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RNA nanoparticles (RNA NPs) have emerged as a promising class of nano-drugs with unique advantages and
broad application. The RNA NPs with diverse structures and functions can be constructed based on the self-
assembly properties of RNA sequences, enabling target specific diseases and cells. However, effective delivery
of RNA NPs to targeted cells or tissues remains challenging, understanding their cellular delivery mechanism is
crucial for developing efficient delivery systems. The representative three-way junction (3WJ) and four-way
junction (4WJ) RNA NPs have been extensively applied as scaffold to construct nano-drugs for targeted de-
livery. Discovering the cellular delivery dynamics and mechanisms of 3WJ-RNA NPs and 4WJ-RNA NPs could
guide the development of optimal delivery systems for RNA NPs therapeutics. Herein, we tracked the trans-
membrane and intracellular transporting dynamic process of RNA NPs, it is found that the 4WJ-RNA NPs exhibit
higher transmembrane transporting efficiency and faster intracellular transporting speed with directed diffusion
mode. The detailed intracellular transport pathway of RNA NPs was identified: the RNA NPs is more likely to
transport with microtubules rather than actin filaments, and arrive lysosomes preferentially via multivesicular
bodies rather than late endosomes. Endosomal escape of RNA NPs was observed from both early endosomes and
lysosomes, and more often from lysosomes, 4WJ-RNA NPs escape from lysosomes with higher efficiency. Our
results provide valuable insights into the cellular delivery mechanisms of RNA NPs and offer important design
considerations for enhancing their therapeutic efficiency.

effect [10]. The 3WJ-RNA NPs have been utilized as a scaffold for
fabricating multifunctional and thermodynamically stable nano-drugs

1. Introduction

The RNA nanotechnology has emerged as a prominent field for
biomedical applications, suggesting its potential application in new
generation of drug [1,2]. RNA NPs provide an excellent platform for
combining therapeutic, targeting, and detection module, all in one
nanoparticle [1]. In recent years, RNA NP drugs have gained significant
attention in anticancer treatment and vaccine field, particularly
following the FDA approval of RNA-based therapeutics and authoriza-
tion of mRNA COVID-19 vaccines [3]. The pRNA platform has demon-
strated the potential for precision delivery of siRNA to cancer receptor
targets in breast cancer, cervical cancer, and ovarian cancer [4,5]. As
presentative RNA NPs, both 3WJ-RNA NPs and 4WJ-RNA NPs have been
shown to enable construction of RNA nano-drugs with high thermody-
namic stability [6-9]. Meanwhile, the multiway junction RNA NPs are
able to deform their shape to penetrate tiny holes in leaky tumor
vasculature, thereby enhancing the permeability and retention (EPR)
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with medical potential [11]. It has been demonstrated the advantage
of 4WJ-RNA NPs in thermostability, drug payload, and organ accumu-
lation, which enhance therapeutic efficacy [12]. However, whether
3WJ-RNA NPs or 4WJ-RNA NPs need to enter cells and escape from
endosomes to exert their effects. An efficient cellular delivery system is
crucial for ensuring RNA NP drug therapeutic efficacy and safety, which
plays an important role in protecting RNA structure, enhancing target-
ing ability, reducing drug doses, and minimizing side effects [13].
Comprehensively understanding the cellular delivery mechanisms of
RNA NPs can ultimately facilitate the challenging task of predicting RNA
nano-drug delivery efficiency.

Herein, the transmembrane transporting dynamic parameters of
3WJ-RNA NPs and 4WJ-RNA NPs were analyzed at single particle level
using atomic force microscope (AFM)-based force tracing technique
with high temporospatial resolution, which enables detecting of force
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even at 10 pN and capturing ultrafast events down to 10 ps during the
cellular uptake [14]. Based on the single particle fluorescence tracking
technique, the intracellular delivery fate and efficiency of the RNA NPs
were elucidated by analyzing the two-dimensional trajectory and the
mean squared displacement (MSD), and the diffusion mode in different
endosomes was classified. Meanwhile, the endosomal escape pathway
and efficiency of the RNA NPs were evaluated. These findings will
facilitate optimizing the RNA NPs delivery system, and provide unique
insights for design and development of intelligent diagnosis and therapy
RNA nano-drugs.

2. Materials and methods
2.1. Materials

The Human cervical cancer cells (HeLa) and African green monkey
kidney cells (Vero) were purchased from the Institutes of Biological
Sciences (Shanghai, China). Diethylpyrocarbonate (DEPC) treated water
was purchased from Ding Guo. The 3WJ-RNA NPs and 4WJ-RNA NPs
were constructed and provided by ExonanoRNA LLC. The sequences of
3WJ-RNA NP and 4WJ-RNA NP are showing as (lower cases letters
indicate 2-F modified nucleotides):

3WJ-A: 5 uuG ccA uGu GuA uGu GGG (folate) 3'; 3WJ-B: 5' ccc AcA
uAc uuu Guu GAu cc (Cy3) 3; 3WJC: 5 GGA ucA Auc AuG GeA A (SH) 3.

4WJ-A: 5 uuA GGu AAA Gee Ace uGe AGG uGe uAc ¢GA uGu AAu
ucA A (Cy3) 3'; 4WJ-B: 5' uuG AAu uAc Auc GGu AGe AcG GGe uGu GeG
AGG cuG AAc AG (SH) 3; 4WJ-C: 5' cuG uuc AGce cuc GeA cAG ccA GeA
¢Gc Acc uGA AuA GG 3'; 4WJ-D: 5' ccu Auu cAG GuG cGu Geu GGG cuG
¢AG GuG Gcu uuA ccu AA (folate) 3.

2.2. Cell culture

HeLa cells and Vero cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, BI) containing 10 % fetal bovine serum (FBS,
Bioind), 100 pL/mL streptomycin number (Bioind), and 100 pL/mL
penicillin antibiotics (Bioind) at 37 °C in humidified environment con-
taining 5 % CO». The cells were cultured for 24-48 h until 75 % of the
Petri dish was covered with cells [15]. Subsequently, the cells were
washed with phosphate-buffered saline (PBS, pH 7.4) three times and
serum-free medium (SFM) once in sequence to effectively remove cell
debris and unattached cells before use.

2.3. AFM tip modification

The RNA NPs were attached onto the AFM tip (MSCT, D, Bruker,
USA) using the reported method [16]. Primarily, the AFM tip was
cleaned with the piranha solution (H2SO4: 30 % H309, 3:1, v/v) for 20
min, and then treated with ozone for 20 min. After cleaning, they were
functionalized with 50 pL of 3-aminopropyltriethoxysilane (APTES) and
20 pL of N, N-diisopropylethylamine (DIPEA) in a desiccator for 10 h by
a vapor deposition method. Subsequently, the PEG linker (MAL-PEGys-
NHS, MW ~ 2000, 1 mg/mL) was attached to the silylated AFM tips in
the presence of triethylamine and trichloromethane (2 h). Then the PEG-
modified AFM tips were immersed in a 200 pL solution containing RNA
NPs (20 nM) for 2 h. After functionalization, the AFM tips were washed
with DEPC-treated water three times and stored in DEPC-treated water
at 4 °C protected from light until use.

2.4. Force tracing measurements

Force tracing experiments were carried out with an AFM 5500 sys-
tem in serum-free culture medium (SFM) at 37 °C controlled by a Model
325 temperature controller (Agilent Technologies, Chandler, AZ). The
spring constant of the AFM tip cantilever (MSCT, D-tip) was calibrated
by using the thermal noise method [17]. The measurement of force-time
curves (~4000) was obtained on at least 20 cells for each data set and
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collected by a 16-bit DA/AD card (PCI-6361e, National Instruments)
controlled by LabVIEW (National Instruments Inc., Austin, Texas, USA).
The sampling rate of the data acquisition is 2 MS s ™!, and a 100 Hz low-
pass filter was used to eliminate high-frequency noise in electronic
equipment and the environment. The displacement H of RNA NPs during
internalization is equal to the sum of the bending distance d of the AFM
tip cantilever and the stretching length h of the PEG linker [17,18]:

H=d+h (€D)]

The extended worm-like chain (WLC) model can be used to properly
calculate the stretching length h of the PEG linker; the equation used for
the calculation is as follows [19]:

FL, 1 h F\? 1 h F
P 1- sy 2
( ) 4+Lo X (2

KT 4\ L K
where Lp represents the persistence length, which is 3.8 A, K stands for
the Boltzmann constant, T is the absolute temperature, Ly is the contour
length, h represents the extension length of the PEG linker, Ky is the
enthalpic correction, which is 1561 + 33 pN, the length of the PEG unit
is 4.2 A, and the total estimated contour length Ly for PEG is nearly 196
A. The bending distance of the AFM tip cantilever can be calculated by
Hooke’s law as follows [20]:

F=kxd 3)

where F is the transmembrane force for RNA NP detected from the force-
time curves, and k represents the effective spring constant of the AFM tip
cantilever. Therefore, the displacement H could be obtained from the
above formulas (2)-(4). The duration t of RNA NPs entry into the cells
can be obtained from the force-time curves, and the speed v could be
calculated as follows [21,22]:

H

V:? (©)]

2.5. SMFS (single molecule force spectroscopy) measurements

The measurements were performed using the same AFM as
mentioned above. Force-distance curves were obtained using the contact
mode in SFM at 37 °C. The AFM tip cantilever retraction velocity can be
determined by changing the scan size and sweep time [23]. The RNA
NPs were connected on AFM tip using the same method as mentioned in
force tracing experiments.

2.6. Blocking experiments

To inhibit specific endocytic pathway of RNA NPs cellular uptake, we
cocultured the inhibitors namely EIPA (10 mM), nystatin (20 pM, Sigma-
Aldrich), CPZ (10 pM Sigma-Aldrich), and free folic acid (10 uM, Sigma-
Aldrich) with HeLa cells for 30 min at 37 °C, respectively. Before per-
forming force tracing experiments, the cells were washed with PBS and
SFM. For fluorescence imaging experiments, the cells were treated under
the same conditions as those mentioned above and then cocultured with
RNA NPs (100 nM, 2 h). To block microtubule cotransport, HeLa cells
expressed GFP-Tub were incubated with nocodazole (30 pM, Sigma-
Aldrich) or monastrol (30 pM, MCE) for 30 min, washed three times
with PBS, and then incubated with RNA NPs (100 nM) for 45 min at
37 °C. To disrupt actin filaments, HeLa cells expressed LifeAct-staygold
were incubated with cytochalasin D (5 pM, Yeasen Biotechnology) for
30 min, washed three times with PBS, and then incubated with RNA NPs
(100 nM) for 45 min at 37 °C.

2.7. Fluorescence labeling of cells

Before labeling, the cells were incubated with RNA NPs (100 nM) for
2 h at 37 °C, and then the cells were fixed with 4 % paraformaldehyde
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(PFA) for 30 min and washed three times with PBS. Subsequently, the
cells were incubated with the Hoechst 33342 (Biyuntian; 1:1000 dilu-
tion) for 10 min and WGA-ALexa-Fluor®’ (Thermo Fisher Scientific;
1:1000 dilution) for 10 min to label the nucleus and membrane,
respectively.

2.8. Cell transfection

The cells were transiently transfected with plasmids using the
transfection reagent Lipofectamine 3000 (Invitrogen) according to the
manufacturer’s instructions. In brief, 1 to 2 pg plasmid and 2 to 4 pg
transfection reagent were mixed in Opti-MEM medium (Gibco, Thermo
Fisher Scientific) and then incubated with cells. HeLa cells were tran-
siently transfected with the plasmid GFP-Clathrin (Sino Biological),
GFP-Tub (Crisprbio), LifeAct-staygold, GFP-Rab5, GFP-Rab7, GFP-
Rabl1, GFP-CD63 and GFP-Lamp (Sino Biological), respectively. The
cells were subsequently cultured for the indicated time before imaging
or other analysis.

2.9. Confocal microscopy fluorescence imaging

Confocal and time-lapse imaging were collected using a 100x/1.49
oil objective on a Nikon Eclipse Ti inverted microscope equipped with an
Andor (Oxford Instruments) spinning disk confocal imaging system, a
Yokogawa CSU-X1, and an Andor iXon Ultra electron-multiplying
charge-coupled device (EMCCD) camera [24]. The Hoechst 33342 was
excited with a 405 nm laser. GFP-Clathrin, GFP-Tub, LifeAct-staygold,
GFP-Rab5, GFP-Rab7, GFP-Rabll, GFP-CD63 and GFP-Lamp were
excited with a 488 nm laser. Cy3 were excited with a 561 nm laser.
WGA-ALexa-Fluor®”’ was excited with a 640 nm laser. Images were
captured at 37 °C and supplied 5 % COz by an incubation chamber
(Tokai Hit Co., Ltd.). For time-lapse tracking, serial images were
recorded at a high frequency with the iXon Ultra EMCCD instrument.
The microscope objective is equipped with a piezo-actuator for fast,
precise, automated closed-loop focal plane control (PRIOR). For 3D
volume reconstruction, one image stack was acquired using the precise
motorized stage with approximately 50-70 z-axis slices an axial distance
of 0.2 pm between two images. Then, XY, XZ, and YZ sections were
imaged. Finally, 3D images were acquired by reconstructing maximum z
projections of XY sections. The above images were acquired and pro-
cessed with Andor iQ3 imaging software. The data are representative of
at least three independent experiments with approximately 50 cells
each.

2.10. CCK-8 viability assay

Hela cells were seeded in a 96 well plate with the density of 5 x 10%
cells/well and cultured for 24 h. After washing the cells three times with
PBS, 100 pL of fresh medium containing different inhibitors (EIPA 10
mM, nystatin 20 pM, CPZ 10 pM, nocodazole 30 pM, monastrol 30 pM
and cytochalasin D 5 pM) was added into per well, respectively. After
culturing for 30 min, 10 uL CCK-8 (APE-Bio) was added to each well, and
the cells were incubated further for 1 h. The optical density (OD) of the
cell suspensions at 450 nm was measured using a microplate reader (Bio-
Rad, USA). The cell viability was calculated as (ODsample — ODplank) /
(ODcontrol — ODplank) % 100 %.

2.11. DLS measurement

The RNA NPs was incubated in a buffer containing 25 mM citrate-
phosphate, 2 mM DTT and 0.5 U/mL cathepsin B, followed by mea-
surement of the apparent hydrodynamic diameter of RNA NPs using the
Malvern Zetasizer (Malvern Instrument). Three independent experi-
ments were conducted, and the average size of RNA NPs was obtained.
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2.12. Data analysis

The fluorescent images were processed with ImageJ software,
including fluorescent signal extraction, colocalization recognition, and
trajectory reconstruction. The MSD of the RNA NPs was calculated using
Origin software. The motion mode was distinguished by fitting the MSD
and change in time (At) to different functions as follows [25,26]:

MSD(At) = 4DAt + V?(At)? (directed diffusion mode) (5)
MSD = 4DAt (simple diffusion mode) (6)
MSD = 4DAt* (restricted diffusion mode) 7

3. Results and discussion

3.1. Capturing the transmembrane behavior of single 3WJ-RNA NP and
4WJ-RNA NP

To study the transmembrane and intracellular delivery of RNA NPs,
two representative RNA NPs, the 3WJ-RNA NPs (5 nm in diameter) and
4WJ-RNA NPs (10 nm in diameter) were selected (purchased from
ExonanoRNA), and the structure has been visualized by AFM imaging
previously [27]. The end of 3WJ-A strand 3/, 3WJ-B strand 3/, and 3WJ-C
strand 3’ was modified with folate (FA), fluorochrome (Cy3), and sulf-
hydryl (-SH), respectively. The end of 4WJ-A strand 3/, 4WJ-B strand 3/,
and 4WJ-D strand 3' were modified with Cy3, -SH, and FA, respectively
(Fig. Sla, b). The serum stability of the RNA NPs has been verified in
previous report [28,29]. The confocal laser scanning microscope (CLSM)
imaging results indicate that both 3WJ-RNA NPs and 4WJ-RNA NPs are
internalized. The magnified images of the XY plane and XZ, YZ cross-
sectional planes show that the RNA NPs is really located inside the
cytoplasm around the nucleus (Fig. S2a, b). With prolonging incubation
time (15, 30, 60, and 120 min), the more and more RNA NPs is observed
in the cytoplasm (Fig. 1a). The average fluorescence number in each cell
for 4WJ-RNA NPs (15 + 6, 24 &+ 7, 30 £ 6, and 41 + 10 at 15, 30, 60,
and 120 min, respectively) is obviously larger than that for 3WJ-RNA
NPs (5 + 2,8 + 3,11 + 4, and 16 + 4 at 15, 30, 60, and 120 min,
respectively) at each incubating time (Fig. 1b, c), which can be attrib-
uted to the higher transmembrane transporting ability of 4§WJ-RNA NPs.

The transmembrane transport ability of 3WJ-RNA NP and 4WJ-RNA
NP was further evaluated by monitoring the single particle trans-
membrane process based on force tracing technique. The RNA NPs was
covalently bound to the AFM tip via heterobifunctional polyethylene
glycol (MAL-PEGy45-NHS, MW: 2000) linker, where the NHS group is
used to immobilize on the aminated AFM tip, and the MAL group reacts
with the -SH on the RNA NPs (Fig. 1d). Prior to conducting force tracing
experiments, the RNA NPs modified AFM tip is positioned above the
relatively flat region of cell periphery with the assistance of a CCD
camera (Fig. S3a). The contact point between RNA NPs and the cell
membrane is determined by measuring the force-distance curves
(Fig. S3b). Subsequently, the RNA NP-functionalized AFM tip is moved
to the contact point, slightly contacting cell membrane without driving
force from AFM setup, finally closes the feedback system. Once the FA on
RNA NPs was recognized by the folate receptor (FR) on cell membrane
(D), the spontaneous cellular uptake of RNA NP will stretch the PEG
linker and further induce the bending downwards of the AFM tip
cantilever (II, Fig. 1e, f). The deflection will be recorded with time going
and converted into a force-time curve. Then, the piezoelectric ceramic
drives the AFM tip cantilever to maintain a balanced position, and the
force-time curve returns to flat due to the principle of the force tracing in
constant position mode (Fig. S4a). The typical force-time curves
(Fig. 1g) exhibit the distance from the start point to the end point in
horizontal and vertical direction, representing the required time and
force for single RNA NP transmembrane respectively. The force ranges
from 20 to 61 pN with the mean value of 35 + 9 pN and 33 + 8 pN for
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Fig. 1. Investigating the transmembrane transporting of 3WJ-RNA NPs and 4WJ-RNA NPs. (a) Confocal fluorescence images of HeLa cells after incubation with 3WJ-
RNA NPs and 4WJ-RNA NPs for different time (15, 30, 60, and 120 min), the white dashed line circle indicates nucleus. (b, ¢) Dot line chart of fluorescence number
for 3SWJ-RNA NPs and 4WJ-RNA NPs, the circle represents the fluorescence number in each cell. The results are the mean value from three independent experiments.
N =~ 50. (d) 3WJ-RNA NPs or 4WJ-RNA NPs are attached to the AFM tip via a heterobifunctional PEG linker. (e, f) Schematic diagram for monitoring the cell
internalization of 3WJ-RNA NP and 4WJ-RNA NP with force tracing, respectively. (g) The typical force-time curves for single RNA NP entry into cell. (h-j) Boxplot of
the distribution of force, time, and speed for RNA NP entry into cell, respectively. N & 450. The box indicates the 25th and 75th percentiles, the square in the box
indicates the mean value, the horizontal line in the box indicates the median, and the colored dots indicate each data. (k) Probability of observing the force-time
signal for 3WJ-RNA NP and 4WJ-RNA NP entry into cell before and after blocking with EIPA, Nystatin, CPZ, and free FA, respectively. The results are the mean
value from three independent experiments. This value is reported as the mean + standard deviation. P value was determined by a two-sample t-test, **P < 0.01.

3WJ-RNA NP and 4WJ-RNA NP, respectively (Fig. S4b, d). And the
corresponding duration ranges from 20 to 175 ms with the mean value
of 91 + 34 ms and 72 + 27 ms (Fig. S4c, e). The average speed was
calculated by displacement/duration, which is 0.28 pm/s and 0.36 pm/s
for 3WJ-RNA NP and 4WJ-RNA NP, respectively (Fig. 1j, Fig. S4f, g). It is
found that the force required for cellular internalization is nearly iden-
tical for 3WJ-RNA NP and 4WJ-RNA NP (Fig. 1h). However, the 4WJ-
RNA NP exhibits a shorter transmembrane duration (Fig. 1i) and a
faster transmembrane transport speed. Meanwhile, the probability of
observing the force-time signals is higher for 4WJ-RNA NP (18.7 %)
compared to 3WJ-RNA NP (14.9 %, Fig. 1k). To exclude influence from
PEG linker, we conducted force tracing measurements on HelLa cells
using AFM tips only modified with PEG linker. It is found that only the
fluctuation from cell membrane was measured, with small force value
(Fig. S5a, b).

The higher transmembrane transport efficiency of 4WJ-RNA NP may
be attributed to its unique “+” shape, which could potentially confer
higher motile and deformative properties. We speculate that the 4WJ-
RNA NP with more and longer branches, may exhibit a rubber-like
deformation property. This property, in theory, would provide more
opportunities to interact with the cell membrane and facilitate

membrane deformation [30-32]. It is hypothesized that 4WJ-RNA NPs
undergo transient structural deformation to traverse the cell membrane,
subsequently recovering their native conformation. Additionally, the
unmodified vacancy in the 4WJ-C strand is speculated to potentially
promote additional non-receptor mediated endocytosis (Fig. 1f). After
blocking with free FA (10 pM, 30 min), the probability of observing cell
internalization decreased to 1.7 % and 2.4 % for 3WJ-RNA NP and 4WJ-
RNA NP, respectively. The slightly higher probability for 4WJ-RNA NP
may stem from non-specific binding of the vacancy, promoting addi-
tional endocytic uptake. In addition, after inhibition with free FA at 30
uM (30 min), the probability remains similar to that at 10 pM. In
contrast, following treatment with free FA at 5 pM (30 min), the prob-
ability of 3WJ-RNA NPs and 4WJ-RNA NPs entering cell is 3.5 % and 4.4
% respectively, the results indicate that the internalization rate is
slightly affected, and the FR circulation is saturated with 10 uM FA in-
cubation (Fig. S6).

The conclusion was further verified by performing SMFS on cell
membrane, which allows quantifying molecular recognition and inter-
action dynamic features within biological systems at the single molecule
level [33-35]. The probability of capturing the force-distance signal for
4WJ-RNA NP binding with cell membrane (45.2 %) is higher than that of
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3WJ-RNA NP (39.2 %, Fig. S7d). The higher probability from the
nonspecific binding of 4WJ-C strand with cell membrane, as shown in
the left part of the dashed line (Fig. S7a-c, e, f). We also conducted SMFS
on Vero cell line (normal cell without FR overexpression), the proba-
bility of RNA NPs binding to the cell membrane reduces from 39.2 % and
45.2 % to 15.2 % and 15.5 % for 3WJ-RNA NPs and 4WJ-RNA NPs,
respectively (Table S1). Furthermore, the probability of observed force-
time signal for 3WJ-RNA NP and 4WJ-RNA NP entering Vero cell de-
creases from 14.9 % and 18.7 % to 4.2 % and 5.3 %, respectively
(Table S2). The details of the dynamic parameters are given in Fig. S8
and Table S3.

Elucidating the cell internalization pathway of RNA nano-drugs is
key to accelerating their clinical application [29]. Previous reports have
suggested that the endocytosis pathway for RNA NPs carrying different
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ligands may vary and could occur via macropinocytosis, caveolin-
mediated endocytosis, or clathrin-mediated endocytosis [36,37]. To
explore the pathway of RNA NPs entry into cell, blocking experiments
were performed. After blocking with EIPA (5-(N-Ethyl-N isopropyl),
amiloride), nystatin, and CPZ (chlorpromazine), the probability of
detected force-time signal decreases from 14.9 % to 4.7 %, 4.1 %, and
2.4 %, respectively for 3WJ-RNA NP. For 4WJ-RNA NP, the corre-
sponding probability decreases from 18.7 % to 4.9 %, 4.6 %, and 2.3 %,
respectively (Fig. 1k). And the relevant dynamic parameters are iden-
tified with that before blocking (Fig. S9a, b).

The confocal fluorescence imaging further confirmed the conclusion
(Fig. S10a). The RNA NPs endocytosis is severely impaired with CPZ,
many RNA NPs just locates on the cell membrane (Fig. S10b). Further-
more, we visualized the localization of RNA NPs (red) within green
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Fig. 2. The intracellular transport of RNA NPs depending on microtubules. (a, b) Fluorescence images of 3WJ-RNA NPs and 4WJ-RNA NPs cocultured cells labeling
with actin and microtubule, respectively. (c) Trajectory for 3WJ-RNA NPs and 4WJ-RNA NPs movement along microtubule. (d, e) Typical MSD-/\¢ plots for the 3WJ-
RNA NPs and 4WJ-RNA NPs respectively. X, Y, and R indicates diffusion in the X, Y direction and a two-dimensional plane, respectively. (f, g) Analyzing the
instantaneous transport velocity of the 3WJ-RNA NPs and 4WJ-RNA NPs, respectively. (h) Fluorescence images of Tub-GFP labeling cells treated with nocodazole and
cocultured with 3WJ-RNA NPs/4WJ-RNA NPs. (i) Typical trajectory of 3WJ-RNA NPs and 4WJ-RNA NPs after treating with nocodazole. (j, k) Typical MSD-/\¢ plots
for the 3WJ-RNA NPs and 4WJ-RNA NPs respectively. X, Y, and R indicates diffusion in the X, Y direction and a two-dimensional plane, respectively. (1) Analysis the
instantaneous transport velocity of the 3WJ-RNA NPs and 4WJ-RNA NPs after treating with nocodazole.
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fluorescent protein (GFP)-clathrin coated vesicles (Fig. S10c). Taken
together, these results support that the RNA NPs enter cell via macro-
pinocytosis, caveolin-mediated endocytosis, and mainly through
clathrin-mediated endocytosis.

3.2. The microtubule-dependent intracellular transporting of RNA NPs

After internalization via transmembrane transporting, the vesicles
carrying RNA NPs will start the journey of intracellular delivery. Actin
filaments and microtubules are the main components of the cytoskeleton
related to intracellular transport [38]. Generally, actin filaments are
responsible for movements at the cell periphery area, whereas micro-
tubules are responsible for long-distance transport to the perinuclear
region [39]. Herein, dual-color fluorescence images indicate the co-
transporting of RNA NPs with microtubules but not actin filaments
(Fig. 2a, b). The trajectory analysis reveals the greater displacement of
4WJ-RNA NPs (around 7 pm in X and Y direction) compared to 3WJ-
RNA NPs (around 1 pm in X and Y direction, Fig. 2¢). Then, MSD
analysis of the trajectory was conducted to determine the motion types
according to the literature [25], indicating the directed diffusion along
microtubules (Fig. 2d, e). The diffusion coefficient (D) is calculated as
8.0 x 1071% cm?/s for 4WJ-RNA NPs, which is much larger than that of
3WJ-RNA NPs (2.4 x 107! cm?/s). Meanwhile, the velocity of 4WJ-
RNA NPs (0.0005-0.517 pm/s) is relatively faster than that of 3WJ-
RNA NPs (0.0003-0.086 pm/s, Fig. 2f, g), these results demonstrate
the higher intracellular transporting ability of 4WJ-RNA NPs. To
confirm microtubule-dependent RNA NPs transport, we treated cells
with nocodazole (30 pM, 30 min) to disrupt the polymerization of mi-
crotubules [40]. RNA NPs is trapped in a very small range (around 0.4
pm in X and Y direction for 3WJ-RNA NPs, around 1 pm in X and Y
direction for 4WJ-RNA NPs, Fig. 2h, i). According to the MSD-/\t plots
in the X, Y direction and a two-dimensional plane [41], the both RNA
NPs are classified as restricted diffusion mode (Fig. 2j, k). The D for 3WJ-
RNA NPs and 4WJ-RNA NPs is 0.53 x 10~ cmz/s, which is charac-
terized by notably low motion speed of 0.0001-0.061 pm/s for 3WJ-
RNA NPs and 0.0001-0.093 pm/s for 4WJ-RNA NPs (Fig. 21). Further-
more, the microtubule motor proteins (kinesin) was inhibited, using the
inhibitor of monastrol [42]. After inhibition, the both RNA NPs exhibit a
restricted diffusion mode (Fig. S11a-d). The D for 3WJ-RNA NPs and
4WJ-RNA NPsis 1.0 x 107! em?/s and 1.4 x 107! cm?/s, respectively.
The corresponding speed of 0.0001-0.0732 pm/s (Fig. S11e) is similar to
that inhibited with nocodazole, much slower than that before inhibition.
To explicitly rule out the involvement of actin, we treated cells with
cytochalasin D to disrupt actin filaments [43], the D is 0.22 x 107!
cm?/s and 0.68 x 107! cm?/s for 3SWJ-RNA NPs and 4WJ-RNA NPs,
respectively, while the speed range remained similar (0.0001-0.0782
pm/s) (Fig. S12). These results suggest that the intracellular transport of
RNA NPs relies on microtubules, and the actin filament will also affect.
In addition, the cell viability after coincubation with various inhibitors
was assessed, the results confirm that the coincubation concentration
and time used in the experiments do not cause cytotoxicity (Fig. S13).

3.3. Tracking the cotransport of RNA NPs with endosomes

The RNA NPs enter cell via clathrin-mediated endocytosis forming
endocytic vesicles and transport along microtubes, then they are sorted
into the endosomes. During the endosomal phase, RNA NPs may un-
dergo several complex delivery pathway until being transported to the
lysosomal compartments [44]. Following endocytosis, RNA NPs are
typically sequestered in the early endosomes and late endosomes in
sequence [45,46]. The fluorescence imaging shows the co-localization of
3WJ-RNA NPs/4WJ-RNA NPs with Rab5-GFP labeled early endosomes
(Fig. 3a). Trajectory analysis shows that the motion range of around 0.4
pm in X direction and 1.6 pm in Y direction for 3WJ-RNA NPs, and
around 1 pm in X direction and 2 pm in Y direction for 4WJ-RNA NPs
(Fig. 3b). Both the 3WJ-RNA NPs and 4WJ-RNA NPs exhibit a directed
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diffusion mode in early endosomes (Fig. 3c, d) with the transport ve-
locity of 0.0003-0.122 pm/s and 0.0006-0.273 pm/s, respectively
(Fig. 3e, f). Subsequently, the RNA NPs will progressively traffic towards
the Rab7-GFP labeled late endosomes (Fig. 3g). The 4WJ-RNA NPs still
move in a directed diffusion mode, and the trajectory exhibits a linear
trend (2 pm in X direction and 6 pm in Y direction) with velocity of
0.0001-0.329 pm/s (Fig. 3h, j, 1). However, the 3WJ-RNA NPs exhibit a
simple diffusion mode, and the motion range is around1.2 pm in X di-
rection and 2 pm in Y direction with velocity of 0.0001-0.305 pm/s
(Fig. 3h, i, k). It is found that whether in early endosomes or late
endosomes, the transporting of 4WJ-RNA NPs is faster than that of 3WJ-
RNA NPs due to the higher motile and deformative properties. More-
over, the speed in late endosomes is higher than that in early endosomes,
which is consistent with previous report [47]. Meanwhile, some of the
RNA NPs were observed escaping from early endosomes, the simulta-
neous snapshots of the vesicles (dashed line circles in Fig. 3m, r) show
the process of 3WJ-RNA NPs and 4WJ-RNA NPs escaping from early
endosomes with the time scale of ~100 s. As time going, the synergis-
tically transporting is non-apparent, the RNA NPs and early endosomes
gradually separate with different velocity (from start point to end point
in trajectory, Fig. 3n-q, s-v). However, the escaping of RNA NPs from
late endosomes was not observed during the tracking, the RNA NPs and
late endosomes always locate together (Fig. S14).

Some of the RNA NPs will transport from early endosomes to recy-
cling endosomes, the fusion of early endosomes with recycling endo-
somes can direct a few particles towards the plasma membrane [44].
Herein, the co-transporting of Rab11-GFP labeled recycling endosomes
and 3WJ-RNA NPs/4WJ-RNA NPs were captured (Fig. S15a). The 3WJ-
RNA NPs still exhibit simple diffusion mode with the motion range of
around 1 pm in X direction and 1.6 pm in Y direction. Similarly, the
4WJ-RNA NPs maintain directed diffusion mode with the range of
around 4 pm in X direction and 1.4 pm in Y direction (Fig. S15b-d).
However, they show the similar velocity of 0.0002-0.244 pm/s and
0.0003-0.259 pm/s, respectively (Fig. S15e, f).

Furthermore, some of the RNA NPs will transport from early endo-
somes and late endosomes to multivesicular bodies [48]. Here, the co-
transporting of CD63-GFP labeled multivesicular bodies and 3WJ-RNA
NPs/4WJ-RNA NPs was visualized (Fig. 4a). In Y direction, they show
the similar motion scale of ~8 pm, the motion range in X direction for
4WJ-RNA NPs is ~2.5 pm, which is fourfold of 3WJ-RNA NPs (~0.6 pm,
Fig. 4b). The velocity of 3WJ-RNA NPs and 4WJ-RNA NPs is similar
(0.0005-0.371 pm/s and 0.0006-0.329 pm/s, respectively), the 3WJ-
RNA NPs still move in simple diffusion mode and the 4WJ-RNA NPs
still move in directed diffusion mode (Fig. 4c-e). Additionally, after
coincubation for 2 h and 6 h, the colocalization Pearson’s R value is
indiscriminate (0.212 and 0.281 for 3WJ-RNA NPs, 0.261 and 0.293 for
4WJ-RNA NPs, Fig. 4i) without obvious changing of the mean fluores-
cence intensity (Fig. 4f-h). The simultaneous snapshots further confirm
that RNA NPs cotransport with multivesicular bodies without endo-
somal escape during tracking time (Fig. 4j, k, Fig. S16).

3.4. Transport of RNA NPs with lysosomes

RNA NPs are taken up into cells via endocytic pathway where they
are entrapped in endosomes and finally trafficked into lysosomal com-
partments [49]. Herein, the co-transporting of Lamp-GFP labeled lyso-
somes with 3WJ-RNA NPs/4WJ-RNA NPs were observed (Fig. 5a). The
representative trajectory (Fig. 5b) analysis reveals that the movement
range of 4WJ-RNA NPs (~10 pm in X direction and ~ 8 pm in Y di-
rection) is greater than that of 3WJ-RNA NPs (~1.6 pm in X direction
and ~ 1.5 pm in Y direction). Furthermore, the 4WJ-RNA NPs exhibit a
linear trajectory, in contrast to the inorganized trajectory of 3WJ-RNA
NPs. The 3WJ-RNA NPs move in a restricted diffusion mode with the
velocity of 0.008-0.492 pm/s, whereas the 4WJ-RNA NPs still maintain
a directed diffusion movement with the higher velocity of 0.012-1.508
pm/s (Fig. 5c-e). Both the 3WJ-RNA NPs and 4WJ-RNA NPs exhibit high
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Fig. 3. Transport of RNA NPs with early endosomes and late endosomes. (a) Fluorescence images of 3WJ-RNA NPs/4WJ-RNA NPs co-transporting with early
endosomes. (b) Typical trajectory of 3WJ-RNA NPs and 4WJ-RNA NPs co-transporting with early endosomes. (c, d) Typical MSD-/\t plots for 3WJ-RNA NPs and
4WJ-RNA NPs, respectively. X, Y, and R indicates diffusion in the X, Y direction and in a two-dimensional plane, respectively. (e, f) The analysis of instantaneous
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circle). (q) The instantaneous velocity analysis of 3WJ-RNA NPs and early endosomes during escaping. (r) Snapshots of 4WJ-RNA NPs escaping from early endo-
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multivesicular bodies, respectively.

transporting speed, suggesting the potential of escaping from lysosomes.

The specific enzymes in acidic environment of lysosomes will lead to
significant degradation of the RNA NPs, effectively lysosomal escape of
Nano-drugs is key to the therapeutic effects [50,51]. After coculturing
cells with the RNA NPs for 2 h, the colocalization of RNA NPs with ly-
sosomes was captured. However, after coincubation for 6 h, most of the
RNA NPs escape from the lysosomes and release into the cytoplasm
(Fig. 5f, g). The colocalization Pearson’s R value for SWJ-RNA NPs at 2 h
and 6 h is 0.317 and 0.197, respectively. For 4WJ-RNA NPs, the Pear-
son’s R value is 0.443 and 0.156, respectively (Fig. 5i). These results
indicate that both RNA NPs could achieve lysosomal escape, and the
4WJ-RNA NPs show the higher escape efficiency. The equivalent fluo-
rescence intensity at 2 h and 6 h indicates that the RNA NPs can suc-
cessfully escape from lysosomes but do not degrade (Fig. 5h). The
structural integrity of RNA NPs in lysosomes is verified by assessing the
size of RNA NPs after incubation in the simulated enzymatic environ-
ment of lysosomes, most 4WJ-RNA NPs keep the original size. A few
3WJ-RNA NPs degrade, suggesting the higher stability of 4WJ-RNA NPs
(Fig. S17). Meanwhile, the simultaneous snapshots of the vesicles
(dashed line circle in Fig. 5j, o) show the process of RNA NPs escaping

from lysosomes. The gray value profile at start (0 s) and end point (80 s
and 74 s for 3WJ-RNA NPs and 4WJ-RNA NPs, respectively) demon-
strates the separation of the RNA NPs from the lysosomes (Fig. 5k, 1, p,
q). As time going, the trajectory of RNA NPs and lysosomes gradually
separate with the varying velocity (Fig. 5m, n, r, s).

Understanding the cellular transport mechanism of RNA NPs is
critical for designing more effective RNA nano-drugs. The ideal RNA NPs
should exhibit higher transmembrane efficiency, facilitate the intracel-
lular delivery, and escape from endosomes successfully. It is reported
that based on phi 29 pRNA, 3WJ-pRNA, 4WJ-pRNA, and branched
hexamers have been built and applied in nanomedicine [52,53]. How-
ever, the effect of scaffold shape on the RNA NPs transmembrane
transport and intracellular delivery remains unclear, Herein, we found
that 4WJ-RNA NPs (10 nm) traverse cell membrane more rapidly than
3WJ-RNA NPs (5 nm). Then, the RNA NPs fuse with clathrin and move
along microtubules to the early endosomes with directed diffusion
mode. Subsequently, the RNA NPs will traffic towards the late endo-
somes or multivesicular bodies [54]. Alternatively, the early endosomes
serve as sorting hubs that direct the payload to the endoplasmic retic-
ulum (ER), trans-Golgi network, or recycling endosomes [44]. The
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recycling endosomes may directly recycle the RNA NPs back to the
extracellular environment [55]. We quantified the colocalization fluo-
rescence numbers of RNA NPs with endosomes. In each cell, the fluo-
rescence number for 3WJ-RNA NPs colocalization with clathrin, early
endosomes, late endosomes, recycling endosomes, multivesicular
bodies, and lysosomes is 12+ 5,13 +5,5+2,6 +2,7+3,and 7 + 3,
respectively. The corresponding number for 4WJ-RNA NPsis 17 + 6, 11
+5,5+2,5+ 2,8+ 3,and 7 + 4, respectively (Fig. 6a). The obvious
decreasing in late endosome (vs. early endosomes) suggests their two
fates: (1) recycling endosome diversion or (2) early endosome escape.
Finally, the RNA NPs will transport to lysosomes via multivesicular
bodies or late endosomes, and the colocalization number in multi-
vesicular bodies is a little bit higher than that in late endosomes, indi-
cating the preferable pathway of via multivesicular bodies. The
multivesicular bodies pathway may confer dual effects: (i) accelerated
lysosomal delivery, yet (ii) potential drug loss via exosomal secretion
[56]. The results provide visual evidence for the potential intracellular
transport pathway of RNA NPs (Fig. 6b).

The 3WJ-RNA NPs co-transport with late endosomes, recycling
endosomes, and multivesicular bodies in simple diffusion mode, even in
restricted diffusion mode with lysosomes. However, the 4WJ-RNA NPs
consistently move in directed diffusion mode with higher speed, while

a

A
o
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exhibiting higher endosomal escape efficiency. The longer branched
chain of 4WJ-RNA NPs may increase the stability and elasticity and
make it more motile [32]. Meanwhile, RNA NPs exhibits more pro-
nounced long-distance intracellular movement, suggesting a preference
for unimpeded direction transport within cells.

4. Conclusions

Advances in nanotechnology over the past few decades have enabled
the application of RNA NPs in nanomedicine and vaccines. Effective
cellular delivery is vital for RNA NPs to exert their therapeutic effects,
thorough understanding the cellular delivery dynamic mechanism of
RNA NPs can optimize the delivery platforms for nanomedical applica-
tion. Our findings reveal that the 4WJ-RNA NPs exhibit great trans-
membrane transport efficiency with higher speed, the 4WJ-RNA NPs
also exhibit higher intracellular delivery efficiency with directed diffu-
sion mode. Furthermore, the intracellular transporting pathway of the
RNA NPs was identified, the RNA NPs preferentially reaches lysosomes
via multivesicular bodies rather than late endosomes. Additionally, the
endosomal escape of RNA NPs was observed not only in lysosomes but
also in early endosomes, 4WJ-RNA NPs displaying more efficient lyso-
somal escape. The selection of a more efficient RNA scaffold, such as
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4WJ, could potentially reduce drug dosage requirements, improve tar-
geting precision, and enhance the anti-tumor efficacy in the therapeutic
application. These findings will offer insights into the development of
intelligent diagnostic and therapeutic RNA nanomaterials, facilitating
advancements in mRNA vaccines and nanomedicine application.
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