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Scalable nanoparticle manufacturing remains a key bottleneck in the clinical translation of RNA-based nano-
medicines. In this study, we demonstrate the successful adaptation of a conventional emulsion-solvent diffusion
protocol into an automated microfluidic workflow, illustrating its potential for streamlined and scalable nano-
PLGA particle production. Using the Sunshine™ microfluidic platform (Unchained Labs), we systematically optimized
SIRNA formulation and process parameters to produce siRNA-loaded hybrid lipid-polymer nanoparticles, featuring a
NF-kB poly(lactic-co-glycolic acid) (PLGA) core and a dipalmitoylphosphatidylcholine shell (mnDPPC@PLGA hNPs).
Optimised mDPPC@PLGA hNPs exhibited key technological features, matching or exceeding the quality of their
benchtop equivalents (bDPPC@PLGA hNPs). Using poly(vinyl alcohol) (PVA) as a stabilizer, monodisperse
mDPPC@PLGA hNPs with controlled size (<170 nm) and consistent zeta potential (-30 mV) were achieved with
production yields > 40 %. The ability of mDPPC@PLGA hNPs to effectively entrap and slowly release a siRNA
targeting nuclear factor NF-kB (siNFkB) was successfully demonstrated. Structural characterization through
thermodynamic and SAXS analyses confirmed that the microfluidic produced hNPs retained comparable internal
architecture to their benchtop counterparts. Most notably, siNFkB-loaded mDPPC@PLGA hNPs resulted in
effective in vitro downregulation of NFkB in lipopolysaccharide-stimulated A549 lung epithelial cells. Collec-
tively, these results establish a novel and robust approach for the scalable fabrication of functional, siRNA-loaded
hybrid nanoparticles via emulsion-solvent diffusion, leveraging a commercially available, automated micro-
fluidic system with a serial chip configuration.

1. Introduction

The rapid advancement of the RNA therapeutic field has been driven
by innovations in core technologies, including RNA synthesis, chemical
modifications, and delivery strategies (Liu et al., 2025a; Sun et al., 2024;
Wang et al., 2025). In the specific context of lung delivery of short
interference RNAs (siRNA), our research group has designed hybrid
core-shell nanoplatforms, consisting of a poly(lactide-co-glycolide)
(PLGA) core surrounded by a lipid shell (Lipid@PLGA hNPs) (Brusco
et al., 2024; Comegna et al., 2021; Conte et al., 2022; d’Angelo et al.,
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2018). The results highlight the strong potential of dipalmitoyl phos-
phatidylcholine (DPPC)-engineered hNPs (DPPC@PLGA hNPs), suc-
cessfully developed via emulsion-solvent diffusion, as efficient carriers
for siRNA delivery in the local treatment of pulmonary diseases
(Comegna et al., 2021; Conte et al., 2022; d’Angelo et al., 2018).
Nonetheless, the growing demand for RNA-based nanomedicines for
clinical applications underscores the urgent need to strengthen the
manufacturing capacity of this nanoplatform in the industrial setting.
The transition from laboratory-scale processes to large-scale
manufacturing poses significant challenges, including the need to
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maintain batch-to-batch consistency in terms of Critical Quality Attri-
butes (CQAs), product stability, and preservation of therapeutic efficacy
(Germain et al., 2020; Joyce et al., 2024; Wang and Song, 2017). For
RNA nanomedicines, industrial manufacturing presents additional reg-
ulatory complexities, primarily due to the intrinsic variability of bio-
logical materials and the use of sophisticated technologies that hinder
scalability and reproducibility (Liu et al., 2025b). Therefore, simplifying
and standardizing all stages of RNA nanoplatform production is essen-
tial. This requires the adoption of advanced technologies capable of
ensuring quality, safety, and regulatory compliance throughout the
entire product lifecycle (Joyce et al., 2024; Zhang et al., 2025).

Although the emulsion-solvent diffusion technique offers significant
advantages for encapsulating sensitive macromolecular drugs (e.g., RNA
therapeutics) within biodegradable polymer matrices under mild pro-
cessing conditions, several challenges remain. Emulsifying large vol-
umes of liquid in industrial settings can be a complex task; it is time-
consuming and requires emulsification techniques that differ from
those used in lab-scale probe sonication or magnetic stirring (e.g., high-
shear homogenizers, rotor-stator systems, and high-pressure homoge-
nization). Though scalable in principle, the transition from lab-scale to
industrial production requires careful control over process parameters to
ensure batch consistency and compliance with regulatory standards
(Hernandez-Giottonini et al., 2020). Emulsion stability is a critical fac-
tor, as variations in stabilizer type and concentration, mixing intensity,
and diffusion rates can affect nanoparticle uniformity and drug loading.

Although several scale-independent processes have been previously
reported, such as focused ultrasound (Schiller et al., 2015), spray drying
(Schiller et al., 2020), spinning disc evaporation-triggered nano-
precipitation (Zander et al., 2025), microtemplating techniques
(Kronenfeld et al., 2024) via microfluidics (Roces et al., 2020), the
formation of a PLGA core covered with a phospholipid shell requires
specific considerations during the self-assembly process. Microfluidics
has recently emerged as a promising approach to overcoming these
challenges by providing enhanced control over key process parameters
for nanoparticle fabrication. As a result, it significantly influences the
key attributes of the resulting nanoplatforms at large scale, including
size, polydispersity, morphology, encapsulation efficiency, and batch-
to-batch reproducibility (Shepherd et al., 2021). Indeed, microfluidic
platforms provide: i) rapid and controlled mixing at the microscale,
producing monodisperse nanoparticles with minimal batch-to-batch
variability; ii) adaptable microchannel geometries and architectures
for improved drug loading efficiency and colloidal stability; iii) scal-
ability for industrial-level manufacturing and increased production
throughput. Here, using two microfluidic chips in series enables control
over both the initial formation of PLGA nanoparticles and the subse-
quent post-functionalization of their surfaces with the lipid, which
would be harder to achieve with other scalable methods.

The literature reports several examples of emulsification methods
being transitioned to microfluidic systems (Li et al., 2025; Wadhwa
et al., 2023), although these are often implemented using custom-built,
lab-scale devices and chips. A successful, scalable transition ensures the
standardization, reproducibility, and reliability of the generated
knowledge. With a particular focus on increasing the translational po-
tential of the developed lipid @PLGA hybrid nanoplatforms for siRNA
delivery, this work aims to advance toward a continuous, scalable
manufacturing process. Specifically, the emulsion-solvent diffusion
protocol previously published to produce DPPC@PLGA hNPs was
adapted from the lab bench to an automated microfluidic platform
equipped with a double-chip-in-series system. Formulation and process
parameters were systematically changed to obtain DPPC@PLGA hNPs
by microfluidics (nDPPC@PLGA hNPs), matching the quality attributes
of previously optimised hNPs prepared by benchtop emulsion-solvent
diffusion (bDPPC@PLGA hNPs). The ability of optimised
mDPPC@PLGA hNPs to encapsulate and to slowly release a siRNA pool
targeting nuclear factor NF-kB (siNFkB) was successfully demonstrated.
To gain further insights into the chemical structure of hNPs produced via
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microfluidic techniques, thermal analysis and Small-Angle X-ray Scat-
tering (SAXS) were performed. Finally, preliminary in vitro studies
confirmed the gene silencing efficacy of the formulation in a lipopoly-
saccharide (LPS)-stimulated human lung epithelial cell model (A549)
overexpressing NF-«xB.

2. Materials and methods
2.1. Materials

Poly(D, L-lactide-co-glycolide) (PURASORB® 5002A, PLGA 50:50
acid-terminated, inherent viscosity 0.16-0.24 dL/g) was purchased from
PolySciTech (West Lafayette, IN, USA). 1,2-Dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) was kindly gifted from Lipoid GmbH (Stein-
hausen, ZG, CH). Dharmacon™ ON-TARGETplus™ siRNA pools against
p50 (SMARTpool NfkB1 siRNA) and p65 (SMARTpool RelA siRNA) NF-
kB subunits in a 1:1 ratio, and ON-TARGETplus™ non-targeting siRNA
pool (scrambled siRNA or siNC) was purchased from Carlo Erba Reagents
s.r.l. (Milano, IT). Resomer® RG 502H (PLGA 50:50 acid-terminated,
inherent viscosity 0.16-0.24 dL/g), Polyvinyl alcohol (PVA; Mowiol®
4-88, Mw 31,000 g/mol; degree of hydrolysis 86.7-88.7 %), Phospho-
tungstic acid hydrate, dichloromethane (DCM), and ethanol 96 % (v/v)
were purchased from Sigma-Aldrich (St. Loouis, MO, USA). Quant-IT
RiboGreen reagent and UltraPure™ distilled water DNase/RNase-free
were purchased from Life Technologies (Carlsbad, CA, USA). 3D Flow
Focusing Chip 100 um (Hydrophobic) (3200434), Droplet Junction Chip
100 um (Hydrophilic) (3000158), and 190 um (Hydrophilic) (3200155)
were purchased from Dolomite Microfluidics — Unchained Labs
(Pleasanton, CA, USA).

2.2. Microfluidic production of DPPC@PLGA hNPs

DPPC@PLGA hNPs were manufactured by the microfluidic hydro-
dynamic focusing approach using the automated nanoparticle system
Sunshine™ (Unchained Labs). To transition to the emulsion-solvent
diffusion technique, a double-chip setup was used in series, with the
first chip reproducing the W/O emulsion and the second simulating the
solvent diffusion phase. Three different chips with an X-junction
configuration were evaluated (i.e., Droplet Junction Chip 100 pm,
Droplet Junction Chip 190 pm, and 3D Flow focusing 100 pm) for their
contribution to particle formation.

The organic phase (O) was prepared by solubilizing different
amounts of PLGA (0.5 %, 1 %, and 5 % w/v) and 0.5 mg/mL DPPC (1:20
w/w DPPC: PLGA) in DCM. For the aqueous phase (W), RNase-free
water was used. When siRNA-loaded DPPC@PLGA hNPs were pro-
duced, siRNA was added to W at different theoretical loading amounts
(0.2 nmol or 1 nmol/10 mg PLGA, respectively DPPC@PLGA -
siNFkB_0.2 and DPPC@PLGA _siNFkB_1).

The emulsion is formed in the first chip, where W flows through the
inner channel via a linear connector tube, while DCM flows through the
outer channel via a T-connector. At the exit of the first chip, the emulsion
(W/0) is collected and forced through a connection into the second chip,
where it flows as the inner phase. In contrast, ethanol, used as a diffusion
solvent (D), flows in the outer channel through a T-connector tube. The
impact of different production parameters was tested, namely total flow
rates (TFRs) (1, 1.5, 3, and 6 mL/min) and flow rate ratios (FRR) (W:0:D
5:1:10, 1:2:10, and 1:3:10). At the exit of the second chip, the resulting
dispersion was added dropwise into water, which served as the diluting
phase (DL). The effect of polyvinyl alcohol (PVA) 4-88 added as a sta-
bilizing agent in the DL was evaluated at different weight ratios relative
to PLGA: 0, 1:2, 1:4, 1:6, and 1:8 (w/w).

The hNP dispersion is collected and kept under magnetic stirring for
10 min before proceeding with the removal of residual solvent by rotary
evaporation under vacuum at 30 °C (Heidolph VV 2000, Germany). The
hNPs dispersion was then centrifuged at 9500 rcf for 20 min at 4 °C and
brought to a final concentration of 20 mg/mL with RNase-free water.
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As a benchtop reference formulation, bDPPC@PLGA hNPs were
produced using the conventional emulsion—solvent diffusion technique,
as previously described by our laboratory (Conte et al., 2022; d’Angelo
et al., 2018).

2.3. Characterization of DPPC@PLGA hNPs

2.3.1. Colloidal properties

The hydrodynamic diameter (Dy) and the polydispersity index (PDI)
of hNPs were determined by DLS, with a Malvern Zetasizer Nano ZS
(Malvern Instruments). Samples were diluted in ultra-purified water
(UPW) to achieve an attenuator setting between 6 and 8. Results are
expressed as mean value + standard deviation (SD) of three independent
batches. The zeta potential ({ potential) of hNPs was determined by
electrophoretic light scattering (ELS) with a Zetasizer Nano ZS (Malvern
Instruments Ltd, UK) after diluting the samples 1:100 with UPW. Results
are expressed as mean value + standard deviation (SD) of three inde-
pendent batches.

2.3.2. Yield of production
The yield of the particle production process was evaluated after the
whole batch of particles was freeze-dried at the end of the process. The
yield is defined as the percentage ratio of the mass of particles collected
to the theoretical mass of material initially processed during particle
production (Eq. 1).
Collected amount of hNPs

% Yield of Production = 1
6 Yield of Production Theoretical amount of hNPs x 100

In all cases, results are reported as the mean of three measurements
across three batches (n = 9) + standard deviation (SD).

2.3.3. Comparative statistical analysis

To identify the formulation that best reproduced the quality attri-
butes of the reference hDPPC@PLGA hNPs, a statistical comparison was
performed across four nanoparticle attributes: size, PDI, zeta potential,
and production yield. Statistical analysis was performed using R version
4.4.3. First, the difference in means between each attribute was per-
formed via a post-hoc Tukey’s Honestly Significant Difference (Tukey’s
HSD) test. Subsequently, only those microfluidic formulations that were
not significantly different from the benchtop formulation (p-value >
0.05) were selected. All microfluidic formulations differed significantly
in their production yields; therefore, all formulations were considered in
the latter calculations to identify the one with the highest similarity to
bDPPC@PLGA hNPs. For each attribute, the relevant microfluidic for-
mulations subset, and the absolute difference between the microfluidic
attribute (e.g., size, PDI, zeta potential, % yield) and the benchtop
attribute was calculated (Eq. 2):

6i,j = |Yij,mi5roﬂuidic - Yi‘benchmp|

where §;; is the absolute difference of the mean of attribute i for
formulation j produced via microfluidics (x i, microfluidics) and X i benchtop
is the mean of that attribute produced via the benchtop method. A
smaller § indicates a small difference between the benchtop and
microfluidic formulation.

A score was then calculated for each attribute based on the per-
centage of the absolute difference over the max-min range of that
attribute for all formulations (Eq. 3):

Sii — 8in:
Score; = 100- (1 - )

6i,max - 5i.min

where Score; is the score for attribute i, 6; mqx is the maximum average
absolute difference of attribute i between all microfluidic formulations
and the standard benchtop formulation, and &; mi, is the corresponding
minimum. A score of 100 % represents the best outcome, indicating the
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smallest difference between the microfluidic and benchtop formula-
tions. This approach was chosen to better reflect the magnitude of dif-
ferences across formulations by leveraging the max-min range, as
opposed to relying solely on a simple rank ordering from worst to best.

2.4. siRNA encapsulation efficiency and heparin displacement assay

The loading efficiency of siRNA in the hNPs was evaluated using an
indirect method, as previously described (Conte et al., 2022; d’Angelo
et al., 2018). Briefly, DPPC@PLGA hNPs are centrifuged at 9500 rcf for
20 min at 4 °C. The amount of siRNA remaining in the supernatant after
centrifugation was quantified using the Quant-iT™ RiboGreen® RNA
assay kit (Thermo Fisher, Waltham, MA, USA) according to the manu-
facturer’s instructions, and the derivatized samples were analyzed with
a GloMax plate reader (Promega Corporation, Madison, WI, USA). Re-
sults are reported as actual loading (nmol of encapsulated siRNA per mg
of hNPs based on the yield of production) and encapsulation efficiency
(actual loading/theoretical loading x 100) £+ SD of values collected
from three different batches.

Moreover, after production and indirect evaluation of encapsulation
efficiency, the heparin displacement assay was performed on the siRNA-
loaded hNPs to assess the amount of siRNA adsorbed on the surface
relative to the amount effectively encapsulated within the PLGA core.
Thus, the hNPs were washed with a heparin solution (at a 200-fold molar
excess relative to the encapsulated siRNA) and incubated at 37 °C for 30
min. Following centrifugation, the siRNA collected into the supernatant
was quantified using the Quant-iT RiboGreen RNA assay Kkit, as previ-
ously described.

2.5. Nanoparticle Tracking analysis (NTA)

The size distribution and concentration in water of siRNA-loaded
DPPC@PLGA hNPs were also determined by NTA using a NanoSight
Pro system (Malvern Panalytical, Malvern, UK) configured with a 488
nm laser and a high-sensitivity scientific CMOS camera. Samples were
diluted to an acceptable concentration to obtain an optimal range of
20-150 particles/frame. Samples were analyzed under constant flow
conditions (flow rate = 2 pl/min) at 25 °C (Tian et al., 2024). For each
sample, 5 videos of 60" duration were recorded, and data were processed
using NS Xplorer software (Malvern Panalytical, Malvern, UK). Post-
acquisition settings were kept constant between samples. The data ob-
tained were particle concentration (particles/mL), average size (nm),
and particle size distribution (SPAN), and have been expressed as the
mean value + standard deviation (SD) of three independent batches.

2.6. Transmission electron microscopy (TEM)

The morphology of the optimized siRNA-loaded DPPC@PLGA hNPs
was evaluated by TEM with a FEI'™ Tecnai G2 S-TWIN microscope
equipped with a FEI™ Eagle 4 K camera. Sample analysis was performed
on air-dried 7 pL hNPs dispersions in water (10 mg/mL) mounted on
200-mesh copper grids coated with carbon film (Ted Pella Inc., Nano-
vision, Brugherio, IT). Before analysis, the NPs were stained with 0.2 um
filtered phosphotungstic acid (1 % w/v, pH = 7).

2.7. Differential scanning calorimetry (DSC)

A differential scanning calorimeter (Q20, TA Instruments, USA) was
used for thermoanalytical testing. Hermetic T,er, aluminum sealed pans
containing precisely weighed solid samples (~4 mg) were heated from
10 to 250 °C at a constant heating rate of 5 °C/min. Measurements were
performed under an inert nitrogen atmosphere, purged at 50 mL/min,
using an empty pan as a reference. The thermodynamic properties, such
as melting temperature (Tm), decomposition, and glass transition tem-
perature (Tg), of mDPPC@PLGA siNFkB_0.2 hNPs were analyzed and
compared to those of all the required controls, including
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bDPPC@PLGA _siNFKkB_0.2 hNPs, unloaded mDPPC@PLGA, and
bDPPC@PLGA, as well as the raw materials (i.e., PLGA and DPPC). The
hNPs samples were all freeze-dried for 24 h (0.1 mbar, —80 °C) using a
Lyovapor L-200 laboratory freeze-drier (BUCHI Italia s.r.], Cornaredo,
Italy). The thermograms were evaluated using the TA-Universal Analysis
software.

2.8. SAXS analysis

Small-angle X-ray scattering (SAXS) measurements were performed
at the Id02 beamline of the ESRF synchrotron facility in Grenoble (FR).
Samples were prepared from an initial hNP dispersion in water (10 mg/
mL). A Eiger2 4 M detector was used at two different sample-to-detector
distances of 10 and 1 m to cover the direct space interval of approxi-
mately 1 pm to approximately 1 nm, with profitable overlapping. Flow
through glass cells was used. Empty capillaries and capillaries filled with
water have been measured in the same conditions, for background
subtraction. SAXS data were acquired for mDPPC@PLGA _siNFkB_0.2
and bDPPC@PLGA _siNFkB_0.2, and the scattering profiles were treated
by applying the stabilization method. The scattering profiles were then
treated using SAXS utilities software (Michael, 2021). Data were
analyzed with the SasView fitting software (BreBler et al., 2015) (https
://www.sasview.org/) employing a core-shell sphere sld form factor
combined with a ’sticky’ hard-sphere structure factor (Kotlarchyk and
Chen, 1983; Menon et al., 1991). SAXS was also applied to dispersions of
the same particles in artificial mucus (AM) at three different volume
ratio, namely 1:1, 2:1, and 3:1 v/v. AM was prepared as previously re-
ported (Brusco et al., 2024; Costabile et al., 2015). Briefly, 25 pL of
sterile egg yolk emulsion, 25 mg of mucin from porcine stomach, Type II,
20 mg of DNA, 30 pL of aqueous DTPA (1 mg mL — 1), 25 mg NaCl, 11
mg KCl, and 100 pL of RPMI 1640 were added to 5 mL of water, and the
dispersion was stirred until a homogenous mixture was obtained.

2.9. In vitro release kinetics

Release studies were performed on hNP dispersions in phosphate-
buffered saline (PBS, 120 mM NaCl, 2,7 mM KCI, 10 mM phosphate
salt, pH = 7.4) at 37 °C. Briefly, 10 pL of siRNA-loaded hNPs were
diluted in PBS to reach a final concentration of 0.02 nmol/mL and
incubated in a shaking water bath (ShakeTemp SW 22, Julabo Italia S.r.
1., Padova, Italy) at 37 °C. At scheduled time points, the samples were
centrifuged, and 800 pL of supernatant was analysed for siRNA con-
centration using the Quant-IT RiboGreen reagent kit as reported above.
Then, the pellet was resuspended in fresh media to reach a final volume
of 1 mL and incubated in a thermostat-shaking water bath for the
following time points.

2.10. In vitro NF-xB gene silencing

2.10.1. Cell culture

Human lung adenocarcinoma epithelial cells (A549) were cultured
in RPMI-1640 medium (Invitrogen s.r.l., Monza Italy) supplemented
with 10 % fetal bovine serum (FBS), 1 % L-glutamine, and 1 % pen-
icillin-streptomycin. Cells were maintained at 37 °C in a humidified
incubator with 5 % CO5 and 90 % relative humidity. Upon reaching
confluence, cells were detached using trypsin and seeded into 6-well
plates at a density of 2.5 x medium 10°5 cells/well in 2 mL of the
same RPMI medium supplemented with the same additives.

2.10.2. In vitro NF-xB gene silencing in LPS-stimulated A549 cells

Cells were allowed to adhere and grow for 24 h under standard
culture conditions. A preliminary cytotoxicity assay was carried out on
A549 cells by MTT [3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazo-
lium bromide] assay after treatment with mDPPC@PLGA_hNPs (0.05,
0.1, and 0.2 mg/mL) for 24 h and 48 h (Esposito et al., 2024). To test the
NF-kB gene silencing in vitro, A549 cells were treated with
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mDPPC@PLGA _siNFkB hNPs or bDPPC@PLGA siNFkB hNPs carrying
40 nM siRNA targeting NF-«kB (siNFkB) corresponding to 0.2 mg/mL of
DPPC@PLGA siNFxB_1, at 37 °C in a humidified atmosphere containing
5 % COq. At 42 h, cells were stimulated with LPS (10 pg/mL) to induce
NF-kB expression, and the incubation was stopped at 48 h. Transfection
using siRNA/lipofectamine complexes served as a positive control
(Fig. 1).

2.10.3. Western Blot

The cells were lysed in RIPA buffer supplemented with a 1 x protease
and phosphatase inhibitor cocktail (Sigma, Italy) (d’Emmanuele Di Villa
Bianca et al., 2010). Protein expression levels of the NFkB p65 subunit
were assessed by using a primary antibody (1:1000, Cell Signaling, MA,
USA). Membranes were washed thoroughly with PBS containing 0.1 %
(v/v) Tween-20, then incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies for 2 h at room temperature. After final
washes, protein bands were visualized using the ChemiDoc Imaging
System (Bio-Rad Laboratories, Hercules, CA, USA). Protein levels were
normalized to B-actin expression (1:3000, Thermo Fisher, Waltham, MA,
USA).

Data are presented as mean + standard error (SEM), n = 4. Statistical
analysis was conducted using one-way ANOVA followed by Bonferroni
post hoc test, with significance levels set at °p < 0.05 vs. CTR, and *p <
0.05, **p < 0.01 vs. CTR and *p < 0.05, **p < 0.01 vs. LPS.

3. Results and discussion

3.1. Transitioning bench-top DPPC@PLGA hNPs production in
microfluidic

Our previous work focused on optimizing formulation components
and process parameters to develop hybrid nanoparticles comprising a
PLGA core and a dipalmitoylphosphatidylcholine lipid shell
(DPPC@PLGA hNPs), meeting quality attributes for pulmonary delivery
of siRNA — namely, controlled particle size, low polydispersity, defined
morphology, high encapsulation efficiency, and favourable release ki-
netics (Conte et al., 2022; d’Angelo et al., 2018). To fully exploit the
potential of this nanoplatform, the present study translates the pro-
duction of DPPC@PLGA hNPs via emulsion-solvent diffusion from a
benchtop (Fig. 2A) to an automated manufacturing technique via a
commercially available microfluidic platform (Sunshine™, Unchained
Labs) (Fig. 2B-C).

A setup incorporating two chips in series was specifically developed.
The aim was to replicate the water-in-oil (W/O) emulsion step in the first
chip, followed by the hNP precipitation into the diffusion phase (D) in
the second chip. Formulation and process parameters were systemati-
cally changed to obtain DPPC@PLGA hNPs produced via microfluidic
(mDPPC@PLGA hNPs) matching or exceeding the quality attributes of
the previously optimized benchtop-produced hNPs (bDPPC@PLGA).
Thus, after production, mDPPC@PLGA hNPs were characterized for
colloidal properties and yield of production and results compared to
bDPPC@PLGA hNPs.

The impact of the chip coating on the particle formation process was
first assessed by connecting a 190 pm chip with a X-junction configu-
ration to a 100 pm chip with a X-junction configuration, both of which
were internally coated with a hydrophilic material (Fig. 2B). While the
PLGA concentration (% w/v) and flow rate ratio (FRR) were kept con-
stant, the total flow rate (TFR) was varied (i.e., 1.5, 3.0, 5.0, and 6.0 mL/
min) as detailed in Table S1. Notably, the results obtained under these
conditions do not align with the desired target characteristics (Table S1).
Operating with two hydrophilic chips in series requires the system to
operate at an FRR that favours the W phase. This, in turn, reduces the
proportion of the O phase (DCM) and, consequently, the amount of
PLGA available for hNP formation. As a result, both the production yield
and the colloidal features of the mDPPC@PLGA hNPs are significantly
compromised.
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Fig. 2. Schematic representation of the preparation of siRNA-loaded DPPC@PLGA hNPs by benchtop emulsion-solvent diffusion technique (A) in comparison to the
double chip microfluidic manufacturing (B-C). The optimized protocol is depicted in panel C.

Based on these preliminary data, the chip setting was modified to
include a hydrophobic coating, which improves compatibility with the
PLGA-containing organic solvent (i.e., DCM). Furthermore, the 2D ge-
ometry was replaced with a 3D flow focusing chip, which has been
shown to improve polymer separation from channel walls during the
hNP formation process (Shepherd et al., 2021; Unchained Labs, 2024).
The new two-chip-in-series configuration comprised the 3D flow
focusing chip with a hydrophobic coating, followed by the 100 pm hy-
drophilic chip with an X-junction configuration (Fig. 2C).

Using this configuration, the formulation study explored PLGA
concentrations ranging from 1 % to 5 % w/v, combined with TFRs
ranging from 1.5 to 6.0 mL/min, and two different FRRs (2:1:10 and
3:1:10) (Table 1). Again, all formulations were characterized for their
colloidal properties and production yield, and the results were compared
with those of the reference bDPPC@PLGA hNPs. The collected results
clearly confirm the key role of PLGA concentration in achieving
monodisperse hNPs, while highlighting that a low TFR and a high FRR
ensure better control over both PDI and production yield (Table 1). As

reported by manufacturers, a lower polymer concentration enables the
formation of smaller droplets and, consequently, smaller particles
(Unchained Labs, 2024). Conversely, highly concentrated PLGA solu-
tions become increasingly viscous, thereby affecting droplet formation.
In fact, across all tested conditions, 5 % PLGA concentrations led to
undetectable production yields, with PDI values ranging from 0.25 +
0.02 (m12) to 0.38 + 0.08 (m17), indicating poor nanoparticle forma-
tion and high particle-size variability.

At the intermediate PLGA concentration tested of 1 % w/v, the
production yield slightly improves, reaching values ranging between
15.2 + 2.1 % (m3) and 9.6 + 2.3 % (m12). Nevertheless, acceptable PDI
values were never achieved. This still indicates an overall heterogeneous
particle population across all tested FRR and TFR conditions. The most
effective conditions are associated with ml, where maintaining low
values for both PLGA concentration and TFR (i.e., 1.5 mL/min), along
with a slightly higher FRR (2:1:10), enabled the formation of
DPPC@PLGA hNPs via microfluidics. This formulation was further
demonstrated to be statistically the most similar overall to the reference
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Table 1
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Effect of PLGA amount (% w/v), total flow rate (TFR), and Flow rate ratio (FRR) on the colloidal properties of mDPPC@PLGA hNPs. Colloidal properties of
bDPPC@PLGA are reported in comparison. Results are reported as mean =+ standard deviation (SD) from three independent batches (n = 3).

Formulation PLGA TFR Dy PDI ¢ potential YP

% w/v mL/min Water Phase Organic Phase Diffusion Phase (nm =+ SD) (mean =+ SD) (mV =+ SD) (% + SD)
bDPPC@PLGA 1 - - - - 159.7 + 2.1 0.14 + 0.02 —28.4+ 2.4 54.5 + 4.3
ml 0.5 1.5 1 2 10 166.5 + 19.9 0.21 + 0.08 —28.7 £ 5.9 37.1 +2.7
m2 0.5 1.5 1 3 10 257.2 +£13.8 0.29 +0.11 —37.4+ 4.2 36.8 + 2.4
m3 1 1.5 1 2 10 225.3 +27.2 0.28 £+ 0.05 —26.5+ 5.9 152+ 21
m4 1 1.5 1 3 10 301.6 + 5.1 0.27 + 0.02 —27.5+ 3.5 13.3 + 4.1
m5 5 1.5 1 2 10 183.2 +12.3 0.31 +0.10 —26.5 + 5.9 -
mé6 5 1.5 1 3 10 163.9 + 23.4 0.33 £ 0.01 —-27.5+3.5 —
m7 0.5 3.0 1 2 10 313.1 + 22.9 0.29 + 0.10 -29.9+1.5 35.3 + 2.4
m8 0.5 3.0 1 3 10 141.7 +17.3 0.25 + 0.07 -30.8 + 2.8 343 +23
m9 1 3.0 1 2 10 174.6 + 28.4 0.27 + 0.03 —24.7 + 4.2 10.3 +1.8
mi0 1 3.0 1 3 10 280.2 +17.2 0.25 £ 0.01 —248 +1.7 9.6 +23
mll 5 3.0 1 2 10 198.4 + 17.8 0.29 + 0.09 —24.7 + 4.2 -
ml2 5 3.0 1 3 10 147.2 + 29.4 0.25 + 0.02 —-248 +1.7 -
ml3 0.5 6.0 1 2 10 235.7 £ 31.2 0.30 £+ 0.08 —25.3+3.2 321+15
ml4 0.5 6.0 1 3 10 131.1 + 20.2 0.28 + 0.05 -35.2+35 36.8 + 3.2
ml5 1 6.0 1 2 10 200.1 + 21.7 0.30 + 0.04 —28.9+ 5.6 124 +1.2
milé6 1 6.0 1 3 10 293.4 +£8.9 0.31 +0.01 —26.9 + 2.8 12.8 +3.0
ml7 5 6.0 1 2 10 194.8 + 8.8 0.38 £ 0.07 —28.9 + 5.6 -
ml8 5 6.0 1 3 10 383.4 +18.7 0.28 + 0.05 —26.9 + 2.8 -

Dy= hydrodynamic diameter. PDI = polydisperdity index. YP = yield of production

bDPPC@PLGA hNPs, as determined by the comparison of means of the
quality attributes of the nanoparticles (i.e. size, PDI, zeta potential, and

production yield). The absolute differences in attributes between

microfluidic formulations (Fig. S1) were used to score their similarity to

the benchtop control (%). m1 was identified as, on average, the most
similar formulation (Fig. S2).

The resulting optimized hNPs (m1) exhibited a size of approximately

A
Formulation PLGA PVA:PLGA Dy PDI ¢ potential YP
% wiv wwW nm +SD mean + SD mV+SD % +SD
bDPPC@PLGA 1 - 159.7+2.1 0.14£0.02 -284+24 545+43
mi1 0.5 - 166.5£19.9 0.21+0.08 -28.7+5.9 37.1+27
mi_PVAZ 0.5 1:2 178.8+4.0 0.11£0.01 -282+0.4 38.1+1.2
m1_Pvd 05 1:4 2051£06 0.16:0.01 -335%40 375404
m1_P#6 05 1:6 168.0+3.7 0152005 -358%45 434406
m1_PVA8 0.5 1:8  1627:105 0.11£0.02 -343:31 45403
7Dy =hydrodynamic diameter. PDI = polydisperdity index. YP = yield of production.
B C
250 0.4
200
0.3
=
150 _
I
Q
(a) & 0.2
100
50 0.1
0 T 0.0
N D © > D ©
Q\'Ov. I\ \\?‘} K\ 2K\ o QAV' QVOVQAV'Q Q\\?@ R\ sl QAV' P
N, NSONSONY N/ N/ N N/ N/
qu@ QI QQO@/ Q7 Q7T Q7 Q
‘00 \Qo

166 nm (+ 19.9), very close to that of the benchtop formulation, with a

Fig. 3. (A) Effect of the PVA addition (w/w PVA: PLGA) on the colloidal properties of mDPPC@PLGA hNPs. Colloidal properties of bDPPC@PLGA and ml
DPPC@PLGA hNPs are reported for comparison. (B) Hydrodynamic diameter (D), (C) Polydispersity index (PDI). Results are reported as mean + standard deviation

(SD) from three independent batches (n = 3).
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suitable PDI of around 0.2 and a quite good production yield of about 37
% =+ 2.7 %. However, using only water as the diffusion phase resulted in
unstable hNPs, which formed clearly visible precipitates within 24 h,
even when stored at 4 °C (Data not shown). Given its role as an emulsion
stabilizer (Costabile et al., 2024), the contribution of PVA 4-88 to the
stability of the hNP dispersion was evaluated by adding it to the diffu-
sion phase at various weight ratios relative to PLGA (0, 1:2, 1:4, 1:6, and
1:8 w/w) (Fig. 3A).

In general, the addition of PVA enhanced both the stability and
quality of the mDPPC@PLGA hNPs (Figs. 3B and 3C). Notably, the
highest production yields were observed for m1_ PVA6 and ml_PVAS,
which corresponded to the lowest PVA:PLGA ratios tested (Fig. 3A). The
same systematic method for identifying the microfluidic formulation
most similar to the benchtop control was likewise applied to the for-
mulations produced with PVA (Fig. S3 and S4). Based on the compara-
tive statistical analysis, m1_PVAS8 was selected as the optimized protocol
yielding a monodisperse population of mDPPC@PLGA hNPs with
controlled size (<170 nm) and consistent zeta potential (-30 mV). The
selected process condition shows a production yield of 43 %, which, if in
general could be considered low to support scalability, at the same time
is also inherently tight to the volume processed, and that can be
addressed, for example, by increasing the volume processed, conse-
quently reducing the impact of cutting tails. However, to obtain
conclusive results, a follow-up study on how volumetric scale-up im-
pacts the production yield of hNPs through microfluidics for siRNA
encapsulation would be essential (Matthew et al., 2022; Webb et al.,
2022).

A preliminary test was performed using a model non-targeting
scrambled siRNA (siNC). As shown in Fig. SSA, mDPPC@PLGA hNPs
loaded with siNC at a theoretical loading of 0.2 nmol per 10 mg of PLGA

International Journal of Pharmaceutics 688 (2026) 126440

not significantly affect key technological features of the hNPs, such as
particle size, PDI, and ¢ potential, while maintaining an entrapment
efficiency of approximately 50 % (Fig. S5A). The colloidal stability of the
hNPs was preserved for up to 5 days when stored in water at 4 °C, as
demonstrated in Fig. S5B.

Based on these encouraging results, the m1_PVAS8 formulation was
subsequently loaded with a therapeutically relevant siRNA pool tar-
geting NF-xB p50 and p65 subunits (siNFkB). Two different loading
levels were tested, that is 0.2 and 1 nmol per 10 mg of PLGA, corre-
sponding to the formulations mDPPC@PLGA siNFkB 0.2 and
mDPPC@PLGA siNFkB_1, respectively. The comprehensive character-
ization of mDPPC@PLGA _siNFkB formulations confirms the successful
translation of the production process from conventional benchtop
methods to a microfluidic-based platform (Fig. 4A). Notably, the
microfluidically produced hNPs exhibit a Dy below 180 nm, along with a
highly homogeneous size distribution, as evidenced by significantly
lower PDI values compared to those via the benchtop method. However,
the difference can be attributed to the working principles of DLS and
NTA; DLS provides an intensity-weighted average, often skewed by
larger particles or aggregates, while NTA gives a number-weighted
distribution (Tian et al., 2024). Minor variations in sample handling
and sensitivity to polydispersity may also contribute (Tian et al., 2024).
These findings are further supported by high-resolution transmission
electron microscopy (TEM) images, which show that both
bDPPC@PLGA _siNFkB hNPs and mDPPC@PLGA _siNFkB hNPs (Fig. 4B)
exhibit a uniform population of spherically shaped nanoparticles,
thereby confirming the consistency of morphology irrespective of the
production technique. Finally, mDPPC@PLGA hNPs effectively encap-
sulated high amounts of siNFkB, showing actual loadings of 2.8 + 1.4
nmol/100 mg and 157 £+ 6.2 nmol/100 mg for

were successfully produced. Importantly, the incorporation of siRNA did mDPPC@PLGA_NFkKB_0.2 and mDPPC@PLGA_NFkB_1 hNPs,
A
DLS NTA
ThLeooar;t'I‘;al Du PDI ¢ ; Mean SPAN (%IF;D) (nmol/ 1(?(')_:\1 hNPs)
(hmol/10mg) nm +SD meanzsp  Potential +SD +SD [hNPs/mL] - ¢
- mVSD - -
bDPPC@PLGA siNFkB 0.2 177.6+£9.2 0.19+0.04 -28.1+1.6 143.8+6.9 1.2+0.05 4610" 56.4+6.1 25+0.1
mDPPC@PLGA siNFkB 0.2 178.1+9.8 0.14+0.03 -29.0+2.38 168.9+5.4 1.1+0.09 3.5%10" 36.6+3.7 28+14
bDPPC@PLGA siNFkB 1 169.5+7.4 0.16+0.09 -324+25 154.5+5.3 1.0+0.06 3.9*10" 58.2+5.8 14.0+£1.2
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Fig. 4. (A) Effect of siNFkB loading on the colloidal properties of mDPPC@PLGA hNPs. The hydrodynamic diameter (Dy) and ¢ potential are measured by Zetasizer
Nano ZS. Results are reported as mean + standard deviation (SD) from three independent batches (n = 3). Mean, Span, and Particle concentration (hNPs/mL) as
calculated by the Nanosight Pro software. (B) TEM images of bDPPC@PLGA siNFkB hNPs and mDPPC@PLGA _siNFkB hNPs. The field is representative of formu-
lations. (C) Encapsulation efficacy (%) including both core-encapsulated and surface-adsorbed fractions.
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respectively.

To gain a better understanding of the amount of siRNA adsorbed on
the surface in comparison to the amount of siRNA effectively encapsu-
lated and protected within the PLGA core, the detachment of siRNA from
the surface of the hNPs was induced through a heparin displacement
procedure followed by analytical quantification. This highly negatively
charged polysaccharide competitively occupies siRNA binding sites on
the hNP surface (Vader et al., 2012).

The distribution of siNFkB within the structure of the hNPs is shown
in Fig. 4C and in Table S2. As shown, the overall encapsulation efficiency
of siNFkB within the hNPs when produced by either method remains
almost comparable, showing only a slight increase in the mDPPC@PLGA
hNPs for both loading levels compared to bDPPC@PLGAs hNPs pro-
duced by the conventional method. However, the higher the theoretical
loading, the lower the percentage of siRNA entrapped in the core (i.e.,
the higher the percentage adsorbed on the surface of the hNPs). This is
not surprising, considering that all the components of the
mDPPC@PLGA hNPs, which meet at the flow focusing point, interact
under the pressure of the laminar flow, leading to a higher siRNA dis-
tribution on the surface (Cozar-Bernal et al., 2011; Rezvantalab and
Keshavarz Moraveji, 2019).

3.2. Invitro release studies

In vitro release kinetics were evaluated to determine how micro-
fluidic production affects the release profile of encapsulated siNFkB. As
illustrated in Fig. 5, both bDPPC@PLGA and mDPPC@PLGA hNPs
exhibit a biphasic release pattern. The initial burst corresponds to the
rapid release of siRNA adsorbed on the nanoparticle surface, while the
second phase reflects the sustained diffusion of siRNA through the PLGA
matrix. At both tested siRNA loadings, mDPPC@PLGA hNPs released
less siRNA over 14 days, with bDPPC@PLGA hNPs reaching approxi-
mately 50 % release in the same period. Notably, mDPPC@PLGA hNPs
exhibit consistently lower cumulative siNFkB release than
bDPPC@PLGA.

In all cases, we observe differences in release kinetics during the first
5 h compared to timepoints after 24 h. Because this two-step release
phenomenon was consistent across all formulations, a model was fit in
two segments (Fig. S6). The Baker-Lonsdale model was employed to
describe release from a spherical matrix (Rasool et al., 2020; Strategies
to Modify the Drug Release from Pharmaceutical Systems, 2015). Here,
the fraction of payload released is a function of time (Eq. 4):

M, 3 M| M,
) =21 (1-24 =t

The ordinate axis represents a function f(M;/M,,), determined for each
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Fig. 5. In vitro release kinetics of siNFkB from bDPPC@PLGA and
mDPPC@PLGA hNPs in PBS (pH 7.4) at different siRNA loadings. Data are
presented as cumulative siRNA release (%) over time, expressed as mean + SD
(n = 3).
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point of the release curve and plotted as a linearized relationship versus
time (t), which is related by the release constant K. Here we make the
assumptions that the particles are spherical and monodisperse, with a
continuous composition, and the release of our payload has a constant
diffusivity. We further assume perfect sink conditions and a uniform
distribution of payload within our matrix. The inset in Fig. S6 A shows a
magnified section of the release with the Baker-Lonsdale model fit to the
first 5 h. The model does not fit the siRNA release profile as well as it
should, as shown in Table S1. This indicates that the initial release is not
described by simple diffusion and is likely mediated by burst-release
effects or localized phenomena of siRNA at or near the hNP surface.
However, the Baker-Lonsdale models show good agreement with the
release profiles after 24 hr (R? values between 0.981 and 0.995)
(Table S3). Furthermore, the residuals for the Baker-Lonsdale model are
randomly distributed about 0, indicating that this model sufficiently
describes the diffusion-based release from the spherical system
(Fig. S6B). Proceeding with the Baker-Lonsdale model, bDPPC@PLGA
hNPs release siRNA more rapidly compared to nDPPC@PLGA hNPs and
likewise lose a more significant fraction of initial siRNA during the burst
phase. Furthermore, it does not appear that initial siRNA load has a
strong effect on release kinetics.

Overall, consistent with previous findings (Karnik et al., 2008;
Rezvantalab and Keshavarz Moraveji, 2019; Shepherd et al., 2021), re-
sults suggest that microfluidic synthesis yields a more compact, possibly
denser nanoparticle structure. The structural refinement enabled by
microfluidics results in a slower, more controlled release, retaining the
extended-release benefits of the PLGA core.

3.3. Structural characterization of siRNA-loaded mDPPC@PLGA hNPs

Differential Scanning Calorimetry (DSC) thermograms offer valuable
insights into changes in component interactions within hNPs formula-
tions. These changes may influence the thermal behaviour and reveal
differences in molecular interactions among formulation constituents
—including PLGA, DPPC, and siRNA—depending on the DPPC@PLGA
hNP production method, whether using conventional bench-scale
techniques or microfluidics (Fig. 6A). Table S4 provides DSC data for
all nanoparticle subgroups reporting both glass transition temperatures
(Tg, °C) and enthalpy values (J/g).

PLGA shows a broad endothermic glass transition at Ty 38.5 °C (1.86
J/g) without sharp peaks, characteristic of its amorphous nature (Liu
and McEnnis, 2022). DPPC, on the other hand, exhibits a well-defined
phase transition peak at 62.5 °C (48.8 J/g), characteristic of its main
phase transition (gel to liquid-crystalline phase) (Cevc and Marsh, 1985;
Garvey et al., 2023). Notably, both bench-formulated and microfluidi-
cally prepared hNPs show distinct thermal profiles compared to raw
materials. bDPPC@PLGA_NFxB hNPs exhibit a T; transition at 40.1 °C
with an enthalpy of 1.09 J/g, and a T transition at 57.7 °C (2.32 J/g). In
contrast, mDPPC@PLGA __siNFkB hNPs show a T; transition at 44.0 °C
with an enthalpy of 4.61 J/g, along with a minor event at 61.5 °C (0.94
J/g). These quantitative differences, together with the observed thermal
shifts, underscore the influence of the production method on the mo-
lecular organization within the nanoparticles. The upward shift of Tg in
the microfluidic formulation indicates stronger molecular interactions
among the components and reduced polymer chain mobility, likely
arising from the more homogeneous mixing and rapid solvent exchange
characteristic of microfluidic processing. Conversely, hNPs prepared by
the benchtop method display less uniform molecular mixing and greater
lipid phase separation.

Overall, thermal shifts and peak broadening observed in both
nanoparticle systems confirm successful encapsulation and molecular
interactions among PLGA, DPPC, and siRNA. Notably, the microfluidic
approach outperforms the benchtop method by promoting more uni-
form particle formation and tighter component integration, as evidenced
by clearer thermal profiles and the reduction of residual free DPPC
peaks. These findings further support the enhanced structural
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Fig. 6. Structural characterization of mDPPC@PLGA hNPs. A) DSC thermograms of mDPPC@PLGA _siNFkB hNPs compared to the bDPPC@PLGA _siNFkB hNPs. The
heat flows are normalized. The endothermic peaks are downwards. B) SAXS profiles of mDPPC@PLGA _siNFkB (light blue) and bDPPC@PLGA _siNFkB (black) after
intensity renormalization by a yield% factor of 0.4. C) SAXS profiles of the mixtures of mDPPC@PLGA siNFkB and AM at three different volume ratios (brown,
orange, and yellow lines) and a comparison of the reconstructed profile of the mDPPC@PLGA siNFkB inside AM (red) with the profile in water (light blue), both

rescaled for clarity.

refinement of microfluidically produced hNPs, consistent with their
slower and more controlled release of siRNA.

To deepen the study of the structural features of the hNPs prepared
either by microfluidics or the standard benchtop procedure, SAXS was
applied to mDPPC@PLGA _siNFkB and bDPPC@PLGA siNFkB stabilized
by PVA 4_88. Fig. 6B reports the SAXS scattering profile I(q) of the hNP

dispersions in water. For comparison, a normalization of I(q) by the
corresponding yield % was applied. The normalization of the intensity
indicates that the microfluidic yield is 0.4-fold that of the standard
method. Results show that the profiles largely overlap, highlighting the
effectiveness of the microfluidic setup in generating hNPs with size and
shape comparable to the standard ones. Best fit of the data was obtained
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by applying a model of interacting spherical particles (Kotlarchyk and
Chen, 1983; Menon et al., 1991). In the intermediate-to-high q range
(0.04 nm™! < q < 0.8 nm™1), the SAXS intensity decreases following a
q~* power law, consistent with smooth particle surfaces. Lowest q pro-
files (in the range of particles overall size) increase, showing some hNP
adhesion. The applied model fitted a geometrical radius of 68 + 0.3 nm
(PDI 0.2) and 64 + 0.0.4 nm (PDI 0.2) for bDPPC@PLGA_siNFkB and
mDPPC@PLGA _siNFkB, respectively, and the strongest attraction among
the microfluidic ones. As expected, DLS hydrodynamic radii are slightly
larger. Though a direct comparison with the DLS data is not possible,
since the SAXS data were acquired at much higher concentrations, TEM
images confirm some particles aggregation in the samples.

Another aspect that requires further investigation is the addition,
even if only as a colloidal stabilizer, of PVA 4-88 (Costabile et al., 2024).
Recent studies have unveiled the crucial role of PVA molecular weight
and hydrolysis grade in the production of mucus-penetrating PLGA
nanoparticles (Savadi et al., 2025). The interaction that mDPPC@PLGA
hNPs establish with mucin, the primary mucus component, was evalu-
ated using combined UV-Vis/DLS analyses, as described in a previous
study (Conte et al., 2022). Results suggest neither hNP aggregation nor
protein surface absorption in the presence of 0.08 % w/v mucin
(Fig. S7).

SAXS analysis was further applied to investigate the stability of the
formulation in an artificial mucus solution. Aqueous dispersions of hNPs
were prepared at three different volume ratios to artificial mucus (1:1,
2:1, and 3:1). In line with results achieved with previously developed
siRNA-loaded hNPs surface-engineered with DPPC (Conte et al., 2022;
d’Angelo et al., 2018), Fig. 6C shows that mDPPC@PLGA_siNFkB hNPs
are stable after incubation in mucus for a few hours, as the reconstructed
spectra (red line) obtained by subtraction of AM spectrum from the
mixed system spectrum, corresponds to the one measured in water (light
blue symbols).

3.4. Silencing of NF-xB expression via siRNA delivery using microfluidic
and Benchtop-Formulated DPPC@PLGA hNPs

To evaluate the cytosolic release of siRNA, preliminary cytotoxicity
was carried out on A549 cells after incubation with both mDPPC@PLGA
hNPs and bDPPC@PLGA hNPs, confirming their tolerability (Fig. S8).
The ability of bDPPC@PLGA hNPs to downregulate NF-kB expression
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has been previously demonstrated (Conte et al., 2022) and served as the
experimental frame of reference in this experiments. The NF-xB p65
(RelA) subunit is a key transcription factor that plays a central role in
inflammation. Its prolonged or aberrant activation is implicated in
various chronic diseases, indicating p65 as a significant target for
therapeutic intervention in lung inflammatory processes. LPS stimula-
tion markedly increased the expression of the NF-kB p65 subunit, that is
central to regulating inflammation, in A549 cells compared to CTR,
confirming the effective activation of the NF-xB pathway (°p < 0.05;
Fig. 7). nDPPC@PLGA _siNFkB hNPs led to a significant reduction in NF-
kB levels (**p < 0.01 vs. LPS, Fig. 7), demonstrating the efficiency of the
intracellular delivery and the functional silencing ability. A similar
profile was observed after h(DPPC@PLGA _siNFkB hNPs treatment (*p <
0.05 vs. LPS, Fig. 7). Transfection with siNFkB using lipofectamine
complexes effectively suppressed NFkB expression in LPS-stimulated
cells, validating the specificity and efficiency of siRNA-mediated
silencing (*p < 0.05 vs. LPS, Fig. 7).

4. Conclusion

In this work, we first demonstrate the successful adaptation of an
established benchtop emulsion-solvent diffusion protocol for producing
Lipid @PLGA hybrid nanoparticles to a commercially accessible micro-
fluidic platform using a double-chip-in-series configuration. Through a
systematic investigation of chip coatings, geometries, processing con-
ditions, and formulation parameters, we optimized the microfluidic
process to yield hNPs with core-shell architecture and quality attributes
closely matching those of hNPs produced by conventional methods.
Notably, thermodynamic analysis revealed a more refined amorphous
structure in the microfluidic hNPs compared to the benchtop reference,
thereby further improving control over siRNA release kinetics. Effective
siRNA encapsulation and preserved molecular integrity were confirmed
via functional in vitro silencing of the NF-xB pathway in human lung
epithelial cells. These results collectively validate the technological
translation of the emulsion-solvent diffusion method from bulk-scale to
continuous microfluidic production, highlighting its potential for scal-
able, reproducible, and clinically relevant RNA delivery systems.
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Fig. 7. Representative Western blotting for NF-kB p65 in protein extracts of A549 cells. A549 cells were treated with a bDPPC@PLGA hNPs or mDPPC@PLGA hNPs
(0.2 mg/mL) loaded with 40 nM of siRNA targeting NF-kB (siNFkB) and kept at 37 °C in a humidified atmosphere containing 5 % CO,. An equal amount of siNFkB/
lipofectamine complexes was used for validation. At 42 h, cells were stimulated with lipopolysaccharide (LPS, 10 pg/mL) to induce NF-kB expression, and the assay

was stopped at 48 h.
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