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Hijacking exosome biogenesis: viral glycoproteins
as modular scaffolds for engineering
functionalized extracellular vesicles
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Small extracellular vesicles (sEVs) are emerging as versatile, biologically derived nanocarriers for precision
drug delivery, yet strategies to enhance their targeting efficiency remain limited. Inspired by viral tropism,
this study investigates whether viral envelope glycoproteins (GPs) can co-opt native biogenesis pathways to
functionalize sEV membranes. Diverse viral GPs from both DNA and RNA viruses—including VSVG, HSV-gpB,
SARS-CoV-1 spike, and RD114A—are shown to efficiently incorporate into SEV membranes in human cells,
independent of viral assembly. Live-cell confocal imaging and co-localization with canonical SEV markers
(CD63, XPACK) reveals that these GPs hijacked endosomal trafficking routes to access the sEV biogenesis
machinery. Strikingly, truncation of the ectodomain does not impede sEV sorting, indicating the transmem-
brane and cytoplasmic domains as primary determinants of incorporation. Functionally, sEV bearing VSVG
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exhibit over a 2-fold increase in uptake by recipient cells compared to unmodified sEVs. These findings
uncover a conserved mechanism by which viral GPs exploit host SEV pathways and establish a modular strat-
egy for sEV surface engineering. This work paves the way for the rational design of targeted, virus-inspired sEV
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Introduction

Extracellular vesicles (EVs) are a diverse group of membrane-
enclosed nanoparticles involved in numerous physiological
and pathological processes, including immune regulation,'?
inflammation,’ infection,” cancer progression,”” and tissue
regeneration.®* '° In humans, nearly all cell types secrete EVs,
which are generally categorized into two major subtypes based
on their biogenesis: exosomes and microvesicles. Exosomes
are small vesicles, typically 30-100 nm in diameter, formed
within the endosomal system.''> They originate from the
inward budding of the limiting membrane of late endosomes,
resulting in the formation of intraluminal vesicles (ILVs)
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therapeutics for cancer, neurological disease, and gene delivery applications.

within multivesicular bodies (MVBs). Upon fusion of the MVB
with the plasma membrane, ILVs are released into the extra-
cellular space as exosomes.'>'* Given their heterogeneous
composition and physical properties, exosomes are commonly
referred to as small EVs (SEV) in accordance with the
MISEV2023 guidelines. In contrast, microvesicles—ranging
from 100-1000 nm—are generated by the outward budding
and shedding of the plasma membrane."”"® Due to their
nanoscale size, intrinsic stability, low immunogenicity, and
ability to cross biological barriers, EVs—especially sEVs—have
emerged as promising platforms for targeted drug delivery and
precision therapeutics."””>" Nevertheless, strategies to improve
their targeting specificity and cellular uptake remain a signifi-
cant challenge in the field.

Viral envelope glycoproteins (GPs), evolved to mediate
virus-host cell interactions, offer a compelling solution.*>>*
These transmembrane proteins determine viral tropism by
engaging specific host receptors. Emerging evidence suggests
they can also integrate into sEV membranes.*® For example,
spike (S) proteins from SARS-CoV-1 and SARS-CoV-2 have been
detected on sEVs, enabling ACE2-dependent targeting and
immune activation.”””*' Other GPs, including HIV-1 Env and
Epstein-Barr virus gp350, similarly modulate sEV biodistribu-
tion and cellular responses, highlighting their potential for
SEV surface engineering.’>?* Viral GPs offer unique advan-
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tages for EV engineering as they have naturally evolved to
mediate efficient membrane anchoring, vesicle trafficking, and
highly specific interactions with target cell receptors.
Compared to current methods such as synthetic modifications
or peptide tags, GPs have the potential to enhance EV stability,
tropism, and fusion capabilities.

Among viral GPs, vesicular stomatitis virus glycoprotein
(VSVG) has been widely used to pseudotype viral vectors, and
more recently sEVs to improve delivery of therapeutic enzymes
and gene editing tools.>*” Yet despite growing interest, the
molecular mechanisms governing GP incorporation into sEVs
—particularly in the absence of viral replication—remain
poorly understood.*®*' Whether this process is conserved
across viral families, and which domains are required for sEV
targeting, are fundamental questions that have not been
resolved. This gap in knowledge serves as one of several
obstacles in their translation to therapeutic applications via
off-target interactions and variability in incorporation
efficiency across different EV types. To highlight these con-
siderations, we provide a concise comparison of representative
GPs that offer unique advantages and limitations to demon-
strate the feasibility of GP integration into SEV membranes.

In this study, we systematically investigated the integration
of several viral GPs into SEV membranes by expressing fluores-
cently tagged GPs from both RNA and DNA viruses—including
VSVG, HSV-gpB, SARS-CoV-1 spike, and RD114A—in human
cells.”** For example, VSVG enhances broad uptake but may
carry immunogenic concerns. Alternatively, SARS-CoV-1 spike
enables receptor-specific targeting but can be restricted by
expression. Using live-cell confocal microscopy, co-localization
with exosome and sEV markers, and functional uptake assays,
we demonstrate that these GPs hijack endogenous exosome
biogenesis pathways for membrane incorporation. Notably, we
show that truncation of the ectodomain does not impair sEV
sorting, implicating the transmembrane and cytoplasmic
regions as key determinants. Moreover, sEVs bearing VSVG
exhibited dramatically enhanced uptake in recipient cells,
underscoring their potential for functionalization.

Materials and methods
Materials

Human 293T cells were obtained from Alstem Inc. (Richmond,
CA). High-glucose DMEM, GlutaMax, penicillin-streptomycin,
and puromycin were obtained from Gibco (Billings, MT).
UltraCulture serum-free media was obtained from Lonza
(Hayward, CA), while fetal bovine serum (FBS) was from
HyClone Laboratories (Logan, UT). Transfection reagents—
Lipofectamine 2000, FuGene6, and polyethyleneimine (PEI)—
were obtained from ThermoFisher Scientific (Fremont, CA),
Promega (Madison, WI), and Sigma-Aldrich (St Louis, MO),
respectively. The exosome isolation reagent ExoQuick TC,
ExoGlow-RNA exosome labeling kit, and exosome mark con-
structs (CD63 and XPACK) were obtained from System
Biosciences (Palo Alto, CA). Hoechst 33342 dye was obtained
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from ThermoFisher Scientific. SARS-CoV-1/-2 spike-GFP fusion
constructs in pcDNA3.1 vector (SARS-Linker pcDNA3.1(+)-C-
eGFP and 2019-nCov-Linker_pcDNA3.1(+)-C-eGFP)
obtained from Genscript (Piscataway, NJ).

were

Plasmid construction

VSVG-GFP and VSVG-RFP were constructed as described pre-
viously and modified to include a puromycin resistance
gene.”> RD114A glycoprotein coding sequences (pLREES114A,
plasmid #17576) were obtain from Addgene (Watertown, MA),
the RD114A fusion with reporter genes, such as Gaussian luci-
ferase (gLuc), GFP, and/or RFP were created using seamless
fusion techniques.*®*” The HSV-gpB-GFP fusion gene and bio-
cistronic VSVG-RFP and CD63-GFP constructs with P2A linkers
were synthesized and cloned into pcDNA3 vector via a serve by
Genscript All constructs were sequence-verified and are
detailed in SI1.

Cell culture, transient transfection, and stable cell line
generation

Human 293T cells were cultured in high-glucose DMEM sup-
plemented with 10% fetal bovine serum (FBS), 2 mM
GlutaMax, and 100 U mL™" penicillin-streptomycin, and main-
tained at 37 °C in a humidified atmosphere containing 5%
CO,. For transient transfection, cells were seeded in 6-well
plates and transfected with 1-2 pg of plasmid DNA per well
using transfection reagents such as Lipofectamine 2000,
FuGene6, or polyethyleneimine (PEI), as previously
described.”®*® Protein expression was monitored up to
72 hours post-transfection. For stable cell line generation,
transfected cells were switched to a selection medium contain-
ing 3-5 ug mL™' puromycin 48 hours after transfection. Cells
that exhibited puromycin resistance over 20 passages were
deemed to be stably transformed.

Nuclei staining, confocal imaging, and co-localization analysis

Nuclei were stained with Hoechst 33342 (1:1000 dilution) for
10 minutes at 37 °C. Confocal imaging was performed using
either Olympus or Leica TCS SP8 microscopes, with Hoechst
fluorescence detected using DAPI excitation at 461 nm. For co-
localization studies, cells were co-transfected with glycoprotein
(GP) constructs and exosomal markers (e.g., CD63 or XPACK).
Fluorescent signals from GFP and RFP channels were acquired
under identical imaging settings. Image] software was used to
quantify co-localization by calculating Pearson’s correlation
coefficient across three independent image sets. Image bright-
ness and contrast were uniformly adjusted across each full
frame to ensure consistency. Data are presented as mean *
standard deviation (SD) of the Pearson’s coefficients.

Small extracellular vesicle isolation

sEVs were isolated from the conditioned medium of trans-
fected 293T cells, following a previously established protocol.>
Briefly, 293T cells were transfected with GP-expression plasmid
DNAs. After 24 hours, the transfected cells were switched to
serum-free UltraCulture medium to promote the secretion of
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GP-modified sEVs into fresh medium. The conditioned
medium was collected after an additional 48-hour incubation.
The collected medium was first centrifuged at 1500g for
10 minutes to remove cellular debris and then filtered through
a 0.22 um membrane to eliminate larger particles. The filtered
medium was combined with ExoQuick-TC solution at a 4:1
ratio (medium:ExoQuick-TC) and incubated overnight at 4 °C
to precipitate sEVs. The sEV-enriched fraction was pelleted by
centrifugation at 3000g for 90 minutes, resuspended in phos-
phate-buffered saline (PBS), and stored at —80 °C for sub-
sequent analysis. Protein concentrations of sEVs were deter-
mined by BCA assay as described previously.>

Nanoparticle tracking analysis (NTA)

SsEV size and concentration were determined using NTA as
described in prior studies.”>" Briefly, 1 mL of diluted sEV
samples was analyzed with a NanoSight LM10 instrument
equipped with a 405 nm violet laser. The samples were diluted
to an appropriate concentration to ensure optimal particle visi-
bility and minimize overlapping trajectories. For each sample,
three 60-second videos were recorded under consistent flow
conditions to capture particle movement. The data were ana-
lyzed using NanoSight NTA software (version 3.30; Malvern P
Analytical, Malvern, UK), which tracks Brownian motion of the
particles to determine size distribution and concentration.

Dot-blot detection of SEV markers

To detect SEV markers, ~100 ug of extracellular vesicle (EV) iso-
lates was applied to pre-printed dot-blot membranes
embedded with antibodies specific to established SsEV
markers. These included CD63, CD81, ALIX, FLOT1, ICAM1,
EpCAM, ANXA5, and TSG101. The immune binding and signal
detection steps were carried out according to the protocol pro-
vided by the membrane manufacturer.®® This ensured speci-
ficity and reliability in identifying the targeted sEV markers.

SEV uptake assays

Recipient 293T cells were cultured in serum-free UltraCulture
medium and incubated with sEVs for up to 72 hours. For con-
focal imaging, ells were treated with GFP-tagged sEVs, and
internalization was monitored at designated time points using
confocal microscopy. For flow cytometry analysis, sEVs from
both unmodified controls and GP-GFP-modified samples were
fluorescently labeled using the ExoGlow-RNA exosome labeling
kit (System Biosciences, SBI) following the manufacturer’s pro-
tocol. Labeled sEVs were added to recipient cells at a final con-
centration of 30 pg mL™" and incubated for 0, 5, 24, 48, or
72 hours. After incubation, cells were washed with PBS, trypsi-
nized, and resuspended in PBS buffer. Cellular uptake of sEVs
was quantified using an Accuri C6 Plus flow cytometer (BD
Biosciences).’® Untreated cells were included as negative con-
trols to account for background autofluorescence. Data were
analyzed using CFlow Plus software, and results were reported
as mean *= SD of fluorescence intensity from triplicate
experiments.
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Results
Fusion gene design and molecular trafficking strategy

To investigate whether viral envelope glycoproteins (GPs) can
be used to functionalize sEV membranes, we engineered a
panel of expression constructs encoding full-length GPs fused
to fluorescent or luminescent reporters. We selected four viral
GPs representing diverse tropisms: VSVG (broad tropism),*?
RD114A (hematopoietic targeting),* SARS-CoV-1/-2 spike (epi-
thelial targeting),”® and HSV-gpB (neuronal targeting).>®
Reporter genes including Gaussia luciferase (gLuc), GFP, RFP,
and puromycin resistance were fused to the C-terminus of
each GP (Fig. 1A).

Domain analysis revealed that all GPs shared a conserved
topology, consisting of an N-terminal signal peptide, a large
extracellular ectodomain, a single transmembrane helix
(TMH), and a short cytoplasmic tail (Fig. 1B). This architecture
orients the ectodomain on the sEV surface and positions the
fused reporter internally within the SEV lumen (Fig. 1C). All
constructs were designed to preserve membrane trafficking
signals while enabling real-time visualization of expression,
localization, and incorporation. These fusion designs provide
a modular framework to study GP-mediated trafficking and
facilitate sEV surface engineering with customizable functional
payloads.

Viral GPs are efficiently incorporated into sEVs in transient
transfected cells

To determine whether viral envelope glycoproteins (GPs) can
be incorporated into SEV membranes independently of viral
particle assembly, we transiently transfected 293T cells with
plasmids encoding GP-reporter fusion constructs. These
included VSVG-GFP-Puro, RD114A-Gluc-GFP, SARS-CoV-1
spike-GFP, and HSV-gpB-GFP. Time-course confocal imaging
of cells transfected with VSVG-GFP-Puro or RD114A-Gluc-GFP
revealed that both fusion proteins localized primarily to cyto-
plasmic puncta (arrows), with only weak fluorescence observed
at the plasma membrane (arrowheads), suggesting trafficking
through endosomal and exosomal compartments (Fig. 2A and
B). Based on image quality and localization patterns, the
48 hours timepoint post transfection was selected for sub-
sequent imaging of SARS-CoV-1 spike-GFP and HSV-gpB-GFP.
As shown in Fig. 2C and D, both constructs displayed similar
intracellular vesicular distribution.

To further validate the localization of viral glycoproteins
(GPs) to exosome biogenesis compartments, we co-transfected
293T cells with VSVG-RFP-Puro and either CD63-GFP or
XPACK-GFP, two well-established exosomal markers. Confocal
microscopy revealed strong co-localization of VSVG with both
markers within intracellular vesicular structures (Fig. 2E and
F), as quantified by Pearson’s correlation coefficients ranging
from 0.75 to 0.88 (SI Fig. S1 and S2). In a separate experiment,
VSVG-RFP and CD63-GFP were co-expressed from a bicistronic
cassette to normalize expression levels. Under this condition,
fluorescence signals again exhibited strong co-localization,
with a Pearson’s coefficient of 0.876 (SI Fig. S3). These results
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Fig. 1 Design and structural features of viral envelope glycoprotein (GP) fusion constructs used for sV engineering. (A) Schematic diagrams of
expression plasmids encoding viral GPs fused to reporter proteins (GFP, RFP, or gLuc) and selection markers (Puro or Neo), driven by various promo-
ters (CMV, EFla, or SV40). Constructs include full-length VSVG, RD114A, SARS-CoV-1/-2 spike, and HSV gpB, with corresponding fluorescent or
luminescent reporters. Polyadenylation sequences are indicated. (B) Conserved domain architecture of viral GPs. Each contains a signal peptide (SP),
an extracellular ectodomain, a transmembrane helix (TMH), and a cytoplasmic tail. The cleavage site between SP and ectodomain is indicated. (C)
Schematic representation of GP membrane topology when embedded in the sSEV membrane. The ectodomain is displayed on the outer sEV surface,
while the TMH anchors the protein, and the cytoplasmic domain (fused with GFP) faces the luminal side of the sEV. Abbreviations: gLuc, Gaussion
luciferase; VSV, vesicular stomatitis virus; FRYV, feline retrovirus; SARS-CoV-1/-2, severe acute respiratory syndrome coronavirus-1 or -2; HSV, herpes
simplex virus; Poly (A), polyadenylation signal.

indicate that viral GPs, such as VSVG, can effectively engage dating the use of these engineered cell lines for downstream
host intracellular trafficking machinery and be incorporated sEV-based applications.
into sEV membranes, independent of viral particle assembly.
SEV incorporation is independent of the ectodomain of viral
GPs and enables functional display
Stable expression of viral GPs in 293T cells confirms sEV

N To determine whether the ectodomain is necessary for sEV tar-
localization

geting, we engineered truncated versions of three viral GPs:
To minimize variability from transient transfection, we gener- HSV-gpB, SARS-CoV-1 spike, and VSVG, by deleting their ecto-
ated stable 293T cell lines expressing either VSVG-GFP/RFP or domains while retaining the signal peptide (SP), transmem-
RD114A-Gluc-RFP using puromycin selection (Fig. 3A). Stable brane helix (TMH), and cytoplasmic domains (Fig. 4). Each of
expression was maintained over 20 passages. Confocal these constructs (tHSV-gpB-GFP, tSpike-GFP, and tVSVG-GFP)
imaging of these cell lines confirmed that both VSVG and was transiently transfected into 293T cells. Confocal
RD114A predominantly localized to punctate intracellular vesi- microscopy revealed that all three truncated GPs exhibited
cles with minimal surface expression (Fig. 3B and C), consist- punctate vesicular localization (arrows), with limited plasma

ent with their sorting into endosomal compartments. membrane signal (Fig. 4A-C, arrowheads), similar to their full-
To further validate SEV targeting, RD114A-Gluc-RFP cells length counterparts.
were transiently co-transfected with CD63-GFP or XPACK-GFP. Similarly, co-transfection of these truncated GPs with

Co-localization analyses revealed overlapping signals within CD63-RFP or XPACK-RFP confirmed their localization within
vesicular structures (Fig. 3D and E), confirming that stably exosome-associated compartments (Fig. 4D and E).
expressed GPs are directed to exosome-producing compart- Furthermore, a modified construct in which the VSVG ectodo-
ments. These results indicate that the stably expressed viral main was replaced by a gLuc-Hinge fusion (gLuc-tVSVG-GFP)
GPs are selectively sorted into exosomal compartments, vali- retained similar subcellular distribution and high colocaliza-

This journal is © The Royal Society of Chemistry 2026 Nanoscale, 2026, 18, 2252-2263 | 2255


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr03704b

Open Access Article. Published on 02 January 2026. Downloaded on 4/8/2026 11:59:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

A Subcellular location of VSVG-GFP-Puro

» Time

VSVG-
GFP-
Puro

Overlay

o

48 hours

24 hours 72 hours

C Subcellular location of SARS-CoV-1 spike-GFP D  Subcellular location of HSV-gpB-G

Spike-GFP TLI bverlay

E colocalization of VSVG with CD63

CD63-GFP

VSVG-RFP-Puro Overlay

View Article Online

Nanoscale
B Subcellular location of RD114A-gluc-GFP
» Time
RD114-
gluc-
GFP
Overlay

48 hours 72 hours

FP

24 hours

HSV-gpB-GFP

F colocalization of VSVG with XPACK

XPACK-GFP

Overlay

VSVG-RFP-Puro

Fig. 2 Subcellular localization and exosomal co-localization of transiently expressed viral GPs in 293T cells. (A and B) Time-lapse confocal imaging
of 293T cells transiently transfected with VSVG-GFP-Puro (A) or RD114A-Gluc-GFP (B) for 24, 48, and 72 hours. Both GPs showed predominant
localization to cytoplasmic puncta (arrows), with limited fluorescence observed at the plasma membrane (arrowheads), from 24 to 72 hours post-
transfection. (C and D) Representative images showing subcellular localization of SARS-CoV-1 spike-GFP (C) and HSV-gpB-GFP (D) at 48 hours
post-transfection. Similar to VSVG and RD114A, both constructs localized primarily to intracellular vesicles with a few membrane-associated signals.
(E and F) Co-localization of VSVG-RFP-Puro with exosomal markers CD63-GFP (E) or XPACK-GFP (F). Merged images show extensive overlap
(yellow) of red and green fluorescence in vesicular compartments (arrows), indicating trafficking of VSVG to exosome biogenesis compartments.
Nuclei were counterstained with Hoechst (blue). Dashed lines mark the nuclear (Nu) membrane. Scale bars: 10 pm.

tion with CD63-RFP and XPACK-RFP (Pearson’s r = 0.911 and
0.722, respectively; Fig. S4C). These findings demonstrate that
the transmembrane and cytoplasmic regions are sufficient for
SEV targeting and support the use of truncated GPs as
modular scaffolds for functional surface display. These results
suggest that ectodomain-deleted viral GPs can function as
modular scaffolds to display non-native functional proteins
(e.g., reporters, ligands) on sEV membranes, expanding their
utility for engineering sEV-based delivery systems.

Viral GP-modified sEVs are released and maintain molecular
and structural integrity

To evaluate the release and integrity of sEVs containing viral
GPs, we isolated EVs from the conditioned media of 293T cells
transiently expressing GP-GFP or GP-RFP constructs. Using
serum-free, chemically defined medium for sEV production
and a combination of centrifugation and ExoQuick precipi-
tation for isolation, we minimized potential contamination by
protein aggregates and lipoproteins from serum.***> Confocal
imaging of the sEV preparations revealed strong fluorescence
signals from RD114A-gluc-GFP/RFP, VSVG-GFP, SARS-CoV-1

2256 | Nanoscale, 2026, 18, 2252-2263

spike-GFP and HSV-gpB-GFP, confirming the incorporation of
viral GPs into sEV membranes (Fig. 5A). Next, dot blot analyses
were performed using either VSVG-RFP-Puro- or RD114A-gLuc-
RFP-moidifed sEVs. The results demonstrated the presence of
established sEV markers, including CD63, CD81, ALIX, ICAM1,
EpCAM, Flotillin-1, Anx5, and TSG101, and the absence of
Golgi marker GM130, supporting SEV identity (Fig. 5B).
Cryogenic electron microscopy (cryo-EM) of isolated sEVs
showed morphological features consistent with EVs, including
an intact lipid bilayer membrane and circular 2-dimensional
structure (Fig. S5A). Presence of a lipid bilayer membrane was
also visualized by super-resolution microscopy using a lipophi-
lic membrane dye MemGlow700. Quantification of these
images revealed that over 70% of control sEVs and viral GP-
modified sEVs were lipid-positive, confirming bona fide lipid
vesicles (Fig. S5B). Canonical marker positivity using dot-blot
analysis is consistent with our previous report by using chip-
based single-vesicle assays and also in line with recent super-
resolution microscopy using detection pan-antibodies against
CD9, CD63, and CD81 tetraspanin proteins. Quantification of
these images revealed over 90% of SEVs to be tetraspanin posi-

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr03704b

Open Access Article. Published on 02 January 2026. Downloaded on 4/8/2026 11:59:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
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Fig. 3 Generation and characterization of stable 293T cell lines expressing viral glycoproteins (GPs) and their localization to exosomal compart-
ments. (A) Workflow for establishing stable 293T cell lines expressing VSVG or RD114A glycoproteins fused with GFP or RFP. Cells were transfected
with plasmid constructs, selected with puromycin (5 pg mL™), and maintained under drug pressure for over 40 days to ensure stable expression. (B
and C) Confocal imaging of stable cell lines expressing VSVG-GFP-Puro or VSVG-RFP-Puro (B), and RD114A-gLuc-GFP or RD114A-gLuc-RFP (C). All
constructs showed punctate intracellular fluorescence (arrows) with minimal signal on the plasma membrane (arrowheads). (D and E) Co-localiz-
ation of RD114A-gluc-RFP with exosomal markers CD63-GFP (D) or XPACK-GFP (E). Dashed lines represent the nuclear membrane (Nu) or plasma
membrane. Nuclei were stained with Hoechst (blue), and transmitted light (TL) and overlay images are shown. Scale bars, 10 um.

tive, indicating bona fide sEVs following isolation (Fig. S5C). To
further verify particle size and distribution, we carried out NTA
as previously describe.”® All sEV samples exhibited a modal
particle diameter in the range of 81-94 nm, consistent with
the expected size distribution of sEVs (Fig. 5C). The sEV
protein concentrations were 204.6 pg ml~' and 516.9 pg ml™
for control and VSVG-modified samples respectively, matching
that of the roughly 3x sEV sample concentration difference
between VSVG-GFP and control samples. This confirmed no
significant changes in sEV protein-to-particle ratios following
glycoprotein incorporation, indicating a maintenance of sEV
purity. Together, these findings demonstrate that viral GP-
modified sEVs are successfully released and retain structural
integrity and molecular identity characteristics of sEVs.

VSVG-modified sEVs exhibit enhanced uptake by recipient
cells

To evaluate whether GP-modified sEVs retain functional
activity, we assessed their uptake and intracellular routing in
recipient cells. Confocal imaging revealed robust cytoplasmic
accumulation of RD114A-Gluc-GFP and RD114A-Gluc-RFP in
293T cells, confirming efficient internalization (Fig. 6A). To

This journal is © The Royal Society of Chemistry 2026

examine intracellular trafficking, recipient cells treated with
VSVG-GFP-modified sEVs were co-stained with EndoTracker-
RFP and LysoTracker-RFP. Strong co-localization indicated that
internalized sEVs entered the endosomal and lysosomal com-
partments, consistent with canonical vesicular processing
(Fig. 6B).

To quantitatively compare uptake efficiency, we performed
flow cytometry on 293T cells incubated with either unmodified
controls or VSV-G-modified sEVs for 0, 5, 24, 48, and 72 hours.
Both groups showed time-dependent increases in fluorescein
intensity, reaching peak levels at 48-72 hours. However, VSVG-
modified sEVs exhibited significantly greater uptake at all time
points, with a 14-fold increase at 5 hours and more than a
40-fold increase by 48-72 hours (Fig. 7A and B). In contrast,
unmodified control sEVs reached a maximum of 18-fold
enhancement (Fig. 7C and D). Comparing across experimental
groups, VSVG-modified sEVs demonstrated a ~2.33-fold
increase in uptake at the 48 hours and 72 hours timepoints
compared to the unmodified sEV control group. The increased
cellular uptake of VSVG-modified sEVs is likely mediated by
the VSVG ectodomain, as its deletion significantly reduces
vesicle internalization.”” These results confirm that VSVG

Nanoscale, 2026, 18, 2252-2263 | 2257


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr03704b

Open Access Article. Published on 02 January 2026. Downloaded on 4/8/2026 11:59:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

deletion tVSVG-GFP

A X
ol
N

X
i
=

M

X
IEEE tspike-GFP

™

deletion

Nu

Nu

C X X
= | deletion I.ﬂlail— tHSV-gpB-GFP

™

View Article Online

Nanoscale

D colocalization of tHSV-gpB with CD63/XPACK

tHSV-gpB
+

N D63

& tHSV-gpB
+
XPACK

tSpike

Nu / +
CD63

“Nu. tSpike
+
XPACK
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incorporation not only promotes cellular uptake but also facili-
tates efficient trafficking through endolysosomal pathways,
highlighting its potential to enhance functional delivery in
sEV-based applications.

Discussion

Our study reveals key molecular principles governing the inte-
gration of viral envelope glycoproteins (GPs) into SEV mem-
branes and highlights their utility in engineering functiona-
lized sEVs for targeted delivery. We demonstrate that envelope
GPs from diverse DNA and RNA viruses—including HSV, VSV,
FeLV, and SARS-CoV-1/-2—are efficiently incorporated into sEV
membranes. This finding supports a shared exploitation of
endogenous exosome biogenesis pathways by these viral pro-
teins, particularly through trafficking via endosomal compart-
ments and co-localization with exosomal markers such as
CD63 and XPACK. These insights shed light on the mechanis-
tic convergence between viral particle assembly and sEV
formation.

Functionally, GP-modified sEVs exhibited enhanced cellular
uptake, as shown by increased internalization of VSV-G-
bearing sEVs in recipient cells. Notably, deletion of the ectodo-

2258 | Nanoscale, 2026, 18, 2252-2263

main did not disrupt sEV localization, implicating the trans-
membrane and cytoplasmic domains as key determinants for
membrane incorporation. These findings align with our obser-
vation that the truncated VSV-G variant retained high colocali-
zation with exosomal markers (CD63/XPACK) and enabled the
surface display of imaging moieties such as gLuc. This
suggests that viral GPs, even when stripped of their receptor-
binding ectodomains, serve as effective scaffolds to load func-
tional molecules onto the sEV surface.

Our results also emphasize the translational potential of
viral GP-decorated sEVs. The capacity to selectively incorporate
GPs from distinct viruses enables tailored cellular tropism,
leveraging native viral targeting strategies—such as ACE2 reco-
gnition by SARS-CoV spike proteins or CD34+ targeting by
RD114—to direct sEV delivery.’”*® This specificity is critical
for applications requiring tissue-selective delivery, including
cancer therapeutics, gene therapy, and treatments for neuro-
logical disorders.”*®*

Moreover, the use of ectodomain-deleted GPs for SEV
surface engineering enables modular design strategies, facili-
tating the attachment of customized functional moieties while
minimizing off-target interactions. This approach broadens
the therapeutic potential of sEVs not only as delivery vehicles
but also as platforms for non-invasive imaging, immune

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 VSVG-modified sEVs exhibit enhanced and sustained cellular uptake. (A and B) Flow cytometry analysis of 293T cells incubated with VSVG-
modified, fluorescein-labeled sEVs over a 72-hour time course. Representative histograms show a time-dependent increase in FITC fluorescence
intensity beginning at 5 hours and plateauing at 48—72 hours (A). Quantification of mean fluorescence intensity (MFI) reveals a 14-fold increase at
5 hours and >42-fold increase at 48 and 72 hours, relative to baseline (0 h) (B). (C and D) Flow cytometry of 293T cells treated with unmodified fluor-
escein-labeled control sEVs. Histograms indicate modest fluorescence increases over time (C). MFI analysis shows uptake peaks at 18-fold by
48-72 hours (D). Data (mean + SD, n = 3) were analyzed using CFlow Plus software.

modulation, and diagnostic applications.®*®® Our findings
further contribute to the growing understanding of sEV-virus
interplay. The efficient trafficking of viral GPs through exoso-
mal biogenesis pathways offers a framework to study viral
mimicry and may inform future antiviral strategies that selec-
tively target this shared pathway. Engineered sEVs could also
serve as tractable tools to model viral pathogenesis or to
deliver therapeutic agents that interfere with viral entry
mechanisms.®”®® Future studies will extend evaluation of GP-
modified sEVs to primary cells and in vivo models to further
assess tissue-targeting and therapeutic potential.

In conclusion, this study establishes a robust platform for
sEV engineering using viral envelope glycoproteins as versatile
membrane anchors. By exploiting viral tropism and the
modular nature of GP domains, we provide a scalable strategy
for functionalizing sEVs for diverse biomedical applications.
These findings bridge virology and nanomedicine and lay the
groundwork for the development of next-generation sEV-based
therapeutics. Future efforts should prioritize the evaluation of
targeting efficiency, immunogenicity, and safety of GP-functio-
nalized sEVs in vivo to facilitate their clinical translation.
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