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per batch, demonstrating its potential for high-throughput
applications. Comparative studies with microfluidic-based
formulations confirmed that HTF-FLASH-generated mRNA-
LNPs exhibited comparable physicochemical properties and
mRNA transfection both in vitro and in vivo, demonstrating
that HTF-FLASH is a viable alternative to microfluidic systems
for high-throughput screening (HTS) of diverse LNPs and
nucleic acid delivery research under limited resource
conditions.

■ DESIGN OF HTF-FLASH TECHNIQUES BASED ON
A THERMOMIXER

We devised the HTF-FLASH technique for rapid and reliable
LNP formulation using a thermomixer, where an aqueous
phase of nucleic acids is preloaded into a 1.5 mL micro-
centrifuge tube and mixed at a constant speed while an
ethanolic lipid mixture is rapidly added via micropipette. The
combination of a consistent shaking speed and the tube
securely fixed in the thermomixer block is expected to make
the HTF-FLASH technique user-friendly, enabling fast and
reproducible LNP production. The nucleic acid and lipid
solutions were used in a 3:1 volume ratio, which is commonly
employed in existing formulation methods.25,29 Additionally,
DLin-MC3-DMA (MC3)-based LNPs were used as the
standard lipid composition throughout this study due to its
FDA approval as an intravenous therapeutic and its
demonstrated suitability for both siRNA and mRNA
encapsulation,30 making it a relevant benchmark for assessing
the in vitro and in vivo delivery performance of LNPs.
Importantly, the HTF-FLASH technique ensures exact and

minimal nucleic acid usage, avoiding the volumetric losses
commonly seen in microfluidic-based formulation methods.

To validate the feasibility of HTF-FLASH-based nucleic acid
loading in LNPs, we initially tested firefly luciferase (FLuc)
mRNA and 12-mer single-stranded DNA (ssDNA). At 20 °C,
we mixed 5 μg/120 μL of FLuc mRNA or ssDNA solution at
1500 rpm while 40 μL of lipid mixture was added, obtaining
LNPs after 20 s. The resulting LNPs were within the optimal
size range, with FLuc mRNA-LNPs at 79.9 ± 0.3 nm and
ssDNA-LNPs at 103.9 ± 1.6 nm (Figure S1A). The PDI values
of both LNPs were below 0.12, indicating high uniformity
(Figure S1B). EEs were 91.7 ± 0.3% for mRNA-LNPs and
80.2 ± 0.6% for ssDNA-loaded LNPs (ssDNA-LNPs; Figure
S1C). Given its cost-effectiveness and the comparable
physicochemical properties of ssDNA-LNPs to those of
mRNA-LNPs, ssDNA was chosen as an inexpensive model
cargo for subsequent optimization of formulation parameters.

■ OPTIMIZATION OF HTF-FLASH FORMULATION
PARAMETERS

Next, we systematically optimized key HTF-FLASH formula-
tion parameters, including the temperature, shaking speed and
time, and solution concentrations and volumes (Figure 2A).
Each parameter was selected for its potential influence on LNP
properties: temperature could impact the lipid self-assembly
kinetics; shaking speed and time could affect the mixing
efficiency and LNP uniformity; concentration and volume
could alter the interaction density, thus influencing the size and
encapsulation. Building on the initial formulation conditions,
we sequentially varied one parameter at a time while keeping

Figure 1. Schematic illustration of the HTF-FLASH technique and its application to HTS of mRNA-LNPs for in vitro mRNA transfection
efficiency assays and in vivo biodistribution assays. (A) mRNA-LNPs formulated using the HTF-FLASH technique, which involves the rapid
injection of lipids into mRNA solutions within 1.5 mL microcentrifuge tubes on a thermomixer under controlled conditions (20−25 °C, 600−1500
rpm, and 10−30 s shaking). (B) HTF-FLASH technique further adapted for simultaneous formulation by incorporating a 96-deep-well plate and a
multichannel pipette, enabling the simultaneous generation of multiple mRNA-LNP formulations with varied lipid compositions. Resulting FLuc-
encoding mRNA-LNPs formulated using the HTF-FLASH technique subsequently applied to (C) in vivo biodistribution studies in mice following
systemic administration and (D) in vitro mRNA transfection efficiency assays across various LNP formulations.
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other parameters constant to evaluate its impact on LNP
properties. We hypothesized that optimizing these parameters
would allow for fine control over LNP formulation, and our
primary objective was to determine an optimal parameter
range that ensures ssDNA-LNPs with a Z-average diameter
below 200 nm, PDI under 0.2, and nucleic acid EE of at least
80%.

We investigated the effects of temperature on the ssDNA-
LNP physicochemical properties by varying the formulation
temperature from 20 to 40 °C. Although EE was unchanged,

LNP size increased by ∼40 nm at 40 °C versus 20 °C (Figure
2B,C). Notably, LNP sizes remained stable at 20−25 °C with
no significant difference, whereas they increased progressively
at 30−35 °C, showing statistically significant differences
compared to the 20−25 °C range (Figure 2B,C and Table
S1). This suggests temperature-dependent LNP size regu-
lation. The likely cause is enhanced lipid fluidity and faster
diffusion, resulting in less controlled self-assembly. This
highlights the necessity of maintaining a formulation temper-
ature between 20 and 25 °C for optimal ssDNA-LNP

Figure 2. Optimization of formulation parameters for ssDNA-LNPs in the thermomixer-based HTF-FLASH technique. (A) Schematic illustration
of the experimental setup for evaluating the effects of the formulation parameters on LNP formulation. Effect of temperature on the (B) Z-average
diameter and PDI and (C) ssDNA EE of ssDNA-LNPs. Effect of shaking speed on the (D) Z-average diameter and PDI and (E) ssDNA EE of
ssDNA-LNPs. Effect of shaking time on the (F) Z-average diameter and PDI and (G) ssDNA EE of ssDNA-LNPs. Effect of ssDNA concentration
(μg/120 μL) on the (H) Z-average diameter and PDI and (I) ssDNA EE of ssDNA-LNPs. Effect of ssDNA solution volume (μL) on the (J) Z-
average diameter and PDI and (K) ssDNA EE of ssDNA-LNPs. Effect of ssDNA concentration (μg/300 μL) on the (L) Z-average diameter and
PDI and (M) ssDNA EE of ssDNA-LNPs. Data are presented as the mean ± standard deviation (SD) from three biological replicates with three
technical replicates each. Statistical significance was determined using one-way ANOVA with Tukey’s multiple comparisons test, with significant
pairwise comparisons listed in Table S1.
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production. We maintained a temperature of 20 °C throughout
our subsequent experiments.

We then evaluated shaking speeds ranging from 300 to 2000
rpm to assess their effects on ssDNA-LNP formulation.
Shaking speeds of 600−1500 rpm yielded consistent size and
PDI with minimal statistical variation (Figure 2D and Table
S1). In contrast, speeds of ≤500 and ≥1600 rpm resulted in
significantly larger particle sizes and higher PDI values,
indicating suboptimal formulation outside the 600−1500
rpm range. These effects were likely due to insufficient mixing
at low speeds and splashing at excessively high speeds. Based
on these findings, we identified a shaking speed range of 600−
1500 rpm as suitable for the HTF-FLASH technique,
producing ssDNA-LNPs with consistent quality and efficient
encapsulation (size ≤ 105.7 nm, PDI ≤ 0.16, and EE ≥ 83.7%;
Figure 2D,E). Among these, 1200 rpm yielded the highest
LNP EE (88.1%) and was selected as the optimal condition for
further parameter optimization.

ssDNA-LNPs were then formulated using shaking durations
ranging from 10 to 60 s. Across all tested conditions, the
ssDNA-LNPs consistently exhibited high EE (∼85%), low PDI

(<0.14), and optimal size (88.7−104.8 nm) (Figure 2F,G).
Notably, 10 s shaking durations met all LNP quality criteria,
underscoring the rapid formulation ability of HTF-FLASH.
However, 30 s yielded the smallest and most monodisperse
ssDNA-LNPs, with statistically significant differences com-
pared to several other time points (Table S1), and was
therefore selected as the standard for subsequent experiments.

To investigate the effect of ssDNA concentration on ssDNA-
LNP properties, the amount of ssDNA was varied (1−25 μg)
while maintaining a constant solution volume of 120 μL.
Within the tested ssDNA concentration range of 8.3−208.3
ng/μL, ssDNA-LNPs exhibited consistent sizes, low PDI
values, and EEs exceeding 70% (Figure 2H,I). EE decreased at
ssDNA concentrations below 62.5 ng/μL, differing signifi-
cantly from 62.5 ng/μL (Table S1), likely due to insufficient
molecular interactions for self-assembly. Concentrations
between 41.7 and 208.3 ng/μL were identified as optimal for
achieving EEs above 80%.

The versatility of the HTF-FLASH technique was assessed
by varying the ssDNA volume from 30 to 300 μL. Across all
tested volumes, ssDNA-LNPs consistently met the quality

Figure 3. Simultaneous formulation of identical ssDNA-LNPs using HTF-FLASH. (A) Schematic illustration of HTF of ssDNA-LNPs with
identical lipid composition using HTF-FLASH with a 96-deep-well plate and a multichannel pipette. Effect of shaking speed on the (B) Z-average
diameter and PDI and (C) ssDNA EE of ssDNA-LNPs. Effect of shaking time on the (D) Z-average diameter and PDI and (E) ssDNA EE of
ssDNA-LNPs. Data are presented as the mean ± SD from three biological replicates. Statistical significance was determined using one-way ANOVA
with Tukey’s multiple comparisons test, with significant pairwise comparisons listed in Table S2. Characterization of eight identical ssDNA-LNPs
simultaneously formulated via high-throughput processing: (F) Z-average diameter, (G) PDI, and (H) ssDNA EE of ssDNA-LNPs prepared under
identical formulation conditions with the same lipid composition. Data are presented as mean ± SD from eight biological replicates. HTF of LNPs
using various ssDNA quantities (2.5−25 μg) and ssDNA solution volumes (90−300 μL): (I) heatmap of ssDNA concentrations during
formulation and ssDNA concentration-dependent changes in the (J) Z-average diameter, (K) PDI, and (L) ssDNA EE of ssDNA-LNPs. Data are
presented as mean ± SD from three biological replicates. Statistical significance was determined using one-way ANOVA with Tukey’s multiple
comparisons test, with significant pairwise comparisons listed in Table S3.
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criteria (Figure 2J,K). The 30 μL condition allowed efficient
small-scale production with only 1.9 μg of ssDNA. Thus, the
HTF-FLASH technique is expected to be adaptable to various
experimental scales, allowing for precise control of LNP
concentration and production volume.

High-concentration ssDNA-LNPs were prepared using 25−
100 μg/300 μL of ssDNA. All tested conditions produced
LNPs within acceptable size, PDI, and EE ranges (Figure
2L,M). However, at concentrations of ≥250 ng/μL, a marked
increase in particle size (p < 0.0001) was observed; increased
viscosity of these higher concentrations likely impedes efficient
mixing, leading to larger particles. Thus, high-dose formula-
tions are better prepared in multiple optimal-range batches
rather than one large batch. This volume limitation can be
addressed by formulating via microfluidic mixing; however, the
HTF-FLASH method could also overcome this issue through
HTF of multiple small-volume batches.

■ SIMULTANEOUS FORMULATION OF LNPS USING
HTF-FLASH

We established an HTF system for simultaneous preparation of
multiple LNP formulations by integrating a multichannel
pipette with a 96-deep-well plate (Figure 3). Before scale up of
formulation, we compared a deep-well plate with 1.5 mL tubes
and assessed the shaking speed and time in a single well.

LNPs in a 96-deep-well plate at 41.7 ng/μL ssDNA
exhibited EE > 85.0% and PDI < 0.16 at 600−1600 rpm
(Figure 3B,C and Table S2), comparable to 1.5 mL tubes but
with slightly smaller sizes (63.4−89.2 nm). The smaller size
potentially arises from the cylindrical deep-well plate, which
has a narrower and more uniform internal diameter than
conical tubes, enhancing the level of molecular collisions.
Consequently, ssDNA-LNPs could be formulated over a broad
range of shaking speeds, providing flexibility in process
optimization. For subsequent experiments, we fixed the

Figure 4. In vitro mRNA transfection assay of FLuc mRNA-LNPs formulated using HTF-FLASH, conventional one-by-one microfluidic mixing, or
manual pipetting. (A) Schematic representation of the formulation of eight different FLuc mRNA-LNPs using HTF-FLASH, one-by-one
microfluidic mixing, or manual pipetting. Physicochemical characterization of FLuc mRNA-LNPs, including the (B) Z-average diameter, (C) PDI,
and (D) mRNA EE of FLuc mRNA-LNPs. Relative luminescent signals from luciferase expression in (E) HeLa and (F) DC2.4 cells transfected
with FLuc mRNA-LNPs formulated by HTF-FLASH, microfluidic mixing, or manual pipetting. Lipidoid-based LNPs (LNP1−3) utilized different
ionizable lipids (C12−200, C12−494, and C14−494) combined with DOPE, high cholesterol content, and C14-PEG2000, while LNP4
incorporated 4A3-SC8, a dendrimer-like lipid, along with DOPE, a high cholesterol content, and DMG-PEG2000. Clinically validated LNP5 and
LNP6 (MC3 and SM-102) were prepared following FDA-approved formulations, including DSPC, cholesterol, and DMG-PEG2000. Additionally,
LNP7 and LNP8 were based on the LNP5 formulation but included either cationic (DOTAP) or anionic (18PA) lipids. The “PBS” and “mRNA”
groups represent cells treated with PBS and free FLuc mRNA, respectively. Data are presented as mean ± SD from four biological replicates.
Statistical significance was determined using one-way ANOVA with Dunnett’s multiple comparisons test, compared to the PBS group. Statistical
significance is indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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shaking speed at 1100 rpm because it consistently yielded
ssDNA-LNPs with the lowest PDI values. Shaking time trends
mirrored those in tubes, with optimal LNP properties across all
tested durations (Figure 3D,E and Table S2). A time of 30 s
yielded the most uniform LNPs (PDI = 0.12) and was used
subsequently.

To assess the reproducibility of HTF-FLASH, we simulta-
neously synthesized eight identical LNPs using an eight-
channel pipette (Figure 3A). The resulting ssDNA-LNPs
exhibited consistent size, PDI, and EE values, confirming the
robustness of HTF-FLASH (Figure 3F−H). We next
formulated 32 ssDNA-LNPs, varying the ssDNA quantities

(2.5−25 μg) and volumes (90−300 μL) to define the feasible
range. Across a broad concentration range (8.3−277.8 ng/μL),
the size and EE increased with higher ssDNA concentrations,
while PDI decreased with minimal statistical variation (Figures
3I−L and S2 and Table S3). These findings suggest that the
size and EE can be fine-tuned by adjusting the volume and
ssDNA quantity, providing flexibility in formulation. However,
when the DNA concentration fell below 33.3 ng/μL, the EE
significantly decreased to less than 80%. Interestingly, this
optimal concentration is nearly half of the lowest effective
concentration required for LNP formulation in 1.5 mL tubes
(62.5 ng/μL), underscoring the efficiency of 96-deep-well

Figure 5. In vivo biodistribution study of FLuc mRNA-LNPs formulated via HTF-FLASH compared to microfluidic mixing using a NanoAssemblr
Ignite device. (A) Schematic representation of the timeline for the formulation of FLuc mRNA-LNPs using two types of formulation methods:
intravenous administration of FLuc mRNA-LNPs into the tail vein of mice, followed by an ex vivo biodistribution study. Physicochemical
characterization of FLuc mRNA-LNPs, including the (B) Z-average diameter, (C) PDI, and (D) mRNA EE. Data are presented as mean ± SD
from three technical replicates. Ex vivo organ luminescence images from mice administered with (E) PBS and FLuc mRNA-LNPs formulated using
(F) HTF-FLASH and (G) microfluidic mixing methods. Total flux signals from luciferase expression in each major organ, including (H) liver, (I)
heart, (J) lung, (K) kidney, and (L) spleen, from mice administered with PBS or FLuc mRNA-LNPs formulated by different formulation methods.
Data are presented as mean ± SD from four biological replicates. Statistical significance was determined using two-way ANOVA followed by
Tukey’s post hoc test. Statistical significance is indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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plates in reducing nucleic acid consumption. HTF-FLASH
enables rapid, reproducible LNP formulation with minimal
material, supporting efficient early-stage library screening.

■ HTS OF MRNA-LNPS VIA HTF-FLASH:
EVALUATION OF �� ����� MRNA TRANSFECTION
AND CYTOTOXICITY

To streamline HTS of HTF-FLASH-formulated LNPs, we
assessed whether dialysis and/or 0.2 μm filtration could be
omitted without compromising LNP quality or functional
performance (Figure S3A). None of the purification methods
significantly altered the physicochemical characteristics of the
LNPs (Figure S3B−D). In addition, cell-based assays showed
that purification had a minimal impact on the cell viability and
luciferase expression (Figure S3E,F). Thus, under our
experimental conditions, purification was not strictly necessary
for in vitro HTS of LNPs, enabling seamless integration of
formulation and screening within a 96-well plate format.
However, purification remains essential for in vivo applications
given the higher doses involved.

To validate HTF-FLASH for FLuc mRNA-LNP screening,
we simultaneously formulated eight distinct LNP compositions
(Table S4 and Figure S4) and evaluated their physicochemical
characteristics, cytotoxicity, and in vitro mRNA transfection
efficiency (Figure 4). The eight LNP formulations (LNP1−8)
differed in ionizable lipid type (lipidoid-based, dendrimer-like,
or clinically validated), helper lipid species, cholesterol content,
PEG-lipid species, and the inclusion of cationic or anionic
additives. This enabled the evaluation across diverse LNP
designs. As a benchmark, the same formulations were prepared
using either a microfluidic-based method (syringe pump and
in-house microfluidic devices31) or a manual pipetting method,
allowing a direct comparison among the three approaches.
LNPs formulated via HTF-FLASH exhibited particle sizes that
were 7.2−43.4 nm larger than those produced using micro-
fluidics; however, all remained within the optimal size range
(Figure 4B). Despite their larger size, HTF-FLASH-derived
LNPs demonstrated lower PDI values than microfluidics-
formulated LNPs (Figure 4C), indicating reduced aggregation
and improved homogeneity. EE differed by −18.4% to +1.7%
compared to microfluidics, averaging a 7.5% reduction (Figure
4D). Despite this modest reduction, HTF-FLASH offers a
distinct advantage by using the exact target RNA amount,
minimizing RNA waste compared with microfluidics, which
requires excess RNA due to volumetric losses. This efficiency is
particularly beneficial for HTS applications, where RNA
materials are limited or costly. Compared to pipetting, HTF-
FLASH produced LNPs with smaller sizes (by 1.0−63.6 nm)
and lower PDI values (by 0.05−0.12), indicating improved
uniformity. Notably, negatively charged LNP8 exceeded the
optimal size when pipetted (221.7 nm) but remained within
the range with HTF-FLASH (158.1 nm). HTF-FLASH also
demonstrated better reproducibility with reduced size variation
across three replicates. EE values differed by −5.99% to
+10.85% compared to pipetting, with an average improvement
of 3.1%. Thus, HTF-FLASH yields physicochemical properties
more comparable to those of microfluidics than pipetting.

To assess the suitability of HTF-FLASH as an alternative to
microfluidics and manual pipetting for in vitro LNP screening,
we examined the cytotoxicity and transfection in HeLa and
DC2.4 cells. Cells treated with most LNPs demonstrated high
viability (≥80.4%), confirming the low cytotoxicity of
formulation methods, except for LNP1 prepared by pipetting,

which showed a lower viability of 70.6% (Figure S5).
Importantly, in both cell types, transfection patterns were
highly comparable between HTF-FLASH and microfluidics-
derived FLuc mRNA-LNPs (Figure 4E,F), indicating that
HTF-FLASH can replicate transfection outcomes achieved by
microfluidics. In contrast, while LNP3 showed the highest
expression across all three formulation methods, FLuc mRNA-
LNPs prepared by pipetting exhibited a different transfection
efficiency trend across the tested LNPs (Figure 4E,F),
suggesting lower consistency with the other methods.

Collectively, these results establish HTF-FLASH as a robust
and efficient alternative to microfluidics and pipetting for the
high-throughput in vitro screening of LNP libraries. By
consolidation of the formulation and biological assessment
within a 96-well plate system, this approach holds strong
potential for accelerating the discovery and optimization of
next-generation nucleic acid-LNP therapeutics.

■ �� ���� BIODISTRIBUTION ASSAY OF
MRNA-LNPS FORMULATED VIA HTF-FLASH

To evaluate the suitability of HTF-FLASH for in vivo
applications, we performed a comparative biodistribution
study using FDA-approved MC3 LNPs formulated via HTF-
FLASH or microfluidics (NanoAssemblr Ignite; Figure 5A).
FLuc mRNA-LNPs were prepared using HTF-FLASH by
shaking 25 μg/300 μL of FLuc mRNA with 100 μL of a lipid
mixture in a 96-deep-well plate at 20 °C and 1100 rpm for 30 s.
To compensate for mRNA loss inherent in microfluidic
formulation and to meet the minimum operational volume
requirement of the NanoAssemblr Ignite, microfluidic LNPs
were prepared using a 50 μg/600 μL mRNA solution and 300
μL of lipid solution under equivalent concentration conditions.
Both methods yielded FLuc mRNA-LNPs with comparable
physicochemical characteristics, including low PDI (0.07−
0.09), comparable particle sizes (62.0−77.1 nm) within the
optimal range, and similarly high mRNA EE (95.0−95.2%)
(Figure 5B−D).

For biodistribution studies, mice received a tail vein
injection of the FLuc mRNA-LNPs (5 μg of mRNA in 200
μL per mouse) or PBS (negative control). Organs were
harvested 24 h postinjection and subjected to luminescence
imaging. Notably, both HTF-FLASH- and microfluidics-
formulated FLuc mRNA-LNPs exhibited nearly identical
biodistribution profiles, with the highest luciferase expression
observed in the liver (Figure 5E−L). Moreover, no statistically
significant difference in expression levels was observed between
the two groups. These results support the additional utility of
HTF-FLASH as a cost-effective and accessible alternative to
conventional microfluidic systems, particularly in resource-
limited situations, where the use of microfluidic systems is
restricted by the expense of equipment and disposable
microfluidic devices. HTF-FLASH enables large-scale produc-
tion in a 96-deep-well plate, allowing for parallel synthesis of
up to eight LNPs at once using a multichannel pipette (based
on 25 μg of RNA per well), thereby enabling the preparation of
up to 200 μg of LNPs per batch. Therefore, HTF-FLASH has
the potential for application across a broad range of in vivo
studies, including small-volume-scale high-throughput applica-
tions such as DNA or RNA barcoding-based pooled screening,
where each mouse typically receives ≤1 μg of DNA or RNA
per LNP, as well as immune response evaluations via vaccine
administration within the 200 μg production capacity.
Additionally, adapting a 12-channel pipette to HTF-FLASH
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could further enhance its scalability, potentially enabling faster
production for large libraries. The demonstrated capacity of
HTF-FLASH to formulate clinically validated LNPs, such as
those based on MC3, at a substantially reduced cost, highlights
its potential to broaden access to preclinical nucleic acid
therapeutic development, particularly in research environments
lacking specialized microfluidic-based formulation infrastruc-
ture.

In conclusion, we established HTF-FLASH as a cost-
effective, user-friendly, and high-throughput platform for
nucleic acid-loaded LNP formulation, demonstrating its
applicability from in vitro to in vivo studies. Leveraging a 96-
deep-well plate, HTF-FLASH enables the parallelized,
reproducible synthesis of LNPs with minimal material loss,
making it particularly advantageous in contexts where nucleic
acid availability is limited. Notably, HTF-FLASH enables the
rapid and efficient screening of diverse LNP libraries, allowing
early identification of top-performing candidates, thereby
accelerating optimization. Furthermore, our in vivo biodis-
tribution analyses confirmed that HTF-FLASH-formulated
LNPs effectively deliver mRNA, achieving comparable
distribution profiles to conventional microfluidics. These
findings validate the suitability of HTF-FLASH for a cost-
effective LNP formulation in preclinical research and
therapeutic development. The ability to generate high-quality
LNPs appropriate for in vivo applications with operational
simplicity underscores the broader potential of HTF-FLASH
to accelerate preclinical LNP research and the testing of novel
nucleic acid therapeutics. Collectively, our findings position
HTF-FLASH as a robust and versatile alternative to conven-
tional LNP formulation techniques. By the integration of
formulation, screening, and biological evaluation within a
unified 96-well-plate-based system, HTF-FLASH offers a
promising route to expedite the discovery and optimization
of LNP-based delivery systems and next-generation nucleic
acid therapeutics. Future studies may extend its application to
a wider array of nucleic acid therapeutics, including circular
RNA and siRNA, further expanding its utility in the field of
nanomedicine.
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