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A B S T R A C T

Outer membrane vesicles (OMVs), non-replicating spherical liposomes derived from Gram-negative bacteria, are 
a promising vaccine platform and multifunctional delivery systems. Their ability to be modified via genetic 
engineering for the incorporation and display of heterologous proteins enhances their functionality. In this study, 
we demonstrated a bio-ligation approach to display single-chain variable fragments (scFv) on the OMV surface 
using the SpyTag/SpyCatcher system. SpyTag-fused scFv, expressed by mammalian cells, bound to OMVs with 
SpyCatcher-fused Lpp’OmpA after a simple incubation. Biophysical analysis indicated that the conjugated OMVs 
maintained their physicochemical properties. We used an scFv targeting mucin 1 protein (MUC1) for specific cell 
targeting. Confocal microscopy revealed that conjugated OMVs specifically bound to and were internalized by 
MUC1-presenting cells, but not by MUC1-deficient cells. In conclusion, this rapid and efficient bio-ligation 
system facilitates the display of functional scFv on OMV surfaces, offering a promising approach for targeted 
delivery to MUC1-expressing cancer cells.

1. Introduction

Outer membrane vesicles (OMVs) are spherical vesicles with a 
bilayer membrane structure that are naturally released by Gram- 
negative bacteria. OMVs play significant roles in diverse biological 
processes such as stress responses, communication, host interaction, 
delivery of toxins, and horizontal gene transfer [1,2]. They have a 
typical diameter in the range of 20 – 200 nm and are mainly composed of 
outer membrane proteins (OMPs), lipopolysaccharides (LPS), periplas
mic proteins, lipids, nucleic acids, and virulence factors [3]. Naturally 
derived OMVs from pathogenic bacteria have been used as vaccine 
candidates against the parental strain. OMVs isolated from Neisseria 
meningitidis have been a part of formulations to generate vaccines for 
serogroup B meningococcal disease, so-called ‘4CMenB’ or ‘BEXSERO’ 
vaccines. This vaccine was authorized by the European Medicines 
Agency (EMA) in 2013 and the United States Food and Drug Adminis
tration (U.S. FDA) in 2015 [4]. This highlights the potential use of OMVs 
as a safe and effective human vaccine.

Apart from naturally secreted vesicles, genetically modified OMVs 
produced from non-pathogenic bacteria can be used in various nano
biotechnology applications and can easily be modified to carry desired 

heterologous proteins. Foreign proteins are incorporated into OMVs by 
fusing them with either signal peptides or membrane proteins [5–7]. 
Alternatively, to retain the native structure and function, proteins were 
produced in suitable expression systems and attached to OMVs using 
“Plug-and-display technology”, also known as the “SpyTag/SpyCatcher” 
system. In this system, a protein-protein ligation derived from fibro
nectin binding protein (FbaB) of Streptococcus pyogenes, consists of a 
13-amino acid peptide (SpyTag) and its partner protein (SpyCatcher). 
The ligation of these two parts occurs between an aspartic acid residue 
from SpyTag and a lysine residue from SpyCatcher [8]. These two amino 
acids spontaneously form a specific and irreversible isopeptide bond and 
this system has been widely used in the surface decoration of various 
nanoparticles [9–11].

The plug-and-display technology was utilized to develop a surface 
display system in OMVs by presenting SpyTag or SpyCatcher through 
genetic fusion with well-known OMV-associated proteins such as cyto
lysin A (ClyA) and hemoglobin protease (Hbp) [12–15]. Apart from 
those proteins, Lpp’OmpA can serve as an alternative 
SpyCatcher-anchored protein. It is a bacterial surface display system 
widely used in many studies [16–18]. Previously, it was genetically 
fused to SpyCatcher at the C-terminus, enabling the display of 
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SpyTag-fused proteins of interest on the surface of bacterial cell [19,20]. 
Truncated OmpA fused with SpyCatcher has also been shown to attach 
with Staphylococcus aureus (S. aureus) antigens to OMVs [21]. Therefore, 
Lpp’OmpA can be effectively exploited as an anchor protein for the 
presentation of desired proteins on the OMV surface.

In this study, OMVs were engineered as cancer-targeting vesicles by 
displaying a single-chain variable fragment (scFv) against a tumor an
tigen. The scFv against MUC1 clone SM3 (scFvSM3) was chosen as it is 
found at elevated levels in various cancers, and its presence is associated 
with the advancement of the disease [22]. It has shown promising ac
tivity in targeting cancer-associated MUC1 and has been used in other 
therapeutic applications [23,24]. The SpyTag fusion of scFvSM3 was 
transiently expressed in Chinese hamster ovary (CHO) cells to achieve 
high expression level while preserving its biological activities [25]. The 
SpyTag-fused scFvSM3 was subsequently attached to engineered OMVs 
presenting SpyCatcher produced by E. coli BL21(DE3), resulting in 
scFvSM3-displaying OMVs. The presence of scFvSM3 on the surfaces of the 
conjugated OMVs and their physicochemical properties were then 
studied. The efficacy of the conjugated OMVs was examined, including 
their cytotoxicity, binding, and internalization by MUC1-presenting 
cells and MUC1-lacking cells. This bio-ligation system allows us to 
create novel drug delivery nanocarriers, with the potential to incorpo
rate therapeutic agents, thus advancing the development of bio
engineered OMVs as a targeted delivery system.

2. Material and methods

2.1. Plasmid construction

To construct a plasmid for the expression of Lpp’OmpA-SpyCatcher 
(pLpp’OmpA-SpyCatcher), the genes encoding Lpp’OmpA, GS-linker, 
SpyCatcher [26], and a C-terminal His-tag with 5′-NdeI and 3′-EcoRI 
recognition sites were synthesized by Twist Bioscience (USA). This gene 
fragment was cloned into the pET21a+ vector at those restriction sites. 
To produce recombinant SpyTag-scFvSM3, pSpyTag-scFvSM3 was con
structed by the Gibson assembly technique using NEBuilder® HiFi DNA 
Assembly Master Mix (New England Biolabs, USA). The SpyTag [8], 
GS-linker, and anti-MUC1 scFv namely SM3 genes with a N-terminal 
His-tag [27] were constructed in the 5′ EcoRI and 3′ NheI sites on 
pFUSE-hIgG1-Fc2 vector (Invivogen, USA). Sequences of both recom
binant plasmids were validated by Sanger DNA sequencing (BIONICS, 
Korea).

2.2. Isolation of OMVs

Isolation of OMVs followed a previous study with additional modi
fications [28]. Briefly, E. coli BL21(DE3) harboring pLpp’OmpA-Spy
Catcher was cultured in TB broth supplemented with 100 μg/ml of 
ampicillin. When the optical density (OD) of 600 nm reached 0.6 – 0.8, 
the expression of Lpp’OmpA-SpyCatcher was induced by adding iso
propyl β-d-1-thiogalactopyranoside (IPTG) to a final concentration of 
0.5 mM. The culture was incubated in a shaking incubator for 21 h at 30 
◦C. After incubation, the bacterial cells and cell debris were removed by 
centrifugation at 7000 x g for 30 min at 4 ◦C. The supernatant was then 
filtered through a Steritop 0.22 µm PES filter unit (Merck, USA) and spun 
at 150,000 x g for 3 h at 4 ◦C. The pellet was resuspended in 
phosphate-buffered saline (PBS) and centrifuged at 15,000 x g at 4 ◦C for 
10 min. After that, OMV-containing supernatant was sterilized by 
passing through a 0.2 μm Supor® membrane syringe filter (Pall, China), 
and stored at -20 ◦C until use.

2.3. Purification of SpyTag-scFvSM3

SpyTag-scFvSM3 was transiently expressed in ExpiCHO-S™ cells 
(Gibco™, USA) using a PEI-mediated transfection method. ExpiCHO-S™ 
cells were maintained in HyClone HyCell TransFx-C transfection media 

(Cytiva, USA) on a shaking incubator at 125 rpm under a humidified 
atmosphere at 37 ◦C and 8 % CO2. The day before transfection, Expi
CHO-S™ cells were seeded at a density of 0.5 × 106 cells/ml in 30 ml of 
media and cultured for 24 h. After that, 30 µg of pSpyTag-scFvSM3, 
prepared using plasmid maxi kits (QIAGEN, Germany), and 90 µg of 40 
kDa PEI MAX (Polyscience, USA) were mixed in media and incubated at 
room temperature for 10 min. The DNA/PEI complexes were slowly 
added to the culture. After five days, the conditioned medium was spun 
at 5000 x g for 30 min at 4 ◦C, filtered through a 0.2 µm Supor® 
membrane syringe filter (Pall, China) to remove intact cells and cell 
debris. Recombinant SpyTag-scFvSM3 was purified from the resulting 
supernatant by using a Histrap™ FF 1 ml column (Cytiva, USA) equip
ped in ÄKTA start (Cytiva, USA). The column was previously equili
brated with binding buffer (50 mM sodium phosphate buffer, 300 mM 
NaCl, 20 mM imidazole, pH 8.0) and loaded with the filtered superna
tant at a flow rate of 0.5 ml/min. The unbound proteins were washed 
with binding buffer and recombinant SpyTag-scFvSM3 was then eluted 
with elution buffer (50 mM sodium phosphate buffer, 300 mM NaCl, 250 
mM imidazole, pH 8.0). The protein-containing fractions were pooled, 
concentrated, and diafiltrated into storage buffer (50 mM sodium 
phosphate buffer, 150 mM NaCl, pH 8.0) using an Amicon® 10 kDa 
MWCO ultra-4 centrifugal filter unit (Merck, USA). The protein sample 
was kept at -20 ◦C until use.

2.4. Ligation of SpyTag:SpyCatcher in OMV samples

Prior to SpyTag:SpyCatcher ligation, the protein concentration of 
OMVs-Lpp’OmpA-SpyCatcher and SpyTag-scFvSM3 was determined by a 
bicinchoninic acid (BCA) assay using a Pierce™ BCA Protein Assay Kit 
(Thermo Fisher Scientific, USA) following the manufacturer’s protocol. 
SpyTag-scFvSM3 was incubated with OMVs-Lpp’OmpA-SpyCatcher at a 
weight ratio of 2:1 at 4 ◦C for 21 h. Aggregates were removed by 
filtration using a 0.2 µm Supor® membrane syringe filter (Pall, China), 
and unreacted SpyTag-scFvSM3 was removed by an Amicon® 100 kDa 
MWCO ultra-4 centrifugal filter unit (Merck, USA). The conjugated OMV 
samples were stored at − 20 ◦C until further experiments.

2.5. SDS-PAGE and Western blot analysis

Samples were mixed with 5X SDS-PAGE protein loading buffer 
(Enzmart, Thailand), boiled at 95 ◦C for 10 min, then resolved on a 10 % 
SDS-polyacrylamide gel. The resulting gels were either stained by Coo
massie blue or subjected to Western blotting. To identify proteins by 
Western blot analysis, proteins in the gel were transferred onto a 
nitrocellulose membrane. The membranes were washed with tris- 
buffered saline with 0.05 % Tween-20 (TBST) and blocked with block
ing buffer (5 % skim milk in TBST) for 2 h at room temperature with 
agitation. Afterwards, His-tagged proteins were probed with 1:10,000 
dilution of 6x-His Tag monoclonal antibody (MA1-21315; Invitrogen, 
USA) in blocking buffer for 1 h at room temperature with gentle rocking. 
The blot was washed with TBST three times for 15 min intervals and 
subsequently incubated with a 1:50,000 dilution of horseradish perox
idase (HRP)-conjugated anti-mouse IgG antibody (BioLegend, USA) for 
30 min at room temperature with agitation. After an extensive washing 
step, horseradish peroxidase reaction was developed using Immobilon 
Forte Western HRP substrate (Merck, USA). Subsequently, the resulting 
membrane was visualized using the ImageQuant™ LAS 4000 (GE 
HealthCare, USA).

2.6. Proteinase K protection assay

About 7 µg of conjugated OMVs were digested by proteinase K (0.1 
mg/ml) for 15 min at 37 ◦C in the presence or absence of 1 % Triton X- 
100. The proteolytic reaction was quenched by adding phenyl
methylsulfonyl fluoride (PMSF) to a final concentration of 10 µM and 
incubating on ice for 15 min. After that, the digested SpyTag:SpyCatcher 
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product was detected by Western blotting.

2.7. Dynamic light scattering (DLS)

OMVs samples (60 µg/ml) were prepared in PBS and analyzed using 
a Zetasizer Nano ZS instrument (Malvern Panalytical, UK). The DLS 
measurement followed this protocol: 173◦ backscatter, temperature =
25 ◦C, run duration = 60 s, number of runs = 5, number of measure
ments = 3. Size measurements and data analysis were performed using 
Zetasizer Software (version 8.01).

2.8. Nanoparticle tracking analysis (NTA)

OMVs samples were diluted in PBS to a final protein concentration of 
2.4 ng/ml and analyzed by NanoSight NS300 (Malvern Panalytical Ltd., 
UK) using an sCMOS camera with a Blue488 laser. Five replicates of 60 s 
video captures were recorded at 25 ◦C using a camera level of 15, a slide 
shutter of 1206, a slider gain of 245, and a detection threshold of 7. Size 
distribution profiles and particle concentration were calculated using 
NTA 3.4 Build 3.4.003.

2.9. Transmission electron microscopy (TEM)

100 µl of OMVs samples (0.1 mg/ml) were dropped onto a copper 
grid for 15 min. The grids were washed with water, stained with 2 % 
uranyl acetate for 30 s, dried in a humidity-controlled incubator and 
then imaged using a Hitachi HT7700 transmission electron microscope 
(Hitachi High-Technologies, USA) at 120 kV. The size of the vesicles 
from one hundred particles of each OMVs sample was measured by 
ImageJ (https://imagej.nih.gov/ij/index.html). In the gold-labeled TEM 
experiment, SpyTag-scFvSM3 was labeled by 10 nm gold nanoparticles 
using a gold conjugation kit (Abcam, UK) according to the manufac
turer’s protocol. Then, 2 µg of OMVs-Lpp’OmpA-SpyCatcher were mixed 
with 200 ng of gold-labeled SpyTag-scFvSM3 at 4 ◦C for 21 h. The labeled 
particles were visualized using protocol as described above.

2.10. Cell culture

MUC1-expressing human breast cancer cells, MCF-7 and MDA-MB- 
231, were maintained in Dulbecco’s Modified Eagle Medium high 
glucose (DMEM; Gibco, USA) supplemented with 10 % of heat- 
inactivated Fetal Bovine Serum (FBS; Gibco, USA) in a humidified at
mosphere of 5 % CO2 and 37 ◦C. MUC1-lacking cell, the human liver 
HepG2 cell was cultured in DMEM plus 10 % of heat-inactivated FBS and 
1 % of MEM Non-Essential Amino Acids (MEM NEAA; Gibco, USA). The 
cells were passaged when confluency reached 70 - 80 % by enzymatic 
dissociation using TrypLE™ Express Enzyme (Thermo Fisher Scientific, 
USA) and cultured at least three times post-thawing before conducting 
experiments.

2.11. Immunofluorescence assay

A total of 25,000 cells were seeded into an 8-well chamber slide (SPL, 
Korea) and grown overnight under standard condition. After that, the 
cells were fixed with 4 % paraformaldehyde in PBS and washed twice 
with ice-cold PBS. Nonspecific binding was blocked by adding 3 % 
bovine serum albumin (BSA) in PBS for 1 h at 25 ◦C. Then, either 5 μg of 
purified SpyTag-scFvSM3 or 10 μg of OMVs samples were added to the 
well and incubated for 2 h at 4 ◦C. Unbound samples were washed with 
ice-cold PBS, and His-tagged proteins were probed with a 1:500 dilution 
of 6x-His Tag monoclonal antibody (MA1-21315; Invitrogen, USA) 
overnight at 4 ◦C. Then, a washing procedure was performed and 1:1000 
of goat anti-Mouse IgG (H + L) cross-adsorbed secondary antibody, 
Alexa Fluor™ 647 (A-21235; Invitrogen, USA) was added to the wells for 
30 mins at 25 ◦C. After washing, nuclei were stained by DAPI (4′,6- 
Diamidino-2-Phenylindole, Dihydrochloride) for 15 min at 25 ◦C. The 

slide was washed and mounted with 10 % glycerol in PBS and observed 
under a Zeiss Microscopy LSM 900 (Carl Zeiss, USA).

2.12. Internalization assay

Internalization of OMVs samples into MUC1 positive and negative 
cells was examined by a confocal microscope. In brief, OMV samples 
were labeled with Vybrant™ DiO cell-labeling solution (Invitrogen, 
USA) by incubating at 37 ◦C for 30 mins. Excess dyes were removed by 
washing with PBS four times using an Amicon® 100 kDa MWCO ultra-4 
centrifugal filter unit (Merck, USA). After that, 25,000 of the cells were 
grown overnight in an 8-well chamber slide (SPL, Korea). 50 μg/ml of 
DiO-labeled OMVs samples were added to the wells and incubated at 37 
◦C for 4 h. After incubation, the cells were washed with ice-cold PBS and 
fixed with 4 % paraformaldehyde in PBS. After washing, the nuclei were 
stained with DAPI for 15 min at 25 ◦C. The slide was washed, covered 
with 10 % glycerol in PBS and images were captured by a Zeiss Micro
scopy LSM 900 (Carl Zeiss, USA).

3. Results

3.1. SpyCatcher incorporated into OMVs via Lpp’OmpA fusion

A simple strategy to decorate the surface of E. coli OMVs with 
scFvSM3, utilizing the SpyTag/SpyCatcher ligation system, is presented. 
The SpyCatcher displayed on OMVs and the SpyTag fused with scFvSM3 
(SpyTag-scFvSM3) were connected via an irreversible isopeptide bond 
resulting in scFvSM3-displaying OMVs (Fig. 1). The SpyCatcher, the first 
component of the ligation system, was designed to be genetically fused 
to Lpp’OmpA. The gene encoding the SpyCatcher sequence was fused at 
the C-terminus of Lpp’OmpA to ensure the surface display of Spy
Catcher. With the first nine residues of Braun’s lipoprotein signal pep
tides (Lpp’) in front of OmpA genes, the expression of the chimeric 
protein consisting of Lpp’OmpA and SpyCatcher was expected to 
translocate to the E. coli outer membrane. This chimeric protein should 
then be incorporated into OMVs secreted by E. coli. The expression and 
incorporation of the chimeric protein were examined by SDS-PAGE and 
Western blot analysis with an anti-His-tag antibody. After induction 
with IPTG, the presence of Lpp’OmpA-SpyCatcher was confirmed as a 
protein band at its theoretical size of 29.9 kDa, as shown in the post- 
induced cell lysate stained with Coomassie blue (Fig. 2A). This was 
also confirmed by immunoblotting technique (Fig. 2B). Furthermore, 
OMV samples isolated by differential centrifugation were examined by 
Western blotting. Lpp’OmpA-SpyCatcher was shown to be localized in 
isolated recombinant OMVs since the band corresponding to Lpp’OmpA- 
SpyCatcher proteins was also detected (Fig. 2B). Consequently, these 
observations prove that Lpp’OmpA-SpyCatcher was successfully 
expressed and transported to the recombinant OMVs.

3.2. scFvSM3 protein attached to OMVs via SpyTag/SpyCatcher

SpyTag-scFvSM3 fusion gene was inserted into pFUSE vector con
taining an IL2 signal sequence. The incorporation of this signal sequence 
facilitated the secretion of recombinant proteins from CHO cells. Spy
Tag-scFvSM3 fusion protein was then purified and identified. Fig. 3A 
shows the purified fraction in lane 3 as a major protein band corre
sponding to its predicted molecular weight of 29.4 kDa. This is consis
tent with the Western blotting result where only the corresponding 
protein band was observed in lane 3 (Fig. 3B). This suggests that SpyTag- 
scFvSM3 was successfully expressed in the CHO expression system. The 
purified SpyTag-scFvSM3 was then coupled to OMVsLpp’OmpA-Spy
Catcher by co-incubation, as seen in lane 2. Since OMVs contain many 
other proteins, the conjugated product (Lpp’OmpA-SpyCatcher:SpyTag- 
scFvSM3) was not clearly shown in Coomassie blue-stained SDS-PAGE gel 
in lane 2 (Fig. 3A). However, a protein band shift at around 59.3 kDa in 
lane 2 was observed in the immunoblotting (Fig. 3B). This band is 
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expected to be the conjugated product (Lpp’OmpA-SpyCatcher:SpyTag- 
scFvSM3) because its size agrees with the combined molecular weight of 
Lpp’OmpA-SpyCatcher (29.9 kDa) and SpyTag-scFvSM3 (29.4 kDa). 
Additionally, the conjugation between Lpp’OmpA-SpyCatcher and 

SpyTag-scFvSM3 was shown to be specific to their partners, as the band 
shift was not observed in a mixture of OMVs-Lpp’OmpA-SpyCatcher and 
an irrelevant protein (Supplemental Fig. S1).

Fig. 1.. Schematic illustration of the display platform for scFv targeting MUC1 (scFvSM3) on the surface of E. coli-derived OMVs utilizing the SpyTag/SpyCatcher 
system. This scheme was created using BioRender.

Fig. 2.. Expression and localization of Lpp’OmpA-SpyCatcher on OMVs. (A) Coomassie blue-stained SDS-PAGE gel and (B) anti-His-tag Western blotting of cell lysate 
collected before (Pre), after (Post) IPTG induction, and purified OMVs-Lpp’OmpA-SpyCatcher (OMV). Lane M represents protein standards (Precision Plus Protein™ 
All Blue Prestained Protein Standards; Bio-rad, USA). An arrow indicates the band of Lpp’OmpA-SpyCatcher corresponding to its theoretical size of 29.9 kDa.
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3.3. Physicochemical properties of scFvSM3-displaying OMVs revealed 
similar characteristics to unconjugated OMVs

The physicochemical properties of isolated and conjugated OMVs 
were investigated using DLS, NTA and TEM. Fig. 4A shows a similar size 
distribution profile between unconjugated (without scFvSM3) and con
jugated OMVs (with scFvSM3) as observed by DLS. The Z-average and 
polydispersity index (PDI) of both were also very similar, indicating 
moderate polydispersity. Additionally, an increase in the diameter of 
conjugated OMVs was observed by nanoparticle tracking analysis 
(Fig. 4B), likely due to the decoration of scFvSM3 on the surface of OMVs. 
Table 1 summarizes the results of different physicochemical character
ization techniques. TEM images show that both OMV samples displayed 
a spherical morphology with a unique bilayer structure (Fig. 4C and D). 
The size of these intact vesicles ranged from 16 to 71 nm, with average 
diameters of 26.38 nm for unconjugated OMVs and 35.07 nm for con
jugated OMVs (Fig. 4E and F).

3.4. scFvSM3 protein displayed on the OMV surface

To confirm whether scFvSM3 was attached to the surface of OMVs 
after SpyTag/SpyCatcher conjugation, proteinase K protection assay and 
gold-labeled TEM analysis were performed. The proteinase K protection 
assay determined whether the scFvSM3 protein resided in the lumen or 
on the surface of the OMVs. Surface proteins are susceptible to pro
teinase K digestion while luminal proteins are not due to the inability of 
proteinase K to translocate across the vesicle lipid bilayer. Proteolytic 
digestion of luminal proteins is only feasible when the lipid bilayer is 
solubilized by detergents. As illustrated in Fig. 5A, after proteinase K 
treatment without Triton X-100 detergent, conjugated product was 
degraded while only Lpp’OmpA-SpyCatcher remained. Moreover, 
Lpp’OmpA-SpyCatcher was not detected after treatment with both 
proteinase K and Triton X-100. This suggests that scFvSM3 is located 
solely on the surface of OMVs. Consistent with the proteinase K pro
tection assay, gold-labeled electron microscopy analysis indicated that 
scFvSM3 was displayed on the surface of OMVs. This analysis also 
determined the location of scFvSM3 proteins after SpyTag:SpyCatcher 
coupling. Gold-labeled SpyTag-scFvSM3 was incubated with OMVs- 
Lpp’OmpA-SpyCatcher and TEM images revealed black dots represent
ing SpyTag-scFvSM3 situated on the OMV surface (Fig. 5B). Fig. 5B 
clearly shows a higher density of black dots surrounding OMV particles 

when compared to the background, confirming that scFvSM3 was spe
cifically attached to the OMV surface.

3.5. scFvSM3-displaying OMVs could specifically bind and facilitate 
internalization to MUC1-presenting cells

To verify the binding of scFvSM3-displaying OMVs to MUC1- 
expressing cells, MCF-7 cells were employed as an in vitro model 
because they abundantly express MUC1 on the cell surface and have 
been previously used in MUC1-related studies [29,30]. Additionally, 
MDA-MB-231 cells, also MUC1-positive, were utilized [31,32]. HepG2 
cells, which lack MUC1 expression, served as the negative control. The 
binding of OMVs and scFvSM3 to the cells was assessed by immunoflu
orescence assay followed by confocal microscopy. The LSCM results 
showed a fluorescence signal in MCF-7 and MDA-MB-231 cells bound by 
OMVs-scFvSM3 and purified SpyTag-scFvSM3 (Fig. 6), indicating that 
scFvSM3 maintained its binding activity to MUC1 after conjugation to 
OMVs. In contrast, no fluorescence signal was observed in HepG2 cells, 
suggesting that scFvSM3 on the conjugated OMVs specifically binds to 
MUC1-presenting cells. However, unconjugated OMVs non-specifically 
bound to MCF-7 cells, as indicated by a faint fluorescence signal. This 
signal could originate from the interaction of anti-His tag antibody with 
Lpp’OmpA-SpyCatcher on the unconjugated OMVs. Additionally, the 
weak signal of bound OMVs-scFvSM3 and scFvSM3 in MDA-MB-231 cells 
is likely due to the low expression of membrane-associated MUC1 (32).

Prior to the internalization analysis, a cytotoxicity assay was per
formed to determine the non-toxic concentration of conjugated OMVs 
for MUC1+ (MCF-7 and MDA-MB-231) and MUC1- (HepG2) cells. The 
MTT assay indicated that OMVs-scFvSM3 (1.56 – 50 µg/ml) caused a 
slight decrease in cell viability as the OMV concentration increased 
(Supplemental Fig. S2). Since 50 µg/ml of OMVs-scFvSM3 maintained 
more than 80 % cell viability (MCF-7: 80.57±1.38 %; MDA-MB-231: 
90.20±20.55 %; HepG2: 85.85±15.09 %), this non-toxic concentra
tion was chosen for the uptake assay. The activity of MUC1-mediated 
internalization of OMVs-scFvSM3 into MUC1+ and MUC1- cells was 
then examined. The assay involved a 4-hour incubation of cells with 
DiO-labeled OMVs, which emit a green fluorescence signal. Confocal 
imaging showed that the green fluorescence signal was observed 
throughout MCF-7 and MDA-MB-231 cells treated with OMVs-scFvSM3 
(Fig. 7), while no signal was detected in HepG2 cells treated with the 
same. The result implies that the internalization of OMVs-scFvSM3 is 

Fig. 3.. Evaluation of SpyTag/SpyCatcher conjugation from OMVs-Lpp’OmpA-SpyCatcher and SpyTag-scFvSM3. (A) SDS-PAGE analysis and (B) Immunoblot analysis 
targeting His-tag proteins of OMVs to verify the SpyTag/SpyCatcher conjugation. The components identified are Lpp’OmpA-SpyCatcher (arrow 1) and SpyTag- 
scFvSM3 (arrow 2). The conjugated product (Lpp’OmpA-SpyCatcher:SpyTag-scFvSM3) is indicated by an asterisk (*) at the calculated size of 59.3 kDa.
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specific to MUC1-presenting cells. Furthermore, a minimal signal was 
detected in MCF-7 cells treated with unconjugated OMVs. Notably, the 
fluorescence signal from unconjugated OMVs was localized on the sur
face of MCF-7 cells, indicating no uptake of OMVs without scFvSM3. 
These results demonstrate that scFvSM3 facilitates the endocytosis of 
conjugated OMVs into MUC1+ cells.

4. Discussion

The development of bioengineered OMVs has gained wide attention 
in various nanotechnology applications due to their favorable charac
teristics, including intrinsic adjuvant-like properties, high stability, and 
ease of modification [33]. Sorting or presenting foreign proteins, such as 

Fig. 4.. Characterization of OMVs using DLS, NTA, and TEM. (A) Dynamic Light Scattering (DLS) and (B) Nanoparticle Tracking Analysis (NTA) showing size 
distribution of unconjugated OMVs (blue solid line) and conjugated OMVs (purple dashed line) (C) TEM images of unconjugated OMVs and (D) conjugated OMVs 
with scale bars representing 100 nm. (E) Size distribution of unconjugated OMVs and (F) conjugated OMVs as measured by TEM.
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antigen, antibody fragment, and other functional molecules into OMVs 
is crucial for modifying OMVs for desired applications [15,34,35]. In 
this study, we expressed exogenous anti-MUC1 scFv in suitable expres
sion system to retain their function and structure to fabricate it onto 
modified OMVs via a bio-ligation system for utilization as a targeted 
delivery system.

Two common approaches to targeting foreign proteins into OMVs 
involve incorporating them into either the lumen or the surface of the 
vesicles [36,37]. Applications such as targeted drug delivery and vac
cines require foreign proteins to be exposed on the OMV surfaces. An
chor or carrier proteins inserted into OMVs play a crucial role in 
presenting these foreign proteins. Cytolysin A (ClyA) and hemoglobin 
protease (Hbp) have been reported to serve as carrier proteins for het
erologous protein presentation [12,15,38]. A heterologous protein gene 
can be directly fused with the clyA gene in a plasmid. Once gene 
expression is induced, the proteins are presented on the OMV surface 
[37]. Using this strategy, heterologous proteins such as GFP [37], a viral 
influenza antigen M2e4xHet [39], and a HER2 antibody [40], have been 
expressed as a fusion protein with ClyA. Additionally, ClyA and Hbp 
have been modified to fuse with either SpyCatcher or SpyTag [12-15], 
allowing them to capture antigens and nanobodies for display on OMVs. 
In this study, we selected the Lpp’ signal peptide combined with trun
cated OmpA as the anchor protein, as this system has been shown to 
effectively display foreign proteins on the OMV membrane [21,41,42]. 

Lpp’OmpA together with SpyCatcher binds to the SpyTag fusion partner 
and subsequently attaches the proteins. We designed SpyCatcher 
coupling with Lpp’OmpA because SpyCatcher, being larger than Spy
Tag, would not be obstructed by the OMV membrane environment. This 
design allows SpyCatcher to be more accessible and to bind more easily 
to heterologous proteins fused with SpyTag. This approach was also 
demonstrated by displaying S. aureus antigens on OMVs, which induced 
potent immune responses and protected against S. aureus lethal chal
lenge in a mouse model [21]. Although ClyA and Hbp have been linked 
to SpyCatcher previously, we hypothesize that Lpp’OmpA offer advan
tages as its smaller size (~16 kDa) and simple structure allows for higher 
density expression of SpyCatcher. Furthermore, previous studies have 
noted potential toxicity associated with the use of ClyA in SpyCatcher 
fusions [43], making Lpp’OmpA an attractive alternative carrier. In 
addition, the SpyTag/SpyCatcher-mediated surface display system pro
vides the advantage of enabling the attachment of multiple proteins onto 
the OMVs simultaneously. This display system has been shown to fuse 
either two heterologous proteins [14] or several antigens on OMVs [21]. 
This feature facilitates the development of a multivalent vaccine plat
form and allows the presentation of multiple different targeting mole
cules per OMV.

Another main obstacle in protein presentation on OMVs is the 
inability to load proteins with post-translational modifications using 
bacterial protein presentation systems, in which target proteins are 
genetically fused to bacterial anchor proteins. For example, presenting 
SARS-CoV-2 RBD in OMVs via fusion of cytolysin A (ClyA) showed low 
expression levels and incorrect RBD conformation [44]. In addition, 
recombinant OMVs presenting anti-digoxin scFv fused with Lpp’OmpA 
failed to bind digoxin [45]. These studies suggest that the success of 
loading target proteins into OMVs via co-expression with bacterial 
membrane proteins depends on the correct structure and function of 
target proteins. Proteins with complex post-translational modifications 
cannot be properly expressed and incorporated into OMVs using bac
teria alone. Therefore, in our approach, the scFv was initially expressed 
in mammalian cells and then attached to OMVs expressed in bacteria. 

Table 1. 
Physicochemical characterization of the OMV samples determined by DLS and 
NTA.

Sample DLS NTA

Z-average 
(d.nm)

Polydispersity index 
(PDI)

Mean hydrodynamic 
size (nm)

Unconjugated 
OMVs

69.44 ±
0.80

0.278 84.0 ± 1.7

Conjugated 
OMVs

68.70 ±
0.65

0.287 94.7 ± 4.2

Fig. 5.. The location of SpyTag-scFvSM3 on the OMVs after SpyTag/SpyCatcher conjugation was identified using two methods: (A) Proteinase K protection assay: 
Western blotting results using an anti-His-tag antibody of conjugated OMVs after digestion by proteinase K in a presence or an absence of Triton X-100 were observed. 
An arrow indicates the protein band of Lpp’OmpA-SpyCatcher, and an asterisk (*) indicates the protein band of the conjugated product. (B) Gold-labeled TEM: 200 ng 
of 10 nm gold-labeled SpyTag-scFvSM3 (black dots) were added to 2 µg of OMVs-Lpp’OmpA-SpyCatcher and subsequently observed by TEM. Scale bars are presented 
in each image.
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This method has been demonstrated previously in displaying mamma
lian cell culture-derived SARS-CoV-2 RBD on OMVs, where RBD-OMVs 
triggered neutralizing antibody and protection against SARS-CoV-2 in 
golden Syrian hamsters [15]. We displayed scFvSM3 on 
SpyCatcher-presenting OMVs after confirming SpyTag/SpyCatcher 
conjugation by Western blot analysis. The binding of OMVs containing 
scFvSM3 to MUC1 on the surface of MUC1-presenting cells was confirmed 
by immunofluorescence assay, indicating that the proper conformation 
of scFvSM3 was produced by CHO cells. As a result, antigens and anti
body fragments that require post translational modification for func
tional activity can be expressed in other host cells prior to OMV 
attachment. The shape and integrity of OMVs did not change even after 
conjugation, making this a suitable approach for OMV decoration. The 
size and morphology of recombinant OMVs in this study were consistent 
with other studies [3,41,42].

Numerous studies have demonstrated the potential of bioengineered 
OMVs as an attractive cell-specific delivery system by generating 
modified OMVs presenting targeting molecules such as affibodies and 
nanobodies [34,40]. In the present study, scFvSM3 was selected as the 
protein of interest due to its capability to internalize conjugated mole
cules upon binding with the MUC1 antibody [46,47]. While affibodies 
and nanobodies can be directly fused to ClyA and presented on the 
surface of OMVs, scFvs offer greater target cell diversity owing to the 
variety of available scFvs [48]. Using confocal microscopy, 
OMVs-scFvSM3 showed evident internalization to target cells, while 
OMVs without scFvSM3 lacked this ability. MUC1-mediated endocytosis 

of OMVs-scFvSM3 was confirmed by the binding between scFvSM3 and 
MUC1, resulting in successful uptake into MUC1-presenting cells 
(MCF-7 and MDA-MB-231). Moreover, no binding or uptake of 
OMVs-scFvSM3 was observed in MUC1-deficient cells (HepG2), sug
gesting a specific delivery of OMVs-scFvSM3 to MUC1-expressing cells. 
Although non-specific binding of unconjugated OMVs was observed in 
MCF-7 cells, it did not facilitate the uptake of the OMVs into these cells, 
as unconjugated OMVs were observed on the cell surface. This implies 
the importance of scFvSM3 for internalization into the cells. Collectively, 
scFvSM3 conjugated on the OMVs facilitated binding and subsequent 
internalization into MUC1-presenting cells, suggesting a promising 
application as a cell-specific delivery system.

The modification of OMVs with scFv could enable them to be loaded 
with therapeutic agents such as siRNA/miRNA and anti-tumor drugs, as 
these therapeutic molecules have been successfully incorporated into 
OMVs [40,49,50]. The additional beneficial characteristics of OMVs in 
cancer treatment, including their rigid structure and nanoscale particle 
size that reduce drug leakage and the enhanced permeability and 
retention (EPR) effect that promotes penetration into tumor tissue, 
further support the use of OMVs as a favorable anti-cancer drug delivery 
cargo [33].

In this study, we demonstrated a simple and rapid approach to pro
duce bioengineered OMVs that requires only cultivation and ultracen
trifugation, followed by simple incubation for conjugation. This protocol 
facilitates large-scale production and development of bioengineered 
OMVs for the decoration of proteins obtained from other expression 

Fig. 6.. Binding analysis of scFvSM3-displaying OMVs to MCF-7, MDA-MB-231, and HepG2 cells as evaluated by confocal microscopy. The cells were incubated with 
either unconjugated OMVs, conjugated OMVs, or soluble SpyTag-scFvSM3. Samples were detected using a mouse anti-His-tag antibody followed by an anti-mouse IgG 
antibody conjugated with Alexa Fluor™ 647 (pink). Nuclei were stained with DAPI (blue). Scale bar represents 10 µm.
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systems while their structure and function. The promoter used for the 
expression of Lpp’OmpA in this study is not tightly controlled compared 
to promoters used in other studies. The leaky expression of Lpp’OmpA 
from the promoter induced toxicity in the host cells and resulted in a 
suboptimal number of Lpp’OmpA displayed on the OMVs [26,51]. 
Therefore, it would be beneficial to replace the plasmid carrying the 
Lpp’OmpA-SpyCatcher hybrid with another plasmid carrying a more 
tightly controlled promoter to enhance the display of Lpp’OmpA and 
consequently increase the number of SpyCatcher and its partner after 
conjugation. Despite these considerations, this study provides a valuable 
contribution toward the development of bioengineered OMVs as a 
promising targeted drug delivery system.

5. Conclusions

OMVs are vesicles derived from Gram-negative bacteria and are 
valuable forvarious nanotechnology applications due to their favorable 
properties. To enhance their potential, parental bacteria can be bio
engineered to produce and transport desired proteins within the vesi
cles. In this study, we incorporated a bio-ligation system, SpyTag/ 
SpyCatcher, in combination with the Lpp’OmpA bacterial display sys
tem to display scFv on the surface of OMVs. Anti-MUC1 scFv was 
selected to modify ordinary OMVs for targeted cargo delivery to MUC1- 
aberrantly expressed cancer cells. This study demonstrates that the 
convenient and efficient use of bioengineered OMVs represents a 
promising approach for cell-specific delivery systems.

Fig. 7.. LSCM images showing cellular internalization of conjugated OMVs by MCF-7, MDA-MB-231, and HepG2 cells. The cells were treated with DiO-labeled OMVs 
samples (green) for 4 h at 37 ◦C followed by nuclei staining with DAPI (blue). Scale bar indicates 10 µm.
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