution was added dropwise, followed
by 20 min for layer formation and cleaning. Subsequent layer assembly
was performed in the same manner. HA was prepared at a
concentration of 1 mg mL−1 and used to coat particles as above.
FTIR Characterization. Chemical analysis of LbL particles was

performed on a PerkinElmer Spectrum 65 FTIR Spectrometer
equipped with a universal attenuated total reflection (UATR)
accessory. For each particle type, 500 μL of suspension was drop-cast
onto an aluminum foil and dried under vacuum. Following background
subtraction, spectra were acquired between 4000 and 600 cm−1 with a
resolution of 4 cm−1 averaged over 16 scans.
Substrate Preparation. PLL hydrobromide was reconstituted in

water to a concentration of 1 mg mL−1. Particle substrates were
prepared by incubating 96-well plates with a 1mgmL−1 PLL solution in
water for 1 h. Surfaces were rinsed five times with water to remove the
excess polymer. A silica particle suspension was then added at a
concentration of 0.5 mg mL−1 and left for 1 h, followed by an additional
five rinses. Substrates were then kept at 4 °C for cell seeding.
Biocompatibility. Substrate biocompatibility was performed for

GFP-expressing A549 cultured in a 96-well plate. Cells were seeded at
8000 cells/well and cultured for 72 h in contact with different substrates
at 37 °C, 5% pCO2. For a positive cytotoxicity result, cells were exposed
to 0.2% v/v Triton X-100 for 20 min 100 μL of the supernatant was
removed from each well, followed by a phosphate-buffered saline (PBS)
rinse and replaced with 150 μL of resazurin dissolved at 88 μM in a cell
culture medium. Cells were incubated for a further 4 h under standard
cell culture conditions before being read by a fluorescence microplate
reader (TriStar LB 941, Berthold Technologies) at λex = 560 nm and
λem = 590 nm. Lactate dehydrogenase activity was determined in
accordance with the manufacturer’s protocol. Absorbance was
determined by spectrophotometry (Benchmark Microplate reader,
BioRad, Switzerland) at 490 nm with a reference wavelength of 630 nm
and represented as a fold increase of tested samples relative to an
untreated control. Measurements were performed in triplicate for three
biologically independent replicates.
Transfection. eGFP-expressing A549 was maintained in DMEM

supplemented with 10% FBS, 1% penicillin/streptomycin, and 1 μg
mL−1 puromycin. Cells were seeded in 96-well plates and allowed to
attach. Cells were subsequently rinsed with PBS and incubated with an
Opti-MEMReduced SerumMedium for 72 h. Visualization of cells was
performed with a Zeiss LSM 710 confocal laser scanning inverted
microscope set up with a 20× magnification lens (NA 0.8). eGFP and
rhodamine B were excited sequentially (488 and 561 nm). To
determine the GFP fluorescence intensity and transfection efficacy, at
least three images were acquired for each condition and for three
biologically independent replicates with a 20×, 0.8 NA lens. Images
were acquired with a field of view of 425.10 × 425.10 μm with a
resolution of 1024 × 1024 with a bit-depth of 16, and a pixel dwell time
of 3.15 μs was used. Unlabeled silica particles were used to prevent
crosstalk. Intensity values acquired in the eGFP channel were evaluated
with the median fluorescence value used to compare surface treatments
(number of untreated cells n = 1220, bare silica n = 2334, SiO2@PLA@
RNA@PLA@HA n = 1634, and SiO2@PLA@RNA@PLA@RNA@
PLA@HA n = 1581). Data from three biologically independent
replicates were used and compared with a one-way ANOVA with
Tukey’s test for multiple comparisons. Values were considered
significant if *p < 0.05.
Statistical Analysis. All statistical analyses were performed in

Prism 9 (GraphPad software) using a one-way ANOVA with Tukey’s
post hoc test. Values were reported as mean ± standard error of the
mean for biologically independent triplicates. Statistical significance
was defined as *p < 0.05.
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