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Abstract

RNA-based interventions are particularly promising for next-generation therapeutic strate-
gies and hold significant potential when integrated with diagnostic modalities. Among
noncoding RNAs, microRNAs (miRNAs) regulate gene expression post-transcriptionally
and represent compelling targets for cancer therapy. However, their clinical translation
remains hindered by instability, off-target effects, and limited delivery efficiency. Here,
we report the microfluidic synthesis of hybrid lipid—polymer nanoparticles (LiPoNs) that
co-deliver an AntimiR-21 and the magnetic resonance imaging contrast agent gadolinium
diethylenetriamine penta-acetic acid (Gd-DTPA). The LiPoNs were obtained using cou-
pled Hydrodynamic Flow Focusing (cHFF), enabling precise control over lipid—polymer
self-assembly and surpassing the compositional limitations reported with conventional
micromixers. The resulting AntimiR-21-Gd-DTPA-LiPoNs exhibited an average hydrody-
namic diameter of 124 nm, narrow polydispersity (PDI < 0.2), and encapsulation efficiency
up to 60%. In MDA-MB-231 breast cancer cells, treatment with AntimiR-21-LiPoNs induced
suppression of miR-21 and a corresponding decrease in migratory capacity, demonstrating
effective functional delivery and gene expression modulation. These findings establish
a versatile microfluidic platform for engineering multifunctional lipid—polymer nanos-
tructures whose hybrid architecture combines the biocompatibility and membrane fusion
capability of lipids with the structural robustness and controlled release properties of
polymers, thereby advancing RNA-based theranostic design for precision oncology and
related applications.

Keywords: microRNA; chitosan; hybrid lipid—polymer nanoparticles

1. Introduction

The nanomedicine community conducts fundamental and technical research on lipid
nanoparticles (LNPs) to investigate and optimize their synthetic and biological identity,
allowing for the development of promising therapies at a remarkable speed [1,2]. The use
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of LNPs is currently under investigation in two main fields: for the delivery of nucleic
acids [1-3] and the engineering of cells [4,5]. Their contribution to the delivery is well-
known due to the use of modern mRNA COVID-19 vaccines [6,7], while engineering of
cells, such as CAR T cells, is spreading fast [8,9].

Among the classes of nucleic acids, mRNAs are more studied for vaccine applica-
tions [10], while both siRNA and miRNA make a contribution in targeting and addressing
undruggable proteins in the field of cancer treatment [11-13].

Despite their selectivity and specificity [14], only a small number of miRNA-based
drugs have entered clinical trials, and none have reached Phase III [15,16], due to their
instability, toxicity, adverse effects, and low therapeutic efficacy [17]. Indeed, miRNAs have
a short half-life and poor stability in systemic circulation caused by the presence of nuclease
in the bloodstream [18]. Other concerns are related to the undesired off-target effects and
their uncontrolled activation of innate immune responses [19,20]. Moreover, at the cellular
level, naked miRNAs are partially internalized by cells and are prone to degradation in
endosomal/lysosomal vesicles [18-20].

To face these hurdles, bioengineering has exploited the material properties of lipids or
polymers in the form of nanoparticles individually [19-22]. Despite the frequent use and
versatility of pure lipid-based NPs (LNPs), their self-assembly behavior makes them less
stable in biological environments, compromising their prolonged encapsulation capability.
Different types of polymer materials, especially positively charged polyplexes, widely
studied for nucleic acid release in the cytoplasm, suffer from toxicity and slow and poor
biodegradability [19,20,23,24].

In this framework, the combination of lipid and polymer materials to obtain hybrid
lipid-polymer or lipid-hydrogel nanoparticles takes the advantageous properties of both
classes of materials and leads nanotechnologies to deliver biologics properly, overcoming
limitations of systems based only on a single type of material, such as lipids or polymers
and polymer-hydrogels [25-34]. Indeed, this combination of materials potentially confers
to the nanocarriers the capability of co-entrapping multiple agents of different chemical
nature, also to be applied in theranostics [26]. In detail, in lipid—polymer hybrid systems
for RNA delivery, the polymer or polymer hydrogel component plays a non-ancillary but
structurally and functionally determinative role. Beyond serving as a passive scaffold, the
polymer/hydrogel matrix contributes to mechanical stabilization, controlled spatial con-
finement, and temporal regulation of RNA release, thereby complementing the transfection
efficiency typically associated with lipid-based carriers. The properties of the polymeric
network modulate diffusion kinetics, protect RNA cargo from premature degradation,
and enable sustained or stimuli-responsive release profiles that are difficult to achieve
with lipid nanoparticles alone. Within this hybrid architecture, lipids primarily facilitate
cellular uptake and endosomal escape, while the polymer or polymer-hydrogel core gov-
erns macroscopic handling, residence time, and dose control, resulting in a synergistic
system in which transport efficiency and delivery precision are decoupled yet harmonized.
Finally, in the delivery of diagnostic molecules and therapeutic drugs, polymer features
allow the tuning of release mechanisms and preserve the boosted diffusion, while peculiar
biomimetic properties of lipids mediate different cellular and intracellular pathways, such
as fusion mechanisms [35-37].

Particularly for nucleic acids, several combined lipid-hydrogel architectures have
been proposed where mRNA is absorbed on the lipid surface via electrostatic interac-
tions for mRNA vaccines. Among them, Su et al. [38] developed a pH-responsive poly
(B-amino ester) (PBAE) core covered by a phospholipid shell. Yang et al. [39] employed
a hybrid nanovaccine consisting of a poly lactic-co-glycolic acid (PLGA) core that en-
trapped the toll-like receptor TLR7 adjuvant coated by the lipid shell. Recently, Kliesch
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et al. [40] examined the impact of different amounts of lipids, keeping the PLGA poly-
mer component constant, on the stability, compatibility, and delivery efficacy of hybrid
NPs in dendritic cells. Regarding the entrapment of RNAs in the polymer core, Huang
et al. [41] presented miR-29 b-loaded transferrin-conjugated nanoparticles, where the mi-
croRNA was loaded in the polyethyleneimine (PEI) polymer coated with a mixture of lipids
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine DOPE/linoleic acid /1,2-dimyristoyl-sn-
glycerol, methoxy polyethylene glycol DMG-PEG) and transferrin (Tf) conjugated dis-
tearoyl phosphatidylethanolamine-polyethylene glycol Tf-PEG-DSPE, for the treatment
of acute myeloid leukemia. Shi et al. [42] developed a hybrid system made up of an aque-
ous core containing the siRNA stabilized by the positively charged lipid-like compound
GO0-C14, covered by a hydrophobic PLGA polymer shell and lipid-PEG. Kiigiiktiirkmen
et al. [43] studied the hybrid lipid—polymer NPs, made up of PLGA, polycaprolactone
(PCL), and lipid, for the co-delivery of pemetrexed and AntimiR-21 in glioblastoma cells,
showing exceptional accumulation in the nucleus of U-87 MG cells. Regarding the use of
hybrid NPs for multimodal imaging and therapeutic purposes, Tng et al. [26] developed
stratified NPs, where the PLGA core loads the rhodamine 6G dye, the outer lipid layer
entraps the paclitaxel, and on the surface, it is attached to the gadolinium chelates. More
recently, Ottonelli et al. highlighted the advantages and challenges of polymer-lipid hybrid
nanoparticles for the delivery of biological drugs [28].

These hybrid NPs were generally produced by traditional techniques based on emulsi-
fication, solvent evaporation, and film hydration methodologies, which do not guarantee a
high level of control and reproducibility of the properties [19,44]. Indeed, the conventional
batch techniques have been superseded by alternative approaches to control the multicom-
ponent features and overcome processing issues such as high temperatures, extreme acid or
basic conditions, solvent solubility, and post-production steps that pose a challenge to pre-
serving miRNAs [19,44]. In the last decade, microfluidics has taken an essential role in the
development of NPs for the loading of RNA-based drugs by exploiting different transport
mechanisms of species and a variety of device geometries, allowing the reduction in the po-
tential risk for RNA degradation and obtaining particles with tunable features, controlled
size distribution, high-loading, and co-loading ability of different compounds [44-47].
The potential of microfluidics has already been exploited to entrap large biomolecules
such as mRNA [48,49], DNA [48,50] and siRNA [48,51,52], and imaging molecules [53-56].
Indeed, Zhao et al. [57] evaluated the effect of the addition of different polymer materi-
als to a combination of Nl,N3,N5—tris(2-aminoethy1) benzene-1,3,5 tri-carboxamide (TT),
DOPE, cholesterol, and DMG-PEGg in a microfluidic process to improve the delivery
of mRNA. Then, Meyer et al. [58] exploited the microfluidic technology for producing
lipid—polymer NPs, made up of PLGA and lipid mixture, which entrapped or absorbed
mRNA. A toroidal micromixer was employed to produce lipid—polymer hybrid NPs for the
loading of pDNA [59]. Furthermore, Wei et al. [60] developed a three-stage microfluidic-
based holonomic constraints device for the production of siRNA-loaded lipid/polymer
NPs (lipid /PCL-PEI/siRNA NPs), reporting interesting in vitro and in vivo results on the
downregulation of EGFR mRNA and the protein expression.

Recently, Alawi et al. [61] explored the potential of lipid-polymer hybrid nanoparticles
as a next-generation drug delivery system for breast cancer therapy, and recently, we
proposed a novel one-step microfluidic approach to guide polymer-lipid interactions
by the coupled Hydrodynamic Flow Focusing (cHFF) [55] for the production of lipid—
polymeric hybrid nanoparticles (LiPoNs). In this work, we proved that the same system
can be applied to co-entrap nucleic acid, Antisense miR-21 (AntimiR-21), and Gd-DTPA for
theranostics of triple-negative breast cancer.
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LiPoNs through cHFF [55] were finely tuned to obtain lipid—hydrogel nanoparticles
made of a chitosan core and lipid bilayer, more precisely to control the interaction, at the
low pH, of the protonated amine groups of the chitosan and negatively charged nucleic
acids, leading to the formation of a stable polyelectrolyte complex. Using AntimiR-21 as a
model RNA-drug, we validated in MDA-MB-231 human breast cancer cells the biological
ability of AntimiR-21-loaded LiPoNs to act as a nanomedicine tool to inhibit the miRNA
expression and act on cell migration. Simultaneously, the relaxivity properties of the system
were also investigated.

2. Materials and Methods
2.1. Materials

L-a-phosphatidylcholine from soybean (SPC; lyophilized powder, purity > 99%,
Mw =~ 776 g/mol; stored at —20 °C), cholesterol (Chol; powder, purity > 99%,
Mw = 386.65 g/mol, empirical formula Cy7Hy60O; stored at —20 °C), and chitosan (CH; low
molecular weight, 50,000-190,000 Da; soluble in dilute aqueous acid) were used as re-
ceived. Additional reagents included sodium hydroxide (NaOH; pellets, ACS reagent
grade, 97.0%, Mw = 40.00 g/mol) and gadolinium (III) diethylenetriaminepentaacetic acid
di-hydrogen salt hydrate (Gd-DTPA; 97.0%, Mw = 547.57 g/mol). All these materials
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antisense miR-21 (AntimiR-21;
sequence 5-UCAACAUCAGUCUGAUAAGCUA-3'; DESALT purification) was obtained
from Sigma-Aldrich (St. Louis, MO, USA).

Solvents comprised glacial acetic acid (AcOH; >99.8%, Mw = 60.05 g/mol, CH;COOH;
ROMIL Pure Chemistry, Cambridge, UK), absolute anhydrous ethanol (EtOH; >99.9%,
Mw = 46 g/mol, C;HsOH; Carlo Erba Reagents, Cornaredo, Italy), and filtered Milli-Q
water (Milli-Q Plus, Q-POD®, Merck KGaA, Darmstadt, Germany). Phosphate-buffered
saline (PBS, tablet form) used for dialysis was also purchased from Sigma-Aldrich.

The human epithelial breast cancer cell line MDA-MB-231 was obtained from the Leib-
niz Institute DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH
(Braunschweig, Germany). Cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, high glucose; Sigma-Aldrich) supplemented with 4.5 g/L glucose, 10% (v/v)
fetal bovine serum (FBS; Sigma-Aldrich), 2 mM L-glutamine, and 1% (v/v) antibiotic so-
lution (Thermo Fisher Scientific). Cell cultures were maintained at 37 °C in a humidified
atmosphere containing 5% CO, and harvested using trypsin—-EDTA.

Dimethyl sulfoxide (DMSO; molecular biology grade), thiazolyl blue tetrazolium
bromide (MTT; soybean-derived, 98%), and Lipofectamine 3000 transfection reagent (Cat.
No. L3000008) were obtained from Thermo Fisher Scientific (USA).

2.2. Microfluidic Set-Up for Coupled Hydrodynamic Flow-Focusing Approach (cHFF)

A microfluidic setup to produce the LiPoNs has already been published [55]. In brief,
a quartz microfluidic chip (22.5 mm x 15 mm x 4 mm; Dolomite Center Ltd., Royston,
UK) featuring five parallel inlet channels converging at a 45° junction into a single outlet
was used in this study. Glass syringes with volumes ranging from 2.5 to 10 mL (CETONI
GmbH, Thuringia, Germany) were connected to the chip via FEP tubing (1/16" x 0.25 mm
and 0.8 x 0.25 mm) and driven by a low-pressure syringe pump (neMESYS 290N, CETONI
GmbH, Germany). Two-way in-line ETFE valves were positioned between the syringes and
the microfluidic device to allow automated loading and continuous reagent delivery. The
outlet flow was collected through FEP tubing (0.8 x 0.25 mm) into glass vials containing
water. Flow-focusing behavior within the microchannels was observed using an optical
fluorescence microscope (Olympus IX71, Olympus Italia srl, Segrate, MI, Italy) equipped
with a 4x scanning objective.
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2.3. AntimiR-21 Behavior in CH-AcOH-Water Ternary System

The stability of AntimiR-21 under different environmental conditions was evaluated
experimentally. As a control, an aqueous solution of AntimiR-21 (26 nug/mL) was compared
with buffer solutions containing the same concentration of AntimiR-21 incubated either at
room temperature or at 4 °C. Additional experiments were conducted at acidic pH values
(2.6 and 4.3). These buffer conditions were obtained by adding 0.5% (v/v) acetic acid (AcOH)
to water, with or without 25 mM NaOH, respectively. Separate aliquots of AntimiR-21
were prepared for each condition, and RNA degradation over time (1-4 h) was monitored
using a Multiskan SkyHigh Microplate Spectrophotometer (Thermo Fisher Scientific). RNA
concentration was quantified at A = 260 nm with a uDrop Plate.

Subsequently, AntimiR-21 stability was tested in conditions mimicking those used for
microfluidic encapsulation. Specifically, AntimiR-21 (54 ug/mL) was dispersed in a chi-
tosan solution (0.01% w/v in 1% v/v AcOH), with or without gadolinium diethylenetriamine
penta-acetic acid (Gd-DTPA; 0.4% w/v). For both formulations, the pH was adjusted to ~4
with 50 mM NaOH. RNA stability was expressed as the percentage of RNA concentration
measured after treatment relative to the untreated AntimiR-21 control solution.

2.4. Formulations of AntimiR-21-Loaded LiPoNs

Coupled Hydrodynamic Flow Focusing (cHFF) [55] was employed to produce
lipid—polymer nanoparticles (LiPoNs), including AntimiR-21-loaded LiPoNs (AntimiR-21-
LiPoNs) and co-loaded AntimiR-21/Gd-DTPA-LiPoNs. The organic phase consisted of
an ethanol-water mixture (65:35 v/v) containing 0.0072% (w/v) lipids (soy phosphatidyl-
choline/cholesterol, SPC/Chol, 8:1 mass ratio), stirred overnight before injection through
the side channels. The aqueous phase was prepared as 0.01% (w/v) chitosan (CH) dis-
solved in 1% (v/v) acetic acid (AcOH), stirred for at least 1 h, and adjusted to pH ~ 4 with
50 mM NaOH.

For AntimiR-21-LiPoNs, AntimiR-21 (11 uM) was added to the polymer solution and
stirred for 10 min prior to injection into the middle channel. For AntimiR-21/Gd-DTPA-
LiPoNs, Gd-DTPA (0.4% w/v) was added to the same polymer-RNA solution. Microfluidic
assembly was performed at a flow rate ratio (FR?) of 0.073, defined as the flow rate of the
middle channel (3 pL/min) relative to the side channel (41 pL/min), for a total processing
time of 80 min.

The resulting nanoparticles were collected in 7 mL of pure water and stirred for 40 min
at 25 °C. Purification was carried out by mild solvent-gradient dialysis against PBS diluted
1:1 with water, using a Spectra-Por Float-A-Lyzer G2 (MWCO 25-50 kDa; Sigma-Aldrich,
St. Louis, MO, USA). Samples were dialyzed at a sample-to-buffer ratio of 1:3 under
continuous stirring for 1 h at room temperature.

2.5. In Vitro MRI Relaxation Time Measurement

Changes in longitudinal relaxation time (T;) were assessed at 1.5 Tesla and 37 °C using
a Minispec Bench-Top Relaxometer (Bruker Corporation, Billerica, MA, USA). For each
measurement, 300 uL of sample was placed in a glass tube, and nanoparticles were analyzed
both undiluted and diluted 1:1 in water. The Free Induction Decay (FID) sequence was
applied to optimize gain settings and prevent signal saturation. T; values were determined
using saturation recovery and inversion recovery pulse sequences, while relaxation time
distributions were calculated using the CONTIN algorithm.

2.6. Synthetic Identity of AntimiR-21-Gd-DTPA-LipoNs

The hydrodynamic diameter and particle concentration of the nanoparticles were mea-
sured by nanoparticle tracking analysis (NTA) using a NanoSight NS300 system (Malvern
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Instruments Ltd., Malvern, UK; NTA software v3.4, sSCMOS camera, 488 nm blue laser) at
room temperature (Figure S2). Particle size distribution and concentration are reported as
the mean from three independent measurements.

The C-potential was determined at 25 °C using a Zetasizer Nano ZS (Malvern Pana-
lytical, UK) operating in monomodal analysis mode. Measurements were performed by
loading 1 mL of nanoparticle suspension into a folded capillary ¢-potential cell (Malvern
Panalytical, UK).

Morphological characterization was carried out using both field emission scanning
electron microscopy (FE-SEM; UltraPlus Field Emission, Carl Zeiss, Oberkochen, Germany)
and transmission electron microscopy (TEM; FEI, Hillsboro, OR, USA). For the transmission
electron microscope (TEM) analysis, 8 uL of nanoparticle suspension was deposited onto
Formvar/carbon-coated 200-mesh copper grids (Agar Scientific Ltd., Stansted, UK), air-
dried overnight, and directly imaged. The same grids were subsequently examined by
FE-SEM after sputter-coating with a 5 nm gold layer.

The encapsulation efficiency (EE%) of Gd-DTPA was determined by comparison with
calibration curves prepared in water (0-100 uM; Figure S3). AntimiR-21 encapsulation
was quantified using a Multiskan SkyHigh microplate spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA), using unloaded LiPoNs as background. The EE% of both
AntimiR-21 and Gd-DTPA was calculated according to the following equation:

EE% = ™

x 100
where Cy is the experimentally measured concentration in the nanoparticle suspension,
and Cr is the theoretical input concentration of AntimiR-21 or Gd-DTPA used in the
microfluidic process.

The Qubit microRNA Assay Kit (Thermo Fisher Scientific) was used for the quantifica-
tion of microRNAs using the Qubit 4 fluorometer (Thermo Fisher Scientific).

2.7. RNA Extraction and g-RT-PCR

Total RNA was purified from MDA-MB-231 cells 72 h post-transfection using TRIzol
reagent (Thermo Fisher Scientific, Cat. No. 15596026). RNA concentrations were quantified
with a Qubit 4 fluorometer (Thermo Fisher Scientific). For miR-21 detection, 100 ng of total
RNA was reverse-transcribed using the miRCURY LNA RT Kit (Qiagen, Limburg, The
Netherlands, Cat. No. 339340). Quantitative PCR was performed with SYBR® green-based
detection (Qiagen, Cat. No. 339371) and the miRCURY LNA miRNA probe assay specific
for miR-21 (Qiagen, Cat. No. 339350; GeneGlobe ID: ZP00000445). Data was normalized
against the endogenous control U6 snRNA (Qiagen; GeneGlobe ID: ZP00030496).

For the detection of miR-21 target genes (PTEN and PDCD4), 1 pg of total RNA
was reverse-transcribed using the SuperScript™ III First-Strand Synthesis SuperMix Kit
(Thermo Fisher Scientific, Cat. No. 18080400), following the manufacturer’s instructions.
qRT-PCR was performed with iQ SYBR Green Supermix (Bio-Rad, Cat. No. 1708882) on
a C1000 Touch thermal cycler (Bio-Rad). Data acquisition and analysis were carried out
using CFX Maestro software version 1.0 (Bio-Rad). Gene expression levels were calculated
with the AACt method, using 3-actin as the endogenous control. All experiments were
performed in triplicate across three independent biological replicates. Oligonucleotide
sequences used for RI-qPCR are reported in Table S1.

2.8. Western Blot Analysis

MDA-MB-231 cells were seeded in 6-well plates and treated for 72 h with 33 nM
AntimiR-21 delivered via lipid—polymer nanoparticles (LiPoNs). Since this study is specif-
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ically focused on evaluating the role of the hybrid LiPoNs architecture in RNA-based
drug delivery, and AntimiR-21 sequence-dependent biological effects have already been
proven, a scrambled RNA sequence was not employed as a control. Following treatment,
total proteins were extracted as previously described [62]. Equal amounts of protein were
resolved on 12.5% SDS-polyacrylamide gels and transferred to nitrocellulose membranes.
Membranes were blocked with 5% (w/v) non-fat dry milk in TBS-T and incubated overnight
at 4 °C with the following primary antibodies: anti-PTEN (1:1000, Cat. No. 138G6, Cell
Signaling Technology, Danvers, MA, USA), anti-PDCD4 (1:1000, Cat. No. D29Cé, Cell Sig-
naling Technology), and anti-a-tubulin (1:10,000, Cat. No. T9026, Merck KGaA, Darmstadt,
Germany). After washing, membranes were incubated with HRP-conjugated secondary
antibodies for 1 h at room temperature. Protein bands were visualized using an enhanced
chemiluminescence (ECL) detection reagent (Thermo Fisher Scientific) and imaged on a
ChemiDoc system (Bio-Rad, Hercules, CA, USA).

2.9. Wound Healing Assay

To assess the migratory capacity of breast cancer cells following miR-21 silencing, a
wound healing assay was performed. In brief, 1 x 10° MDA-MB-231 cells were seeded in
12-well plates and treated the following day with AntimiR-21-LiPoNs, empty LiPoNs, or
AntimiR-21 delivered via Lipofectamine 3000. After 48 h, a scratch was introduced into the
cell monolayer using a pipette tip, and cell migration into the wound area was monitored
by automated time-lapse microscopy (Celldiscoverer 7, Zeiss, Munich, Germany) under
incubator-controlled conditions. Images were captured at 100 x magnification every 2 h
across three independent fields per well. Wound areas were quantified using ZEN 3.0
software (Zeiss), and migration capacity was expressed as the percentage of wound closure
over time.

2.10. Cell Viability

Cytotoxicity was assessed using the MTT assay. MDA-MB-231 cells were seeded at
a density of 1 x 10* cells per well in 96-well plates and allowed to adhere for 24 h prior
to treatment. Cells were then incubated with fresh medium containing either AntimiR-21
delivered with Lipofectamine 3000, AntimiR-21-LiPoNs, or AntimiR-21-Gd-DTPA-LiPoNs
(final concentrations: AntimiR-21, 33 nM; lipids, 12 pg/mL; Gd-DTPA, 28 uM). Empty
LiPoNs and Gd-DTPA-LiPoNs were also tested at equivalent concentrations. Treatments
were carried out for 24 and 48 h.

At the end of each incubation period, the medium was removed, cells were washed
with PBS, and fresh medium containing MTT (0.5 mg/mL, 0.22 um filtered) was added.
After 3 h of incubation, the medium was discarded, and the resulting formazan crystals
were dissolved in 200 uL of DMSO. Plates were incubated for 30 min to ensure complete
solubilization, and absorbance was measured at 556 nm in triplicate using a Multiplate
Reader Photometer (EnSpire, PerkinElmer Inc., Waltham, MA, USA). Cell viability was
expressed as a percentage relative to untreated control cells.

AU of Cells tested AntimiR — 21 formualtions

Cell viability % = AU of Untreated Control Cells x 100 M

where the AU is the measured absorbance in triplicate.

2.11. Statistical Analysis

Data were analyzed using GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA).
Results are presented as mean =+ standard error of the mean. Statistical significance was
assessed using two-tailed unpaired Student’s t-tests, with p < 0.05 considered significant.
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3. Results

3.1. Optimization of Coupled Hydrodynamic Flow Focusing (cHFF) to Produce AntimiR-21
Gd-DTPA Lipid—Polymer NPs

Here, we propose the encapsulation by coupled Hydrodynamic Flow Focusing (cHFF)
of miRNA in hybrid polymer-lipid nanoparticles (LiPoNs) (Figure 1) [55].

coupled HFF

; etOHWater Lipias
\ B chitosan (CH)

PH4 25°C

Critical nucleation concentration (C7y)

Critical micelles concentration (Cm;“)

AntimiR-21- Gd-DTPA Bulk solubllity (Cfy)

Solute Concentration (C)

LiPoNs
L5
® & LiPoNs

e 2, Chitosan  mfm AntimiR-21 & @ @
o 2y f::“
';P"- )
a7 Lipids: @ GdDTPA
&F\}\\J/ Time

Figure 1. Coupled Hydrodynamic Flow Focusing (cHFF) to produce AntimiR-21-Gd-DTPA-lipid-
polymer nanoparticles (LiPoNs). Schematic representation of the cHFF strategy and the LiPoNs
structure (left). Schematic illustration of nanoprecipitation and self-assembly processes implemented
in microfluidics for LiPoNs production (right). Some graphic elements of nanostructures in Figure 1
were created using BioRender.com.

A schematic illustration of the cHFF process implemented in microfluidics for the pro-
duction of AntimiR-21-LiPoNs is reported in Figure 1 (left), where the chitosan (0.01% w/v)
in acid solution (AcOH-NaOH/1% v/v-50 mM) containing the AntimiR-21 (11 uM) is
sheeted by two side streams of lipids (0.0072% w /v, 8:1 mass ratio SPC:Chol) dissolved
in an etOH-water (65-35% v/v) mixture. The Gd-DTPA compound was added to the
middle solution (0.4% w/v) to produce the co-loaded AntimiR-21-Gd-DTPA-LiPoNs. The
microfluidic cHFF process is conducted by setting the side flow rate at 41 pL/min, while
the middle one is at 3 uL./min for a flow rate ratio (FR?) of 0.073.

Starting from the previous results on cHFF [55], we adjusted the microfluidic process
to take advantage of the mutual diffusion of solvents to promote the nucleation of chitosan,
its complexation with the AntimiR-21, the formation of the lipid bilayer fragments, and
simultaneously their coupling; see Figure 1 (right).

To avoid damaging AntimiR-21, we performed a preliminary bulk study to assess its
chemical stability in the form of degradation under cHFF process conditions, referring to
the central injection channel. In particular, we evaluated in bulk the effect of the exoge-
nous parameters [63], such as changes in temperature, pH, and material concentration,
to optimize the cHFF process for AntimiR-21-LiPoNs (Figure S1). Following the studies
reported on AntimiR-21 chemical stability (Figure Sla—d) in terms of degradation, all the
experiments for the obtaining of the AntimiR-21-LiPoNs were conducted by dissolving
for 10 min the AntimiR-21 in the polymer solution at pH ~ 4 before being injected in the
central channel of the microfluidic device, where the cHFF process was carried out at
room temperature.

The nanoparticles were analyzed in terms of the mean and mode of NP size, standard
deviation (SD) value, and zeta potential, obtained by NanoSight NTA and Zetasizer Nano
(Figures 2 and S2, Table 1).
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Figure 2. LiPoNs morphological characterization and relaxation time measurement. (a) Size
distribution of AntimiR-21-LiPoNs (black) and AntimiR-21-Gd-DTPA-LiPoNs (blue) as a function
of the mean nanoparticle concentration from the three measurements. (b) TEM and (c) FE-SEM of
AntimiR-21-LiPoNs. (d) Comparison of longitudinal relaxation time distributions of water, LiPoNs,
Gd-DTPA-LiPoNs, AntimiR-21-LiPoNs, and AntimiR-21-Gd-DTPA-LipoNs.

Table 1. Table summary of nanoparticles mean size, mode, standard deviation (SD), zeta potential,
and concentration of different LiPoNs formulations.

Mean Size Mode SD Zeta Potential

+ St. Error =+ St. Error + St. Error + St. Error Conge ntration

(nm) (am) (nm) (mV) (particles/mL)
LiPoNs 155 £+ 0.8 104 +£4.9 848 +£1.5 —-133+1.0 1.17 x 1010
Gd-DTPA-LiPoNs 149 £ 2.6 107.6 £ 6.1 81.0 3.7 —-92+1.1 592 x 10°
AntimiR-21-LiPoNs 134 + 2.1 879 +28 68.7 1.3 —87+0.5 7.91 x 10°
AntimiR-21-Gd-DTPA-LiPoNs 124 £ 3.2 88.5+ 3.7 624 +6.1 —13.3+ 05 5.09 x 10°

The direct and real-time visualization of AntimiR-21-LiPoNs by NTA (Figures 2 and S2)
reports a monodisperse population of NPs, confirming the high-resolution particle dis-
tribution (Figure 2a), showing a peak at 134 nm with 90% of the particles being 201 nm.
The mean size value of AntimiR-21-LipoNs (7.91 x 10° particles/mL) correlates with the
transmission and scanning electron images, TEM and FE-SEM, respectively, reported in
Figure 2b,c. A recognizable dark core within a lipid bilayer vesicle is shown in the TEM im-
age, Figure 2b. The clear resolution of the lipid bilayer can be associated with the enhanced
electron contrast due to the AntimiR-21 located in the chitosan core of LiPoNs.

The longitudinal relaxation time distributions of AntimiR-21-Gd-DTPA-LiPoNs
(T1 =1830 ms) in Figure 2d confirm the loading of Gd-DTPA contrast agent (EE-62%)
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within the LiPoNs nanostructures, which does not affect the size of the LiPoNs, as shown
in Figure 2a and Table 1. Furthermore, the zeta potential data show a slight increase in the
negative charge from —8.7 mV to —13.3 mV for AntimiR-21 and AntimiR-21-Gd-DTPA-
LipoNs, respectively.

3.2. Silencing by AntimiR-21-Loaded LiPoNs

As reported by The Cancer Genome Atlas (TCGA) Breast Cancer (BRCA) database,
high miR-21 expression is correlated with a reduction in the overall survival ratio of patients
under study [64,65], and extensive studies show its involvement in tumor pathogenesis.
MDA-MB-231, a human epithelial triple-negative breast cancer cell line, expresses signifi-
cant miR-21 levels with respect to other breast cancer cell lines (MCF-7 and SKBR3 cells) [65].
Therefore, the inhibition of miR-21, achieved with Antisense miRNA, consists of a single-
stranded oligonucleotide with a complementary sequence to the mature miRNA [66] and
can inhibit its role in carcinogenesis. To test the effects of AntimiR-21-LiPoNs in MDA-MB-
231 cells, we analyzed the resulting expression of miR-21, its targets, and the underlying
biological effects. The MDA-MB-231 cells were treated with AntimiR-21-LiPoNs, free
AntimiR-21, and LiPoNs for 72 h; the total RNA was extracted from the cells, and the
miR-21 expression level was quantified by g-RT-PCR. The cells treated with LiPoNs were
used as a control (equal to 1). A reduction in miR-21 expression from 1 to 0.08 is reported
for the cells treated with 33 nM of AntimiR-21-LiPoNs (Figure 3a). This reduction in miR-21
expression using NPs formulation follows the previously reported cellular uptake of NPs
encapsulated miRNAs due to the shielding of miRNA charge groups [19,66]. In parallel,
a comparison between the commercially available transfection agent, the Lipofectamine
3000 (Lipo), and the newly designed hybrid vector, LiPoNs, was conducted, performing the
same experiment at 72 h. Upon 72 h of treatment with AntimiR-21 Lipofectamine-mediated
transfection (Lipo + AntimiR-21), the cells show a miR-21 downregulation from 1 to 0.26
(Figure 3b), less effective than that obtained by delivering LiPoNs.

a b
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Figure 3. Efficiency of miR-21 silencing by AntimiR-21-LiPoNs in MDA-MB-231 cells. (a) MDA-
MB-231 cells were treated with LiPoNs (used as control), AntimiR-21-LiPoNs, and AntimiR-21.
(b) MDA-MB-231 cells were transfected with only Lipofectamine 3000 reagent (Lipo, used as a
control), AntimiR-21 together with Lipofectamine 3000 (Lipo + AntimiR-21), or untransfected. After
72 h, total RNA was extracted, and the expression level of miR-21 was evaluated by g-RT-PCR. The
fold change in miR-21 was calculated by normalizing the absolute levels of miR-21 to those of internal
control (U6 snRNA) and setting the value of LiPoNs (a) and of Lipo (b) equal to 1. The transfections
were performed three times. Bar represents the mean =+ st. error of three independent experiments
(* p <0.05; ** p < 0.001).
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3.3. Downstream Regulation of miR-21 Target Genes

The miR-21 targets many gene transcripts, such as phosphatase and TENsin homolog
deleted on chromosome 10 (PTEN) and programmed cell death 4 (PDCD4), resulting
in increased cancer cell transformation, invasion, and metastasis [67-69]. To verify the
bioactivity of AntimiR-21 on the expression levels of downstream genes, the mRNA levels
of miR-21 target genes were analyzed in MDA-MB-231 cells treated for 72 h with 33 nM of
AntimiR-21 in the LiPoNs and Lipofectamine 3000-mediated transfection (Lipo + AntimiR-
21). PTEN and PDCD4 gene levels were quantified by q-RT PCR and normalized to the
housekeeping mRNA (3-actin. The results show an upregulation of 4.77 times of PTEN
expression for the treatment with AntimiR-21-LiPoNs (Figure 4a,b), while PDCD4 shows
an upregulation of 7.3 times with respect to the control LipoNs-treated cells (Figure 4c,d).

MDA-MB-231
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LiPoNs AntimiR-21- LiPoNs AntimiR-21 Lipo Lipo + AntimiR-21 Untransfected

c d
PDCD4 PDCD4

s T
: E 2 ’%r

0
LiPoNs AntimiR-21- LiPoNs AntimiR-21 Lipo Lipo + AntimiR-21 Untransfected

ES
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Fold change
(relative to control)

Figure 4. Efficiency of AntimiR-21-LiPoNs in downregulating the miR-21 target genes in MDA-
MB-231 cells. (a) Expression level of PTEN mRNA was analyzed by q-RT-PCR in MDA-MB-231 cells
treated for 72 h with LiPoNs, AntimiR-21-LiPoNs, or treated only with AntimiR-21. (b) Expression
level of PTEN mRNA was analyzed by q-RT-PCR in MDA-MB-231 cells transfected for 72 h with
AntimiR-21 using Lipofectamine 3000 (Lipo + AntimiR-21) or transfected only with Lipofectamine
3000 (Lipo, used as a control) or untransfected. (c) Expression level of PDCD4 in the cells trans-
fected with LiPoNs, AntimiR-21-LiPoNs, or treated only with AntimiR-21. (d) Expression level of
PDCD4 mRNA in MDA-MB-231 cell line, untransfected or transfected, for 72 h, with Lipofectamine
3000 reagent alone (Lipo) or in combination with the AntimiR-21 (Lipo + AntimiR-21). The fold
change was calculated by normalizing the Ct of PTEN (a,b) and of PDCD4 (c,d) to the Ct of -actin
used as an internal control. The value of PTEN and of PDCD4 in LiPoNs (a—c) and Lipo (b,d) was
set equal to 1. The transfections were performed three times, and the g-RT-PCR was performed in
triplicate. Bars represent the mean + SEM of three independent experiments (* p < 0.05).

As already outlined above, the AntimiR-21 entrapped in LiPoNs after 72 h of treatment
confirms the activity of AntimiR-21.

No increase in either target gene is reported for free AntimiR-21, underlining the
inefficient delivery of naked Antisense miRNA.

https://doi.org/10.3390 /bioengineering13020209


https://doi.org/10.3390/bioengineering13020209

Bioengineering 2026, 13, 209

12 of 20

To determine whether the upregulation of PTEN and PDCD4 mRNA observed follow-
ing AntimiR-21 treatment was also reflected at the protein level, a Western blot analysis
was performed on MDA-MB-231 cells treated for 72 h with 33 nM AntimiR-21 delivered
via LiPoNs (AntimiR-21-LiPoNs). As shown in Figure 5, AntimiR-21-LiPoN treatment
induced a moderate increase in PTEN and PDCD4 protein expression compared with
control cells treated with empty LiPoNs. These findings demonstrate that AntimiR-21
delivery via LiPoNs effectively restores the expression of its target genes at both transcript

and protein levels.
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Figure 5. Expression of PTEN and PDCD4 proteins following AntimiR-21 treatment in MDA-MB-
231 cells. Protein levels of PTEN and PDCD4 in cells treated with LiPoNs alone, AntimiR-21-LiPoNs,

or AntimiR-21. a-tubulin was used as a loading control.

3.4. Effect on Migration Ability of MDA-MB-231 Cells by AntimiR-21-LiPoNs

miR-21 is associated with an increased migratory behavior of human breast cancer
cells [65,66]. Indeed, its target genes, the PTEN and PDCD4, are related to several pathways
that lead to the acquisition of invasive abilities of the cells [67,68]. Therefore, we studied
the biological activity of AntimiR-21-LiPoNs, achieved through the inhibition of miR-21
with AntimiR-21, on the migration properties of MDA-MB-231 cells (Figure 6).

Thus, we silenced miR-21 in the triple-negative breast cancer MDA-MB-231 cells
using the AntimiR-21-LiPoNs (Figure 6a) or those combined with Lipofectamine 3000
(Lipo + AntimiR-21) at 33 nM (Figure 6b).

In parallel, the cells were also treated with LiPoNs or Lipofectamine 3000 (Lipo) alone
as controls, as in the previous cell treatments.

After 48 h from transfection, a scraped wound was introduced to the confluent mono-
layers, and then the migration ability was monitored by time-lapse microscopy for 24 h
and expressed as a percentage of wound closure. Quantitative measurements of the wound
closure at different time points showed that the silencing of miR-21 impaired the migration
of MDA-MB-231 cells using both the LiPoNs as a vehicle and the Lipofectamine 3000 as
a reagent.

Indeed, after 12 h, cells treated with LiPoNs presented a closure of 100%, while cells
treated with AntimiR-21-LiPoNs presented a closure of 47% (Figure 6a).

Simultaneously, as reported in Figure 6b, a closure of 51.9% and of 91% was observed
in cells transfected with AntimiR-21 using Lipofectamine and in cells transfected with
Lipofectamine alone, respectively.

The reductions in cell migration obtained by AntimiR-21-LipoNs and Lipo + Anti
miR-21 were observed at all the time points studied up to 24 h (Figure 6a,b).
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Figure 6. Effects of the AntimiR-21 delivered by LiPoNs on the migration ability of MDA-MD-231
cells. (a) Cells were treated with AntimiR-21-LiPoNs or LiPoNs. (b) Cells were transfected with the
AntimiR-21 using Lipofectamine 3000 (Lipo + AntimiR-21), while cells with Lipofectamine 3000 alone
(Lipo) were used as a control. (a,b). After 48 h from transfection, a scraped wound was introduced,
and cell migration into the wound was recorded for 24 h using time-lapse microscopy. Wound closure
was measured every two hours by calculating pixel densities in the wound area and expressed as
a percentage of wound closure of triplicate areas =+ st. error. * p < 0.05; ** p < 0.01; *** p < 0.001,
unpaired t-test.

The good correlation between the data obtained with LiPoNs nanoparticles and
the standard protocol, Lipofectamine transfection reagent, confirms the effectiveness of
AntimiR-21-LiPoNs treatment in reducing the migratory properties of human breast cancer
cells [70].

To test the cell viability of MDA-MB-231 cells treated with different AntimiR-21 for-
mulations, the MTT assay was performed at 24 h and 48 h (Figure S4). Treatment with
AntimiR-21 alone, in both LiPoNs formulations and mediated with Lipofectamine, pro-
duced no significant reductions in cell viability when compared with control groups, which
is consistent with the results of the cytotoxicity test reported by Devulapally et al. [66] even
at higher AntimiR-21 concentrations.

4. Discussion

To address the inherent instability of RNA therapeutics, diverse strategies have been
implemented, including chemical modification of RNA backbones and the design of
nanotechnology-based delivery systems capable of shielding RNA from nuclease-mediated
degradation and improving its bioavailability in the bloodstream [20,71]. Nevertheless,
post-internalization trafficking frequently leads to entrapment in endosomal or lysosomal
vesicles, hindering cytosolic release and thereby reducing the biological activity of RNA
payloads [19,20]. This limitation constrains their applicability in both therapeutic and
theranostic settings [72].

To overcome these barriers, programmable materials have been engineered for mi-
croRNA delivery, predominantly in the form of polymer- and lipid-based nanocarrier
systems [19-21,73,74]. Yet, the synergistic advantages of hybrid lipid—polymer systems,
which unite the structural stability and controlled release properties of polymers with the
membrane fusion capability of lipids, have not been systematically investigated.

Accordingly, hybrid nanoparticles represent a promising platform for advancing the
understanding and optimization of microRNA delivery, thereby enabling precise modu-
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lation of essential biological pathways. Here, we designed a core—shell structure, lipid—
polymer nanoparticles (LiPoNs), co-loaded with AntimiR-21 and Gd-DTPA, where the
lipid bilayer is anchored to a polymer core. Specifically, the incorporation of cholesterol and
phosphatidylcholine into the carrier shell was designed to enhance cellular interactions
by modulating membrane fluidity and rigidity [3,75-77]. In parallel, the chitosan core con-
ferred enhanced stability to the AntimiR-21 molecules following internalization. Moreover,
the pre-formed polymer-miRNA complex mitigated RNA degradation within the acidic
endosomal environment, thereby facilitating the efficient release of intact AntimiR-21 into
the cytoplasm [20,78].

As a result, the MDA-MB-231 cells transfected with the AntimiR-21-LiPoNs showed
an upregulation of the gene of interest, reducing their motility. Fine control of the synthetic
identity of the LiPoNs in the codelivery of active agents was obtained by coupled Hydro-
dynamic Flow Focusing (cHFF), previously published by our group for the encapsulation
of irinotecan hydrochloride [55].

Our biological results confirm that hybrid systems, such as LiPoNs, offer stable and
safe delivery of miRNA to the cells, as already obtained in other systems using nanohy-
drogels [79], PLGA-based nanostructures [66,80], lipid-based NPs [81-83], and core—shell
supramolecular nanovectors [74] in different cancer cell lines, but moreover, they have
potentially improved tunability of the release behavior and uptake mechanisms.

The strength of our strategy lies in the use of a natural polymer, chitosan, which,
despite ongoing debate regarding its buffering capacity compared to other cationic poly-
mers such as PEI [84,85], effectively facilitates endosomal/lysosomal escape due to its
acidic properties. Notably, Richard et al. [85] demonstrated that the buffering capacity of
chitosan is higher than that of PEI when the comparison is conducted in terms of moles. We
designed the chitosan core to exploit the protonation of its amine groups under endosomal
pH, triggering osmotic swelling and membrane destabilization (proton sponge effect) to
facilitate endosomal escape and efficient cytosolic delivery of AntimiR-21 [77,86,87], pre-
venting degradation within late endosomes [78,88]. These findings are consistent with
other published studies on the transfection efficacy of chitosan nanoparticles [88], as well
as the endosomal escape efficiency of so-called ‘Chitosomes” [74].

This effect is not usually observed with pure lipid-based particles, such as lipoplexes,
where the microRNAs remain trapped in the endosomes, unless in cases when ionizable
lipids or lipids with two unsaturated chains are employed to destabilize the endosomal
membrane [3,20,22].

The reported peculiar cellular behavior highlights the role that some classes of cationic
polymer materials, in combination with lipids, could have in RNA-based delivery, provid-
ing additional features to the nanostructures not achievable in single-material architectures.
Moreover, in this scenario of hybrid systems, other properties can be triggered and, there-
fore, exploited.

From a forward-looking perspective, the high tunability of hybrid architectures of-
fers opportunities to regulate nano-bio interactions through the elastic properties of the
carriers. Compared with carriers composed of a single material, lipid—polymer hybrids
with non-crosslinked cores exhibit adjustable elasticity, which may significantly influence
nanoparticle penetration [89,90] and intracellular delivery [91-93]. The impact on these
carriers to shift from one to another of internalization pathways according to the carrier
elasticity has already been documented in nanogels differing in polymer crosslinking den-
sity, even though its manifestation in lipid—polymer hybrid architectures remains largely
unexplored [94,95].
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5. Conclusions

In conclusion, given the inherently limited cellular uptake of negatively charged
microRNAs, the coordinated regulation of target genes observed following AntimiR-21-
LiPoNs treatment underscores the critical role of hybrid lipid—polymer architectures in
supporting efficient delivery, even in the presence of contrast agents. The strength of
this approach lies in rational material selection: lipids preserve biomimetic interactions
with the cell membrane, while chitosan enhances the intracellular delivery of the RNA
cargo. Altogether, this work establishes a foundation for a new library of multimaterial
nanostructures, in which building blocks with complementary properties self-assemble
into ordered carriers, offering synergistic advantages for microRNA delivery and thera-
nostic applications. To further exploit the potential for clinical translation, comprehensive
in vivo studies are needed to evaluate the antitumor efficacy and mechanistic effects of
lipid—polymer nanoparticles encapsulating AntimiR-21, as well as other RNA-based thera-
peutics. Such investigations are essential to determine whether hybrid nanocarriers can
simultaneously engage tumor-intrinsic signaling networks and reshape the tumor-immune
microenvironment (TME), thereby achieving a coordinated and durable therapeutic re-
sponse.. The overall in vivo study architecture should integrate xenograft and syngeneic
tumor models, thereby reflecting a dual epistemological stance: a reductionist framework
enabling controlled analysis of oncogenic signaling networks and a complementary holistic
perspective capturing immune dynamics and host-tumor interactions within an intact
biological system.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/bioengineering13020209/s1, Figure S1. Evaluation of AntimiR-
21 stability up to 4 h: (a) at room temperature (25 °C) and 4 °C and (b) at pH of 4.3 and 2.6 by
keeping constant the temperature at 25 °C. AntimiR-21 stability in the mixture CH-AcOH-Water at
microfluidic process conditions: pH around 4 and at room temperature without (c) and with the
addition of Gd-DTPA (d) up to 4 h. Figure S2. Size distributions of LiPoNs (a), Gd-DTPA-LiPoNs (b),
AntimiR-21-LiPoNs (c) and AntimiR-21-Gd-DTPA-LiPoNs (d) as function of the mean nanoparticle
concentration from the three measurements. Figure S3. Calibration curve Gd-DTPA. Gd-DTPA
calibration curve (dispersed in water) for sr sequence (1/T1) and localization within the curve of
LiPoNs, undiluted and diluted in water 1:1, Gd-DTPA-LiPoNs undiluted and diluted in water 1:1,
AntimiR-21-LiPoNs undiluted and diluted in water 1:1, AntimiR-21-Gd-DTPA-LiPoNs undiluted and
diluted in water 1:1. Figure S4. Cell viability % of MDA-MB-231 cells transfected with the AntimiR-21
alone and together with Lipofectamine 3000 reagent (AntimiR-21 conc. 33 nM), with AntimiR-21
LiPoNs and AntimiR21-Gd-DTPA LiPoNs, and LiPoNs and Gd-DTPA LiPoNs (AntimiR-21conc.
33 nM, Lipids conc. 12 pg/mL and Gd-DTPA conc.:28 uM) for (a) 24 h and (b) 48 h. Table S1.
Oligonucleotide sequences used for RT-qPCR.
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