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The demand for RNA-based therapeutics is increasing globally.
However, their use is hampered by the lack of safe and effective
delivery vehicles. Here, we developed technologies for highly
efficient delivery of RNA cargo into programmable extracel-
lular vesicle-mimetic nanovesicles (EMNVs) by fabricating
hybrid EMNV-liposomes (Hybs). Tissue targeting is endowed
by highly efficient genetic platforms based on truncated
CD63 (DCD63) or PTGFRN proteins. For the first time we
reveal their efficiency in functionalizing EMNVs, resulting in
>10-fold enhancement of nanoparticle internalization in vitro
and >2-fold in vivo. RNA delivery using Hybs demonstrated ef-
ficiency of >85% in human and mouse cell lines. Comparative
analysis of EMNVs andHyb lysosome colocalization and stabil-
ity suggested that Hybs enter the lysosomal compartment and
escape over time, whereas EMNVs primarily avoid it. Finally,
we used these technologies to generate liver-targeting Hybs
loaded with therapeutic small interfering RNA and demon-
strated the robust efficiency of this system in vitro and in vivo.
These technologies can be adapted for manufacturing a wide
range of next-generation vehicles for highly efficient, safe deliv-
ery of RNA into desired organs and tissues for therapeutic and
prophylactic applications.

INTRODUCTION
Biological nanoparticles (NPs) are nanosized vesicles produced from
virtually any human cells and possessing unique properties for drug-
delivery applications, including safety, biocompatibility, ability to
effectively cross biological barriers, and programming capacity (e.g.,
capacity for modification of their targeting properties and payloads
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using different genetic and chemical methods).1 Biological NPs are
a large group of nanovesicles naturally produced by cells (exosomes,
apoptotic bodies, microvesicles, and other extracellular vesicles
[EVs]) or fabricated from cells. Cell-produced NPs include different
biomimetics,2,3 nanoghosts,4 and extracellular vesicle-mimetic nano-
vesicles (EMNVs).5,6 EMNVs are produced from cells by applying
pressure to cell pellets, extruding them through a set of differently
sized filters. Major advantages of fabricated biological NPs and, in
particular, EMNVs, compared to secreted NPs, are their extremely
high production yields and homogeneity.7

In the past decade, the field of RNA therapeutics and vaccines has
made a leap as dozens of therapies based on RNA-interference tech-
nologies (small interfering RNA [siRNA], short hairpin RNA
[shRNA], microRNA [miRNA], and adenosine diaminase acting on
RNA [ADAR] oligonucleotides) and mRNA vaccines have moved
into the clinic.8 More recent RNA therapies based on CRISPR-Cas
nucleases, base editors, and epigenetic modifiers are being developed
for treating a wide range of hereditary and infectious diseases and
cancers.9,10 Currently, the most investigated nanoplatforms for deliv-
ering RNA payloads in vivo include lipid-based NPs (lipid NPs,
erican Society of Gene and Cell Therapy. Published by Elsevier Inc.
those for text and data mining, AI training, and similar technologies.
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micelles, and liposomes) and polymers and polymer-based NPs (e.g.,
polylactic-co-glycolic acid, polyethyleneimine, poly-L-lysine).11 Most
studies demonstrate the ability of these technologies to deliver pay-
loads into the liver and some efficacy in targeting the spleen, lungs,
bone marrow, and pulmonary and cardiovascular endothelium.11

Major drawbacks of these delivery platforms include toxicity, lack
of efficient and cost-effective tissue/organ targeting, and accelerated
clearance, especially after repeated administrations.11 In this scenario,
developing novel nanosystems for targeted and safe RNA delivery is
urgently needed.

Biological NPs can be easily functionalized using genetic technologies
based on the fusion of constitutive proteins of NPs (e.g., Lamp2B,
CD63, lactadherin C1C2, GPI anchor) with targeting moieties.12

These technologies were mostly developed for programming the sur-
face of exosomes and other EVs. Recently, two novel, highly efficient
peptide display technologies were introduced, namely truncated
forms of CD63 (DCD63)13 and PTGFRN.14 However, their utility
for biological NPs other than EVs is not known.

The idea of fusing exosomes with liposomes to take advantage of both
NPs was first described by Nakase and Futaki15 to increase cellular
uptake. Another milestone was the study by Piffoux et al., who tackled
the problem of RNA loading by fusing EVs with liposomes to enrich
EVs with virtually any hydrophilic or hydrophobic payloads.16 The
key issue of these technologies is that fusion of twoNPs increases their
size over 200 nm, impairing their in vivo delivery properties, and their
efficiency has not been studied previously.

In this study, we developed and utilized a series of robust technol-
ogies for safe, targeted, and highly efficient RNA delivery in vivo.
The technology described is based on the fusion of EMNVs derived
from human cells and functionalized with a specific targeting pep-
tide using genetically encodable fusion proteins and RNA-loaded li-
posomes. The process includes an extrusion step to facilitate the
fusion of EMNVs with liposomes, resulting in hybrid NPs with
>2-fold improvement compared to previous methods and ensuring
that the size of the resulting particles remains within an optimal
range. This process confers targeting properties to the NPs through
the incorporation of the targeting peptide and enables efficient
loading of therapeutic or prophylactic RNA into the NPs.
Compared to previous approaches, this technology offers several ad-
vantages: (1) it is more efficient than previously proposed incuba-
tion with liposomes; (2) it is scalable, with significantly higher yields
of EMNVs and hybrid NPs compared to traditional EV production
methods; (3) it can accommodate tunable amounts of unmodified
or modified RNA molecules, expanding the range of RNA delivery
options beyond conventional methods (e.g., chemically stabilized
RNA, DNA-RNA hybrids); (4) it demonstrates the effectiveness of
EV surface modification techniques for EMNVs and its preservation
in produced hybrid NPs, and reveals the highest efficiency of
PTGFRN genetic platform for peptide surface display; and (5) it
generates NPs with optimal sizes for in vivo delivery. These technol-
ogies are adaptable for various biological NPs and biomimetic sys-
2 Molecular Therapy Vol. 33 No 1 January 2025
tems and can be utilized for organ- and tissue-specific RNA
delivery.

RESULTS
Generation of biological and hybrid nanoparticles loaded with

siRNA

First, we produced two types of carriers, EMNVs and hybrid EMNVs
(Hybs) fused with commercial self-assembly liposomes (Lipofect-
amine 3000), using an extrusion process, as shown in Figure 1A.
Cryogenic transmission electron microscopy (cryo-TEM) analysis
demonstrated that EMNVs were spherical with clear margins,
whereas the electron density of Hybs was heterogeneous, indicating
uneven distribution of proteins and lipids (Figure 1B). Western blot
analysis showed that both the formulations contained all major bio-
markers of EVs as defined by MISEV2023 guidelines17 (Figure 1C).
Next, we investigated the feasibility of synthesizing Hyb particles of
�100 nm (considered the optimal size range for in vivo delivery18).
Lipofectamine 3000 reagents were first mixed with RNA to form lipo-
somes. We then measured mean size and size distribution of EMNVs,
liposomes, Hybs fused with liposomes, and extruded Hybs. These
measurements demonstrated that liposomes were highly heteroge-
neous in size with a mean diameter of �181 nm, whereas EMNVs
had a mean size of �88 nm (Figure 1D). Surprisingly, fusion of
EMNVs with liposomes only slightly increased the size of Hybs,
which was reduced after extrusion (Figure S1). Regardless of the
selected amounts of liposomes, Hybs exhibited consistent size with
a mean diameter ranging from approximately �133 nm–�139 nm
(Figure 1D) and a uniform distribution (Figure 1E). Lipofectamine
3000, composed of cationic lipids, is known to acquire a negative
charge of �22.7 ± 3.6 mV when mixed with DNA or RNA due to
the negative charge of the nucleic acids.19 In this scenario, liposome
formulations exhibited a z-potential of �25 mV. The hybridization
process increased the surface charge of Hybs from about �21 mV
(for EMNVs) to a maximum of � �11 mV (for the highest amounts
of liposomes used for Hyb formulation) (Figure 1F).

To comprehensively investigate the efficiency of liposome-EMNV
fusion during hybrid fabrication, we conducted fluorescence reso-
nance energy transfer (FRET) analysis utilizing the DiO-DiI FRET
pair. HEK293T cells were stained with the DiO lipophilic dye and
subsequently extruded to obtain DiO-labeled EMNVs. Concurrently,
RNA and Lipofectamine 3000 reagent were employed for liposome
production, followed by the incorporation of the DiI lipophilic dye
into the liposomes. To compare the efficiency of the fusion process,
DiO-labeled EMNVs and DiI-labeled liposomes were utilized for
hybrid production under four conditions: (1) simple mixing; (2) mix-
ing followed by incubation at 37�C for 15 min; (3) incubation at 37�C
for 15 min followed by extrusion; and (4) overnight incubation at
4�C.20 FRET analysis demonstrated a notably higher efficiency of
the extrusion process in generating Hybs (Figures S2 and 1G).

To conclude, these results indicate that our protocol has superior ef-
ficiency for synthesizing Hybs from EMNVs within the desired size
range of �130 nm.



Figure 1. Fabrication and characterization of Hybs

(A) Technological schematic of Hyb synthesis process. (B) Cryo-TEM images of EMNVs and Hybs. (C) Western blot analysis of protein markers in EMNVs and Hybs. (D) Mean

size, (E) z-potential, and (F) size distribution of different formulations of Hyb: fractions indicate liposome/EMNVs ratios. (G) FRET efficiency for fusion of EMNVswith liposomes.

Mixing, mixing of liposomes with EMNV; 15 min, incubation for 15min at 37�C; extrusion, extrusion of EMNVs with liposomes; overnight, overnight incubation of EMNVs with

liposomes at 4�C. Error bars represent standard deviations. ***p < 0.001, ****p < 0.0001.
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RNA packaging and intracellular delivery by EMNVs

Different approaches for RNA delivery using bioinspired nanove-
sicles were reviewed previously.21 We hypothesized that extrusion
could increase the fusion with liposomes and RNA packaging yield
in Hybs compared to previous methods. Thus, we used the same pro-
tocol for synthesizing Hybs from EMNVs and liposomes loaded with
RNA (Figure 2A). As expected, Hybs generated via extrusion showed
a 2-fold increase in RNA loading capacity compared to frequently
used short-term and long-term incubation at different temperatures
(Figures S2 and 2B). Using real-time qPCR and different initial doses
of RNA and three different ratios of liposomes to EMNVs, we showed
an RNA dose-dependent (Figure 2C) and liposome-dependent in-
crease in packaging efficiency of Hybs (Figure 2D). Moreover, there
was a constraint on the RNA loading capacity of the NPs. Increasing
the RNA dose from 2� to 4� did yield a proportional increase in the
amount of loaded RNA (Figure 2C). Our calculation demonstrates
Molecular Therapy Vol. 33 No 1 January 2025 3
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Figure 2. Packaging and intracellular delivery of RNA using Hybs

(A) Schematic of RNA loading into Hybs. (B) Effect of synthesis protocol on RNA loading efficiency. (C) Effect of RNA concentration on loading efficiency of Hybs (EMNVs/

liposomes ratio 1:3). (D) Effect of Hyb formulation on RNA loading efficiency (EMNVs/liposomes ratio: 3:1, 12:1, and 24:1). (E) Hyb-dose-dependent and (F) FAM-RNA-

concentration-dependent increase in HepG2 internalization measured by flow cytometry at APCCy7 (for DiR-labeled NPs) and FITC channels, respectively. (G) Internalization

of FAM-RNA-loaded hybrid NPs into mouse TC1 cells and (H) representative fluorescent images. (I) Internalization of FAM-RNA-loaded Hybs into HepG2 cells and

(J) representative fluorescent images. Fluorescent DiR-labeled Hybs (blue); FAM-RNA (green). Error bars represent standard deviations. **p < 0.01, ****p < 0.0001.
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that using 1:1 ratio of EMNVs/liposomes with 31.2 mg of RNA for
2.227 � 1013 NPs resulted in an average of 10.4 copies of RNA per
Hyb (Figure 2D).
4 Molecular Therapy Vol. 33 No 1 January 2025
To test the ability of Hybs to deliver RNA intracellularly, FAM (FAM-
11-dUTP, a fluorescein deoxyuridine triphosphate)-labeled RNA
(FAM-RNA) was packaged into Hybs produced from a lipophilic
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near-infrared fluorescent dye (DiR)-loaded EMNVs and FAM-RNA-
loaded liposomes. Increasing concentrations of DiR-labeled hybrid
NPs led to enhanced uptake by HepG2 cells, reaching �96%
(Figures 2E and S3). Similarly, experiments investigating the effect
of varying FAM-RNA loading on Hybs demonstrated a concentra-
tion-dependent increase in FAM-positive cells. Utilizing 1� FAM-
RNA resulted in a maximum of about 40% FAM-positive cells, while
using 5� FAM-RNA led to a significant increase, reaching up to 91%
FAM-positive cells (Figures 2F and S4).

Treating hard-to-transfect mouse TC1 cells (Figures 2D, 2E, and S5)
or human HepG2 cells (Figures 2F, 2G, and S6) with Hybs demon-
strated internalization of NPs and delivery of FAM-RNA into
�84% of cells. At the same time, we observed an increase in the per-
centage of fluorescent cells that depended on the dose of Hybs, reach-
ing 100% when 2.5 � 109 NPs were used in 0.16 � 106 cells
(Figures S3 and S4). Further experiments with DiR-labeled and
FAM-RNA-loaded Hybs proved high efficiency of NP uptake
and FAM-RNA delivery into both mouse cells (Figures 2G and 2H)
and human cells (Figures 2I and 2J).

Together, these results demonstrate high and tunable packaging effi-
ciency of our newly developed method and its ability to deliver RNA
into �91%–96% of cells.

Genetic functionalization of nanoparticles

Recently, efficient genetic functionalization platforms were applied to
engineer the surface of exosomes and other EVs by modifying consti-
tutive proteins with targeting molecules.12,22–26 Here, we used CD63
with truncated transmembrane domain 4 (DCD63),13 which is a
convenient platform for exposing peptides on the surface of nanove-
sicles, and full-length PTGFRN14 for functionalizing EMNVs with
liver-targeting apolipoprotein E (APOE) (Figure 3A). Moreover, we
directly compared the efficiency of functionalizing EVs and
EMNVs with the use of DCD63 and PTGFRN linked to EGFP. To
this end, we produced EVs and EMNVs from HEK-293T cells trans-
fected with DCD63-EGFP or EGFP-PTGFRN coding vectors. EVs
were purified using size-exclusion chromatography and completely
characterized (Figure S7). Equal amounts of carriers were used to
directly compare EGFP fluorescence, which showed that PTGFRN
was significantly more efficient at functionalizing EVs (Figure 3B),
consistent with the initial study by Dooley et al.14 At the same time,
functionalization of EMNVs was markedly more efficient than func-
tionalization of EVs regardless of the platform used (Figure 3B).

Based on these results, we used EMNVs to compare targeting effi-
ciencies of DCD63 and PTGFRN platforms with liver-targeting
APOE in HepG2 cells, and toward this goal internalization studies
were performed in flow conditions. EMNVs were labeled with lipo-
philic fluorescein isothiocyanate (FITC). As controls, we used un-
treated cells and cells treated with labeled but non-functionalized
EMNVs. Flow-cytometry analysis demonstrated markedly improved
internalization of PTGFRN-functionalized EMNVs (�84.6%)
compared to DCD63 (�14.7%) (Figures 3C and 3D). Next, we inves-
tigated whether targeting properties of APOE-PTGFRN persisted in
Hybs synthesized with the extrusion step. To do so, we produced
EMNVs, APOE-functionalized EMNVs, Hybs, and APOE-function-
alized Hybs and loaded them with Cy7 dye. The results confirmed
higher internalization of APOE-functionalized EMNVs and demon-
strated more efficient uptake of Hybs vs. EMNVs (�57.9% vs.
�42.6%), as well as significantly more efficient internalization of
APOE-functionalized Hybs vs. Hybs (�68.7% vs. �60.9%)
(Figures 3E, 3F, and S8).

This study is the first to utilize two advanced functionalization plat-
forms (PTGFRN and DCD63) to create targeted delivery vehicles us-
ing EMNVs and Hyb technology. These platforms achieved signifi-
cantly higher functionalization efficiency compared to traditional
methods using natural EVs. Furthermore, our findings demonstrated
that full-length PTGFRN surpasses truncated CD63 in its ability to be
efficiently incorporated into these delivery vehicles. This advantage of
full-length PTGFRN is maintained even after hybridization with
liposomes.

Interactions of EMNVs and Hybs with endolysosomal

compartment

The major intracellular barrier for nanotherapeutics is entrapment in
the endolysosomal compartment following degradation of the
payload by hydrolytic enzymes in highly acidic pH.27 Endolysosomal
entrapment depends on the nature of the nanotherapeutic (size,
charge, shape), internalization route, and its ability to escape these
intracellular vesicles (e.g., via fusogenic, pH-sensitive peptides, “pro-
ton sponge” mechanisms, or direct fusion with the endosomal
membrane).28

To directly address the issue of RNA delivery, we investigated the
behavior of EMNVs alone and RNA-loaded Hybs under physiologic
(pH 7.4) and acidic conditions corresponding to early endosomes
(pH 6.2), late endosomes (pH 5.5), and lysosomes (pH 4.5) for
15min or 1 h (Figure 4A). Themean size of EMNVs slightly increased
in acidic pH, indicating swelling, while EMNVs incubation at pH 4.5
for 1 h reduced the number of NPs. At the same time, the effect of
acidic pH on Hybs was much more pronounced, since the particle
reduction occurred during the first hour of incubation at pH 6.2
and further decreased at pH 5.5 and pH 4.5 (Figure 4A). Cryo-
TEM imaging confirmed swelling and rupture of EMNVs and,
more significantly, of Hybs (Figure 4B). To test the potential release
of FAM-RNA from Hybs in acidic conditions, we incubated FAM-
RNA-loaded Hybs at pH 4.5 or pH 7.4 for 15 min or 60 min and
ran them on a gel to analyze electrophoretic mobility (Figure 4C).
Particle integrity was assessed using gel electrophoresis. Intact parti-
cles can retain FAM-RNA inside, preventing its migration through
the gel and resulting in no fluorescent signal. Conversely, if particle
structure is compromised, FAM-RNA is released and can migrate
during electrophoresis, generating a fluorescent band on the resolving
gel. Indeed, incubating Hybs at pH 7.4 resulted in intense fluores-
cence at the high molecular weights of the gel, indicating that
FAM-RNA was predominantly trapped inside Hybs (Figure 4D).
Molecular Therapy Vol. 33 No 1 January 2025 5
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Figure 3. Functionalization of EVs, EMNVs, and Hybs

(A) Schematics of NP functionalization. (B) Comparison ofDCD63 and PTGFRN genetic functionalization platforms for EVs and EMNVs using flow cytometry for assessing NP

internalization by HepG2 cells in flow conditions. (C and D) Comparison of DCD63 and PTGFRN functionalization of EMNVs with APOE at HepG2 cells in flow conditions. (E

and F) Comparison of APOE-PTGFRN functionalization for EMNVs and fabricated Hybs. Error bars represent standard deviations. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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Contrastingly, acidic pH disrupted the integrity of Hybs, causing
disappearance of the FAM fluorescent signal at high molecular
weights (Figure 4D); under these conditions, FAM-RNA was detect-
able in all samples, potentially indicating leakage of FAM-RNA from
NPs. Further analysis (Figures 4E and 4F) demonstrated stronger co-
localization of Hybs with lysosomes compared to EMNVs (�50% for
Hybs vs. �30% for EMNVs). Testing different doses of hybrid NPs
revealed statistically significant escape of low-dose Hybs over the
course of the experiment (the first hour post treatment vs. 12–16 h
post treatment). To investigate the role of lysosomes in the intracel-
lular stability of EMNVs and Hybs, we loaded FAM-RNA into
DiR-labeled EMNVs via electroporation or into Hybs fused with lipo-
somes. These NPs were then applied to HepG2 cells treated with PBS
or DMSO as control vehicles, or with potent, irreversible inhibitors of
6 Molecular Therapy Vol. 33 No 1 January 2025
cathepsins—namely E64 and PLVE—which are the most abundant
lysosomal proteases.29 Time-dependent inhibition of cathepsins by
E64 or PLVE-FMK was shown at HepG2 cells with a fluorescent sub-
strate Ac-QLLR-AMC (Figure S9). Time-lapse dynamic imaging of
DiR-labeled and FAM-RNA-loaded NPs revealed a significant in-
crease in the signal fromHybNPs with any of the cathepsin inhibitors
and no effect on the signal from EMNVs (Figures 4G and S10). A
similar effect was not observed with FAM-RNA in any of the NPs
used, possibly because the cleaved FAM-RNA molecules retain their
fluorescence (Figure 4H). Together, these data indicate that (1) fusion
of EMNVs with liposomes increases entrapment of NPs with endoly-
sosomal compartment (Figures 4E and 4F) and (2) lysosomal prote-
ases attenuate activity of Hybs, but not EMNVs (Figures 4G and 4H).
In conclusion, the observed behavior indicates the entrapment of



Figure 4. Effects of acidic pH on the properties of Hybs

(A) Changes in size and quantity of EMNVs and Hybs in acidic pH conditions. (B) Cryo-TEM images demonstrating swelling and rupture of EMNVs and Hybs. (C) Release of

FAM-RNA from hybrid NPs upon short-term and 1-h incubation at pH 4.6. (D) Semi-quantitative analysis of released FAM-RNA. (E) Representative images of LysoTracker

(red) with FAM-RNA (green) delivered by Hybs or EMNVs over time. Blue, HepG2 cells that internalized DiR-labeled NPs. Scale bar, 90 mm. (F) Kinetics of FAM-RNA co-

localization with lysosomes and escape of two doses of Hybs or EMNVs. Intracellular stability of (G) DiR-labeled NPs and (H) FAM-RNA delivered by Hybs or EMNVs. The

values represent the mean signal for two concentrations of EMNVs or Hybs, which were treated with either PBS or cathepsin inhibitors (E64 or PLVE-FMK) over a time period

of 4–44 h following the addition of NPs. Cntrl, HepG2 cells not treated with NPs. Differences were assessed using one-way or two-way ANOVA, where applicable. Error bars

represent standard deviations. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, non-significant difference.
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Hybs within the endolysosomal compartment, which reduces
their stability. Over time, Hybs escape this compartment, whereas
EMNVs preferentially avoid it.
Hybrid nanoparticles potently reduce HBV transcription and

replication

Chronic hepatitis B (CHB), caused by hepatitis B virus (HBV) infection,
is one of the world’s most widespread diseases, with mortality rates
exceeding 1 million people annually. One promising medication for
suppressingHBV is based on transcriptionally silencing it using siRNA.
For targeted delivery of siRNA, we produced non-functionalized and
APOE-functionalized Hybs from PTGFRN-APOE-expressing HEK-
293T cells and siRNA-loaded liposomes (Lipo), as shown in Figure 5A.

To test the applicability of Hybs for delivering therapeutic cargo, we
used previously described siRNA targeting the X gene of HBV (Fig-
ure 5B). We then compared the efficacy and toxicity of these NPs
in HepG2 cells with HBV replication driven from recombinant cova-
lently closed circular DNA (rcccDNA), a well-established model of
HBV replication,30–33 as shown in Figure 5C. As a result, all NPs
reduced HBV biomarkers, including X-mRNA/pregenomic RNA
(pgRNA) and pgRNA expression, intracellular HBV DNA, HBxAg,
andHBsAg, whereas cccDNAwas, as expected, not reduced by siRNA
(Figures 5D–5I). HBsAg was reduced by all NPs, but this reduction
was not statistically significant (Figure 4J). APOE-functionalized
Hybs were on par with non-functionalized NPs, whereas the lipo-
somal formulation was generally more effective but very toxic, as evi-
denced by reduced actin expression (Figure 5H), annexin V analysis
(Figure 5K), and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) assay (Figure 5L). In total, Hybs exhibit promi-
nent efficiency and are safe for cells.
Functionalized nanoparticles demonstrate the highest anti-HBV

activity in vivo

Next, Cy7-labeled Hybs with and without APOE functionalization
were injected into the tail vein of BALB/C mice to investigate their
Molecular Therapy Vol. 33 No 1 January 2025 7
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Figure 5. Antiviral activity of NPs loaded with siRNA in an HBV in vitro model

(A) Schematics for producing functionalized siRNA-loaded Hybs. (B) siRNA target in the HBV genome. (C) Experimental pipeline. Antiviral activity assessed by measuring (D)

HBx/pgRNA, (E) pgRNA, (F) intracellular HBV DNA, and (G) cccDNA, and by (H) western blot analysis of HBxAg and (I) corresponding HBxAg level and (J) HBsAg level

analysis. (K) Apoptosis analysis measured by annexin V expression and (L) MTT analysis of NP cytotoxicity. PBS, treatment of rcccDNA-transfected cells with PBS; Mock,

treatment with EMNV NPs loaded with non-targeting siRNA. Error bars represent standard deviations. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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biodistribution 1 h post injection. Expectedly, both the carriers pref-
erentially accumulated in the liver, but APOE functionalization
significantly increased liver targeting >2-fold (Figures 6A, 6B, and
S11). Histological analysis of mice livers revealed uniform distribu-
tion of DiR-labeled NPs throughout the organ’s parenchyma, similar
for both Hybs and APOE-Hybs (Figure 6C).
8 Molecular Therapy Vol. 33 No 1 January 2025
To test therapeutic activity, BALB/C mice were injected with
rcccDNA, and 3 days thereafter received equal daily doses of
0.3 mg/kg siRNA-loaded carriers (Figure 3D), the minimal effective
concentration used previously.34 On day 8 after the start of the exper-
iment the mice were sacrificed, and serum and livers were harvested
for further analysis. Analysis of HBsAg and HBV DNA in the serum



Figure 6. In vivo targeting and antiviral activity of siRNA-loaded Hybs

(A) Biodistribution of non-functionalized (Mock) and targeted (APOE) Hybs in mice and explanted organs. Bn, brain; ls, lungs; ky, kidneys; ht, heart; Lr, liver. (B) Semi-

quantitative analysis of NP biodistribution. (C) Histological analysis of DiR-labeled NP biodistribution in liver cryosections. (D) Experimental design for assessing anti-HBV

activity in vivo. (E) HBsAg. (F) HBV DNA. (G) Quantitative immunohistological analysis of HBxAg in liver sections. (H) Representative images of liver sections with counter-

stained nuclei (blue) and HBxAg (red). PBS, treatment of rcccDNA-injected mice with PBS; Mock, treatment with EMNV NPs loaded with non-targeting siRNA; negative –

mice that did not receive rcccDNA, and were injected with PBS. Error bars represent standard deviations. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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revealed significant anti-HBV activity of APOE-functionalized Hybs
(�64% reduction of HBsAg and >1.5 log reduction of HBV DNA)
(Figures 6E–6G). A similar but less pronounced decline in HBV bio-
markers was observed with siRNA-loaded Hybs. Liposomal siRNA
formulation did not affect HBsAg levels but significantly reduced
HBV DNA by 1 log. The primary target of siRNA, X-mRNA, which
encodes HBxAg, was markedly reduced by both functionalized and
non-functionalized Hybs with no apparent differences between the
groups, as evidenced by immunohistological analysis. Liposomal
siRNA was not effective.

To conclude, Hybs showed high potential in delivering RNA mole-
cules, while their genetic functionalization with targeting peptides
significantly improved the targeting and therapeutic efficacy of nano-
formulations in an in vivo HBV model.

DISCUSSION
The emergence of RNA therapeutics—including RNA interference
molecules, mRNA vaccines, and RNA-encoded gene modifiers such
as CRISPR-Cas nucleases, base editors, and CRISPR activators/re-
pressors—has significantly expanded the toolbox for tackling previ-
ously untreatable diseases. However, this progress necessitates the
development of advanced, targeted delivery systems to effectively uti-
lize these technologies. Currently, various LNP formulations, poly-
mers, and dendrimers are employed successfully to deliver RNA ther-
apeutics. The field is actively exploring even more sophisticated
delivery vehicles, such as virus-like particles, inorganic NPs (e.g.,
gold, graphene, silica), DNA-based nanostructures (e.g., DNA
origami, nanoshells, nanoclews), and biological NPs. Among these,
biological and bioinspired NPs have garnered significant interest
due to their natural origin, high safety profile, and ability to overcome
biological barriers for efficient cellular delivery.7,35–37 EMNVs, mem-
brane NPs such as nanoghosts, and biomimetics have appeared as
next-generation biological NPs with apparent advantages over EVs
in terms of scalability, homogeneity, and manufacturing. In partic-
ular, manufacturing EMNV is 10–1,000-fold more efficient than
manufacturing EVs, with EMNVs showing similar biodistribution,
delivery efficiency, and active and passive tropism.7,38

An important step in loading RNA into EVs was taken by Piffoux
et al., who performed polyethylene glycol (PEG)-mediated fusion of
liposomes with EVs to create biosynthetic hybrid vectors for RNA de-
livery.16 Later, similar strategies were implemented in dozens of
studies using lipid film hydration and extrusion,39 simple fusion,26,40
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and fusion with siRNA loading by electroporation.41 Extrusion has
become a useful method to produce biomimetic NPs by fusing cell
membranes or EVs with other types of particles, such as gold carriers
and liposomes.42

Previous studies have established initial approaches for fabricating
hybrid liposomes-exosomes and have demonstrated the feasibility
of delivering RNA and DNA cargo using these hybrids.16,26,39,40 In
particular, Liang et al.26 developed a treatment strategy for osteoar-
thritis based on chondrocyte-targeting exosomes that display a chon-
drocyte-affinity peptide via a Lamp2b genetic functionalization plat-
form. These exosomes were fused with liposomes produced from
Lipofectamine 3000 and CRISPR-Cas9-expressing plasmids targeting
the MMP13 enzyme. Fusion was achieved through simple mixing of
the two components, as evidenced by FRET assays and an increase in
NP size detected by NP-tracking analysis (NTA). The injection of the
produced hybrid NPs into the knee joint effectively alleviated osteo-
arthritis in a rat model in vivo.26 In this study, we developed a novel
pipeline for fabricating Hybs from EMNVs or, in fact, any type of bio-
logical NPs, with targeted properties and loaded with any RNA mol-
ecules. One of the most common protocols for producing hybrids
with liposomes and biological NPs involves simple incubation at
37�C or prolonged incubation at 4�C.43 Fusion between liposomes
and biological NPs is induced by electrostatic interactions between
cationic liposomes and negatively charged biological NPs, as well as
by hydrophobic interactions. FRET assays using DiO-labeled
EMNVs and DiI-labeled exosomes demonstrated a low efficiency of
the simple incubation process compared to our protocol (Figure 1F).
Additionally, prolonged overnight incubation resulted in a significant
loss of labile RNA molecules during the hybridization process (Fig-
ure 2B). The application of an extrusion process following short-
term incubation markedly increased the hybridization efficiency (Fig-
ure 1F) and enhanced the packaging of RNA into hybrid vesicles
(Figure 2B).

Altering the amounts of EMNVs/liposomes ratio and RNA concen-
tration enables tunable loading of cargo into synthesized nanocarriers
(Figures 2C–2F). This protocol offers several important advantages
for biomedical applications. First, the use of EMNVs instead of
commonly used EVs significantly increases the yield of hybrid vesicles
and the homogeneity of the final products, given that EV products are
often poorly standardizable and costly. Second, the extrusion process
results in controllable sizes of the final vesicles, which is favorable for
pharmacokinetics and standardization purposes. Third, this protocol
is based on the use of commercially available Lipofectamine reagent,
making it accessible for hybrid production in almost any laboratory
without requiring the establishment of a complicated liposome work-
flow or the use of expensive lipid reagents. Methods developed in this
study do not use immunogenic or cytotoxic substances, such as PEG44

or polyethylenimine,45 nor use harsh conditions compromising sta-
bility and activity of RNA molecules or components of biological
NPs such as freeze-thaw, acidic pH, or electroporation.16,39,41,46

Moreover, the developed technologies are straightforward and easily
scalable, providing the means for large-scale manufacturing of stand-
10 Molecular Therapy Vol. 33 No 1 January 2025
ardizable NPs and overcoming the principal drawbacks of EVs and
other NP formulations of non-biological origin.7,9

Investigating physicochemical properties of Hybs revealed previ-
ously unknown behavior important for understanding the mecha-
nism of payload delivery and endolysosomal escape. Acidification
results in swelling and cracking of hybrid NPs much more efficiently
than of EMNVs, resulting in effective release of RNA payload and
escape of hybrid NPs from the endolysosomal compartment over
time. Importantly, such behavior is observed at even slightly acidic
conditions (pH 6.2), corresponding to early endosome conditions,
and progressively exacerbates upon further acidification to pH 4.5,
observed in lysosomes. This behavior may be beneficial in terms
of endolysosomal escape, resulting in their rupture and subsequent
release of NPs and their cargo. Moreover, time-lapse colocalization
analysis revealed that Hybs were initially trapped in the endolysoso-
mal compartment but escaped over time, while EMNVs predomi-
nantly avoided this compartment. This hypothesis was further sup-
ported by experiments assessing NP stability, which demonstrated
that lysosomal cathepsin inhibitors did not affect the signal from
EMNVs but significantly increased the signal from Hybs. These
findings indicate that the fusion of EMNVs with liposomes alters
their intracellular trafficking, rendering them more susceptible to
lysosomal degradation (Figure 4). While the mechanisms of NP en-
dolysosomal escape are complex and frequently rely on many
routes,27 we demonstrate a natural ability of hybrid NPs to effec-
tively deliver RNA payload into target cells, achieving efficient
gene knockdown (Figure 5).

Our generated Hybs were able to be internalized up to 96% in hard-
to-transfect cell lines and to deliver RNA into >91% of mouse and
human cells. Efficiency of RNA delivery directly depended on the
amount of loaded RNA and the dose of NPs used during the treat-
ment. Using two of the most advanced functionalization platforms
for EVs, we demonstrated their superior applicability for function-
alizing EMNVs and identified PTGFRN as the more efficient genetic
platform over DCD63. To the best of our knowledge, this is the first
indication that such technologies are useful and even more efficient
for functionalizing biological NPs other than EVs. Importantly,
functionalization persisted even after hybridization of EMNVs
with liposomes. The use of PTGFRN for programming the surface
of EMNVs and Hybs by APOE peptide demonstrated significant in-
crease in internalization of functionalized NPs into hepatoma cells
in vitro and into mouse liver in vivo. When loaded with anti-HBV
siRNA, these functionalized NPs exhibited prominent antiviral ac-
tivity and significantly higher anti-HBV potency in vivo. Although
the use of liposomes does not fully reflect the potential advantages
of biological NPs or Hybs,47 it was still important to analyze the ef-
fect of liposomes, EMNVs, and Hybs on cell viability. MTT assay
and apoptosis analyses using annexin V staining revealed high
toxicity of the liposome-siRNA formulation compared to EMNVs
or siRNA-loaded Hybs, consistent with previous observations that
fusing liposomes with biological NPs increases liposome safety
(Figures 5K and 5L).
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In this work we provided a ready-to-use, scalable pipeline for produc-
ing Hybs for a broad range of practical applications, with targeted de-
livery of Hybs based on targeting peptides, toward advancing the field
of biologics-based treatments.

MATERIALS AND METHODS
Cell cultures and transfection

Human cell lines HEK-293T, HepG2, and mouse cell line TC1 were
cultured in complete medium, consisting of 4.5 g/L DMEM
(PanEco, Moscow, Russia) supplemented with 10% fetal bovine
serum (FBS) (HyClone, Cytiva), 2 mM L-glutamine (PanEco),
100 U/mL penicillin, and 100 mg/mL streptomycin (PanEco) at
37�C and 5% CO2. HEK-293T cells were transfected using polyethy-
leneimine in NaCl, as described previously.6,32 In brief, HEK293-T
cells were seeded in T225 225-cm2

flasks at �60% confluency the
day before transfection. The next day, cells were transfected with a
mix of solution A containing plasmid DNA (plasmid for function-
alization) and solution B with polyethyleneimine in NaCl; the
mixture was allowed to rest for 10 min before being added to cells.
For cloning APOE- or EGFP-functionalization plasmids, plasmid
PTGFRN (HsCD00867164) was purchased from DNASU Plasmid
Repository (USA), and truncated CD63 developed from CD63-
pEGFP C2 was a gift from Paul Luzio (Addgene plasmid #62964;
http://n2t.net/addgene:62964; RRID: Addgene_62964). EGFP
plasmid was cloned from plasmid CD63-pEGFP C2. The day after
transfection, cells were washed with PBS (PanEco) and cultured in
complete medium for the next 2 days. On the day of harvest, cells
were washed in PBS and detached from culture plates using Versene
solution (PanEco).

HepG2 cells were seeded at 70% confluency in 6-well plates the day
before transfection, then transfected with rcccDNA using Lipofect-
amine 3000 (Thermo Fisher Scientific, USA), as described previ-
ously.30,33,48,49 In brief, 200 mg of rcccDNA (genotype D; HBV-en-
coding plasmid was kindly provided by Dieter Glebe, University of
Giessen) in fectoMEM (Bioinnlabs, Russia) with p3000 reagent was
mixed with Lipofectamine reagent in fectoMEM, incubated for
10 min, and added directly to HepG2 cells. Two days after transfec-
tion, cells were washed with PBS and cultured in complete DMEM
medium with EV-depleted FBS. EV depletion was achieved by ultra-
filtration of FBS through Amicon Ultra-4 100 kDa (Merck Millipore,
USA), as described previously.50

Fabrication of EMNVs

HEK-293T cells (�2� 107 cells per fabrication), resuspended in PBS,
were extruded using a mini-extruder (Avanti Polar Lipids, USA) at
37�S with a set of hydrophilic polycarbonate track membranes
(GVS, Italy) soaked in PBS-HAT (PBS supplemented with human al-
bumin and trehalose) solution.51 The membranes had the following
diameters: 10 mm (9 extrusions), 5 mm (9 extrusions), and 1 mm (9 ex-
trusions). The resulting suspension was centrifuged at 4�S, 2,000� g,
for 5 min to remove cell debris. The supernatant was extruded 15
times through a polycarbonate membrane with pore diameter of
0.1 mm at 37�S. Biological NPs were purified using size-exclusion
chromatography on a 1.6 � 10-cm column with Sepharose CL-4B
crosslinked agarose (Cytiva), with PBS as the mobile phase. Forty
fractions with a final volume of 500 mL were collected. Fractions
11–16, containing biological NPs, were pooled and concentrated, if
necessary, using Amicon Ultra-4 (10 kDa cutoff; Merck Millipore).
Isolates of biological NPs were mixed in 10� storage PBS-HAT
buffer51 for 1� concentration. For DiR staining of EMNVs
and hybrid NPs, detached cells were mixed with DMEM supple-
mented with 5 mM LumiTrace DiR (Lumiprobe, Russia), and incu-
bated with agitation (37�C, 350 � rpm) for 30 min followed by
washing with PBS and subsequent extrusion process.

Fabrication of hybrid NPs

Suspensions of HEK-293T cells (�2� 107 cells per fabrication) were
extruded as described for EMNVs. The suspensions derived after
cell debris removal and a mix of 15.6 mg of in vitro-transcribed
RNA (FAM-RNA or anti-HBV siRNA) and 20 mL of Lipofectamine
3000 reagent (Thermo Fisher Scientific, USA), incubated for 10 min
in advance, were incubated for 20 min at 37�S for fusion. For
analyzing RNA loading into hybrid NPs using real-time qPCR
and gel-electrophoresis analysis of FAM-RNA, artificial RNA of
160 bp was synthesized. After fusion, the suspension was extruded
15 times through a polycarbonate membrane with 0.1-mm pores at
37�S. The resultant hybrid NPs were isolated and stored as
described for EMNVs.

Isolation of EVs

EVs were isolated from conditioned medium of HEK-293T cells
cultured in complete DMEM with EV-depleted FBS for at least
2 days.6,7 In brief, conditioned medium was serially centrifuged at
2,000 � g for 10 min and then at 10,000 � g for 10 min to remove
cell debris and microvesicles before being applied to columns with
MacroPrep DEAEmedium anion-exchange resin (Bio-Rad, Hercules,
CA, USA) to isolate EVs by anion-exchange chromatography, as
shown by Heath et al.52 The column was washed consecutively with
100% buffer A (50 mM HEPES, 100 mM NaCl), 95% buffer A/5%
buffer B (50 mM HEPES, 2 M NaCl; 5 column volumes), and 90%
buffer A/10% buffer B (10 column volumes). Fractions with EVs
were first eluted in 60% buffer A/40% buffer B and then concentrated
using Amicon Ultra-15 (100 kDa) filter devices.

Fluorescent labeling of NPs

Biological NPs (�5 � 1011) were mixed with near-infrared dye
Sulfo-Cyanine7 carboxylic acid (Lumiprobe, Russia) at a concentra-
tion of 500 mg/mL and exposed to two freeze-thaw cycles. After the
second thaw, the resulting suspension was extruded through a
0.1-mm hydrophilic polycarbonate track membrane (GVS, Italy) us-
ing a mini-extruder (Avanti Polar Lipids; 11 repetitions). Free
dye was removed by washing the suspension three times in PBS us-
ing a VivaSpin 500 protein concentrator (300 kDa cutoff; Sartorius,
Germany). Alternatively, NPs were labeled with DiR lipophilic dye
(Lumiprobe, Russia), FITC-fluorescent dye ExoGlow-Membrane EV
Labeling Kit (Green) (SBI, USA) or DiO lipophilic dye (Lumiprobe,
Russia).
Molecular Therapy Vol. 33 No 1 January 2025 11

http://n2t.net/addgene:62964
http://www.moleculartherapy.org


Molecular Therapy

Please cite this article in press as: Kostyusheva et al., Biologics-based technologies for highly efficient and targeted RNA delivery, Molecular Therapy (2024),
https://doi.org/10.1016/j.ymthe.2024.11.004
FRET analysis

Twenty million cells were detached from T225 (225 cm2) flasks by
Versene solution (PanEco, Russia) and resuspended in a medium
containing 2.5 mMDiO, incubated at 37�C with agitation, and centri-
fuged at 350 rpm for 45min. Themediumwas discarded, and the cells
were washed three times with PBS solution. Next, cells were used for
the extrusion process for producing EMNVs. Extrusion was per-
formed using 10-mm, 5-mm, and 1-mm filters (seven times). Cellular
debris was removed by centrifugation at 2,000 � g for 5 min, and
the supernatant was divided into four equal parts. In parallel,
15.6 mg of RNA was mixed with 100 mL of OptiMEM and incubated
at room temperature for 10 min. DiI dye (1 mM) was then added
before incubation for another 10 min at 37�C. Produced liposomes
were divided into four equal parts, similarly to EMNV suspension.
EMNV parts were mixed with liposomes. The first mix was purified
by gel-filtration chromatography using the low-pressure chromatog-
raphy system Bio-Lab 30 (Hanbon, China) immediately after mixing
(Mixing); the second part was incubated for 15 min at 37�C and then
purified (15 min); the third part was incubated for 15 min at 37�C,
then extruded through a 0.1-mm filter (11 times) and purified (Extru-
sion); and the fourth part was incubated overnight at +4�C and then
purified. Fractions corresponding to particles were collected and
pooled. Equal volumes of samples were measured using a
ClarioStar plate fluorimeter at wavelengths of 420/535 (fluorescence
of the donor, Fd) and 420/630 (fluorescence of the acceptor, Fa).
FRET efficiency was calculated using the formula E = Fa/(Fd + Fa).

Flow-cytometry analysis

Cells were analyzed on a LongCyte (Challengebio, China) flow cy-
tometer using FITC and APCCy7 channels. Data analysis was per-
formed using ModelFlower software.

Confocal and high-content fluorescent microscopy

HepG2 cells were treated with LysoTracker. Hybrid NPs loaded with
FAM-RNA were added to HepG2 cells prestained with LysoTracker.
The fluorescence intensity and distribution of the LysoTracker Red
DND-99 (Thermo Fisher Scientific) dye were analyzed using an
Olympus FV3000 microscope; kinetic analysis was performed using
and LCI Image ExFluorer Microscope (Live Cell Instrument, South
Korea). Colocalization analysis was performed in Image ExFluorer
Software. Mander colocalization coefficients were calculated in Im-
ageJ using the JACoP plugin.

Assessment of NP functionalization

NP functionalization efficiency was assessed by measuring EGFP
fluorescence exhibited on the surface of NPs. HEK-293T cells were
transfected with DCD63-EGFP or PTGFRN-EGFP plasmids using
polyethyleneimine as described above. Three days thereafter, the cells
were used for producing EMNVs and isolating EVs. Equal numbers of
NPs measured by NTA were collected for analysis. Next, fluorescence
in corresponding samples was measured using a ClarioStar Plus plate
fluorimeter (excitation/emission = 470/515 nm). Efficacy of function-
alization was compared as relative fluorescence units of membrane-
bound EGFP.
12 Molecular Therapy Vol. 33 No 1 January 2025
Production of rcccDNA

HBV rcccDNA, genotype D, was generated by minicircle technology,
as described in previous studies.30,33 E. coli strain ZYCY10P3S2T
(System Biosciences) containing the HBV genome (genotype D)
cloned between attB and attP recombination sites was incubated
in lysogeny broth (LB) with kanamycin at 37�C for 4 h, then inoc-
ulated into 200 mL of Terrific broth and incubated overnight at
37�C to 600 nm optical density of 6–8 and pH 7.0. Finally, recom-
bination of attB and attP sites was induced by 200 mL of induction
medium (1 N NaOH and 0.2% L-arabinose in LB) for 3 h at 30�C
followed by incubation for 1 h at 37�C. HBV rcccDNA was isolated
from the bacterial pellets using Plasmid Mediprep (Evrogen,
Russia).

Western blotting

EVs were lysed as previously described6 using RIPA buffer (50 mM
Tris-HCl [pH 8.0], 150 mM NaCl, 0,1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mMNaF) followed by sonication. Samples
in 6� Laemmli buffer were loaded onto 10% SDS-PAGE and trans-
ferred onto nitrocellulose membranes. The membranes were blocked
in 5% milk in TBS-T (20 mM Tris [pH 7.5], 150 mM NaCl, 0.1%
Tween 20), then stained with primary antibodies EXOAB-KIT-1
(anti-CD63, anti-CD9, anti-CD81, anti-Hsp70; SBI, USA) and anti-
b-actin antibodies (A1978, Sigma). Membranes were washed three
times with TBS-T and incubated for 1 h with goat anti-rabbit HRP-
conjugated antibodies (Ab6721; Abcam, Cambridge, MA, USA) or
with goat anti-mouse HRP-conjugated antibodies (Ab6787; Abcam)
followed by three washes in TBS-T. Chemiluminescent signal was
developed using Clarity Max substrate SuperSignal West Femto
Maximum (Bio-Rad, USA) and detected with Chemiscope 6200
touch (X-ray filmsClinx, China). Alternatively, HepG2 cells were
lysed in RIPA buffer and 6� Laemmli buffer and used for SDS-
PAGE and immunostaining with primary anti-HBx antibodies
(ab39716, Abcam) and anti-b-actin antibodies (A1978, Sigma).

Synthesis of siRNA

PCR product encoding siRNA under control of T7 promoter was syn-
thesized using Q5 high-fidelity DNA polymerase (NEB) using overlap
extension PCR with the following primers:

siHBV74_fw: AAg CTA ATA CgA CTC ACT ATA ggg ACC AAT
TTA TgC CTA CAg CCT TCA AgA gAg gCT gT; siHBV74_rev:
AgA CAT AAA AAA CAA AAA AAg ACC AAT TTA TgC CTA
CAg CCT CTC TT. PCR product was resolved by agarose gel electro-
phoresis and purified by a DNA Cleanup Mini kit (Evrogen). Next,
the PCR product was used as a template for in vitro transcription re-
action using the In Vitro Transcription Kit (Biolabmix, Russia) by
overnight incubation according to the manufacturer’s instructions.
The reaction mixture was then treated with DNase I (NEB) for
15 min at 37�C. RNA was purified by precipitation with isopropanol
in NaCl and washed consecutively with 70% and 95% ethanol. The
air-dried pellet was dissolved in RNase-free water and stored at
�20�C before use. FAM-labeled RNA was produced using the same
protocol with FAM-11-UTP (Lumiprobe, Russia) added to the
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reaction mixture. Artificial RNA was synthesized as described previ-
ously with primers ultramerT7_f and ultramerSt1_r.30,49

Annexin V analysis

The FITC-annexin V reagent (Lumiprobe, Russia) was used accord-
ing to the manufacturer’s protocol. Analysis of apoptosis was per-
formed both on cells on the plate and on the floating cells in cell-cul-
ture medium. Cells on the plate were detached using trypsin-EDTA
solution (PanEco, Russia). The mixture of detached and floating cells
was washed twice with ice-cold PBS and resuspended in binding
buffer at a final density of 106 cells/mL. Next, 2 mL of FITC-annexin
V reagent (0.02 mg/mL) and 5 mL of ethidium bromide (EtBr)
(0.1 mg/mL) were added to 100 mL of the cell suspension containing
105 cells. Cell suspension was vortexed gently and incubated for
15 min at room temperature in darkness. Subsequently, cells were re-
suspended in 400 mL of binding buffer and analyzed by flow cytom-
etry (LongCyte, Challenbio).

MTT assay

To evaluate the impact of NPs on cell viability, HepG2 cells were
seeded into 96-well plates at a density of 10 � 103, and the following
day treated with increasing concentrations of NPs. Four replicate
wells were used for each condition and control. The treatment was
performed overnight, after which the MTT assay was used to deter-
mine the effect of NPs on cell viability. The tetrazolium salt (MTT)
was dissolved in PBS (5 mg/mL), added to HepG2 cells as described
previously,53,54 and incubated for 3 h at 37�C. Thereafter, 1 N
hydrogen chloride–isopropanol (1:24, v/v) was added and mixed to
dissolve formed formazan crystals. Fluorimetric analysis was per-
formed at 570 nm in a SuPerMax3100 microplate reader (Shanghai
ShineGene, China).

Enzymatic kinetic study of cathepsin inhibition

Assessment of cathepsin inhibition by E64 and PLVE-FMK
was performed as described earlier.55 In brief, Ac-QLLR-AMC
(MedChemExpress, USA), a substrate for lysosomal cathepsins, was
added to HepG2 cells. Fluorescence resulting from cathepsin degra-
dation of the substrate was analyzed dynamically using a
SuPerMax3100 microplate reader (Shanghai ShineGene, China).
20 mM PLVE-FMK and 50 mM E64 were added to HepG2 cells for
cathepsin inhibition, with PBS used as vehicle.

Electroporation-assisted loading of FAM-RNA into EMNVs

HEK-293T cells (2 � 107 cells per fabrication) were resuspended in
PBS and extruded using a mini-extruder (Avanti Polar Lipids,
USA) at 37�C, employing a set of hydrophilic polycarbonate track
membranes (GVS, Italy) soaked in PBS-HAT solution.51 The mem-
branes had the following diameters: 10 mm (7 extrusions), 5 mm (7 ex-
trusions), and 1 mm (7 extrusions). The resulting suspension was
centrifuged at 4�C and 2,000� g for 5 min to remove cell debris. Sub-
sequently, 30 mg of FAM-RNA was added to the supernatant of the
engineered microvesicles (EMNVs) and gently mixed. The mixture
was transferred into an electroporator cuvette and pulsed using a
Bio-Rad MicroPulser electroporator with a program specifically de-
signed for HEK293T cells. The solution was incubated at 37�C for
10 min and extruded 11 times through a polycarbonate membrane
with a pore diameter of 0.1 mm at 37�C. FAM-loaded EMNVs were
purified using size-exclusion chromatography on a 1.6 � 10-cm col-
umn containing Sepharose CL-4B crosslinked agarose (Cytiva), with
PBS serving as the mobile phase. Isolates of FAM-labeled biological
NPs were subsequently mixed with a 10� storage PBS-HAT buffer
to achieve a 1� concentration.

Analysis of intracellular stability of NPs

Two doses of DiR-labeled and FAM-RNA-loaded EMNVs or Hybs
(for 1� and for 2�, respectively) were added to HepG2 cells. After
4 h, conditioned medium was discarded, and cells were washed twice
in PBS and supplemented with complete medium. DiR and FAM-
RNA fluorescent imaging was then performed using an LCI Ex-
Fluorer microscope (LCI, South Korea).

Isolation of nucleic acids from nanoparticles

RNA from hybrid NPs was isolated using a total ExtractRNA kit
(Evrogen) and reverse transcribed using AmpliSens Reverta-FL
(AmpliSens Biotechnologies, Russia) according to the manufacturer’s
protocol.

Isolation of nucleic acids from cells

Cells washed in PBS were lysed in lysis buffer (AmpliSens Biotechnol-
ogies), and nucleic acids were isolated using an AmpliSens Riboprep
kit according to the manufacturer’s protocol. For removing
DNA, samples were treated with DNase I (NEB), purified by an
AmpliSens Riboprep kit, and reverse transcribed by AmpliSens Re-
verta-FL. HBV cccDNA isolated via Hirt procedure was treated
with T5 exonuclease (NEB) at 37�C for 60 min followed by inactiva-
tion at 70�C for 20 min.

PCR analysis

Real-time PCR was performed using DTprime 5N6 PCR amplifiers
(DNA-Technologies, Russia) with SybrGreen dye (for HBx-mRNA)
or TaqMan probes (for GAPDH mRNA, pgRNA, b-globin, HBV
DNA, and cccDNA) with sets of primers described previously.56,57

Artificial RNA (aRNA) was detected using a set of the following
primers and probes: aRNA_f AGA AAG GCC TTG TAA GTT GG;
aRNA_r GCC ATA AAA TGA CAG GGT G; aRNA_probe ACA
AAG ATA AGG CTT CAT GC. PCR results were analyzed using
the DDCt method.

In vivo experiments

Female BALB/C mice, 5–7 weeks old, were obtained from the animal
breeding facility of the N.N. Blokhin Russian Cancer Research Center.
All animal experiments were performed in accordance with Russian
law and were approved by the Ethics Committee of the Blokhin Can-
cer Research Center. Mice were injected into the tail vein with NPs in
PBS-HAT at a final volume of 100 mL (three mice per group). The
control group received 100 mL of non-functionalized NPs. Bio-
distribution was analyzed using IVIS Spectrum CT (PerkinElmer)
on 745-nm and 800-nm excitation/emission wavelengths 10 min,
Molecular Therapy Vol. 33 No 1 January 2025 13

http://www.moleculartherapy.org


Molecular Therapy

Please cite this article in press as: Kostyusheva et al., Biologics-based technologies for highly efficient and targeted RNA delivery, Molecular Therapy (2024),
https://doi.org/10.1016/j.ymthe.2024.11.004
30 min, and 1 h post injection. Mice received inhaled isoflurane anes-
thesia during biodistribution analysis. At 1 h post injection, mice were
anesthetized by inhaled isoflurane followed by cervical dislocation.
Organs were explanted from sedated mice euthanized by cervical
dislocation. Data are presented as the percentage of organ fluores-
cence from the total fluorescence of all organs as show in Wiklander
et al.58

In vivo HBV experiments

Female BALB/C mice, 5–7 weeks old, were obtained from the animal
breeding facility of the N.N. Blokhin Russian Cancer Research Center
and transferred to Chumakov Federal Scientific Center for Research
and Development of Immunobiological Products, Russian Academy
of Sciences (Polio Institute) for HBV experiments in 2–3 BLS-licensed
facilities. Animal experiments were performed in accordance with
Russian law and were approved by the Ethics Committee of the Polio
Institute. At day 1 of the experiment, mice received 380 ng of HBV
rcccDNA (genotype D) per mice in 2 mL of PBS by hydrodynamic
injection as described previously.59 After injection, mice were placed
on a heating pad and monitored for the next 1 h. At 3 days post in-
jection, mice started receiving daily doses of 200 mL of NPs in PBS
(four mice per group). At day 7, mice were sacrificed by cervical dislo-
cation, and blood was collected using cardiac puncture into EDTA-
containing tubes. Serum was isolated by centrifugation for 10 min
at 2,000� g and 4�C. Liver was explanted and fixed in 4% paraformal-
dehyde. 6-mm-thick sections were used for immunohistochemistry
(IHC) analysis.

Immunohistochemistry

IHC was performed according to the protocol described in Kos-
tyusheva et al.57 Cryosections were obtained from optimal-cut-
ting-temperature blocks of mouse liver fixed in 4% paraformalde-
hyde solution for 10 min, washed three times for 10 min in
50 mM Tris-HCl (pH 8.0), incubated in blocking buffer (0.02%
Triton X-100, 10% horse serum, 150 mM NaCl in 50 mM Tris-
HCl [pH 8.0]) for 30 min, and incubated with primary rabbit poly-
clonal anti-HBxAg antibodies (ab39716; Abcam, UK) for 1 h at
room temperature. After washing 3 � 10 min with washing buffer
(0.02% Triton X-100, 200 mM NaCl in 50 mM Tris-HCl [pH 8.0]),
sections were incubated with secondary goat anti-rabbit antibodies
Alexa Fluor 488 (ab15077, Abcam) and Hoechst33324 reagent (Ab-
cam, ab228351) for 1 h at room temperature. The sections were
then washed 3 � 10 min in washing buffer and fixed with a Fluo-
roshield reagent (ab104135, Abcam). Fluorescent images were taken
using an LCI ExFluorer microscope (LCI, South Korea). The anal-
ysis of DiR-labeled NP biodistribution in cryosectioned liver was
conducted without any treatments, as the DiR signal tends to fade
upon fixation.

HBsAg analysis

Conditioned medium or mouse serum was used for quantifying
HBsAg using a colorimetric ELISA-based test system, DS-IFA-
HBsAg-0.01 (Diagnostic Systems), according to the manufacturer’s
instructions.
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Nanoparticle-tracking analysis

Preparations of NPs were analyzed and quantified using an LM10 HS
unit (NanoSight, Amesbury, UK) equipped with a 405-nm laser.
Videos of NP tracking were recorded with passive temperature
readout and the following parameters: camera shutter 1,500, camera
gain 500, lower threshold 195, and higher threshold 1,885. Videos
were analyzed using analytical software version 2.3 (NanoSight,
Amesbury, UK) with a detection threshold of 8 multi.

z-Potential measurements

z-Potential of NPs was analyzed at least five times using a Zetasizer
NanoZS instrument (Malvern, Worcestershire, UK) in U-type cu-
vettes (DTS1070; Malvern) with gold electrodes at 25�C. NP prepara-
tions were first diluted in PBS 1:1,000. The background signal was
measured in filtered PBS.

Dynamic light scattering analysis

A Zetasizer NanoZS instrument (Malvern) was used for the dynamic
light scattering analysis of all biological and hybrid biological NPs.
Each NP preparation was diluted 1:1,000 in PBS with a corresponding
pH and analyzed five times; 1.5mL of diluted preparations were loaded
into polystyrene cuvettes (DTS0012; Malvern). Analyses were per-
formed at 25�C (100 measurements) using a 20-mW helium/neon
laser (633 nm). Data were analyzed in Zetasizer software 8.01.4906
(Malvern). The background signal was measured in filtered PBS.

Native PAGE

20 mL of hybrid EMNVs loaded with FAM-RNA were mixed with
1.62 mL of 2 M NaOAc (pH 4.6) or with PBS (pH 7.4) and incubated
for 15 min or 60 min at room temperature. Next, the samples were
mixed with 4� sample loading buffer (125 mM Tris-HCl [pH 6.8],
20% glycerol [v/v], 0.004% bromophenol blue [w/v]). The samples
were separated on a 14% native PAGE and analyzed using the Bio-
Rad ChemiDoc MP Imaging system equipped with an Alexa 488 fil-
ter. The intensity of the FAM-RNA bands was determined using
GelAnalyzer 19.1 software.

Cryo-TEM

NPs were pipetted onto a lacy carbon-supported copper grid (200
mesh) treated with air plasma. The excess of the sample was removed
by blotting the grid for 1 s. The grid was plunged into liquid ethane
(automated plunging system, Vitrobot FEI, USA). The grid was
then transferred in liquid nitrogen to the transmission electron mi-
croscope (Tecnai G212 SPIRIT; FEI, USA).

Statistical analysis

Values were expressed as mean ± SD. Student’s t test or one-way
ANOVA with Tukey’s HSD post hoc test were used to compare vari-
ables and calculate p values to identify statistically significant differ-
ences in means. Time-lapse imaging experiments were calculated us-
ing ordinary two-way ANOVA.

DATA AND CODE AVAILABILITY
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