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ABSTRACT: Gram-negative bacteria produce outer membrane
vesicles (OMVs) that play a critical role in cell−cell communica-
tion and virulence. OMVs have emerged as promising therapeutic
agents for various biological applications such as vaccines and
targeted drug delivery. However, the full potential of OMVs is
currently constrained by inherent heterogeneities, such as size and
cargo differences, and traditional ensemble assays are limited in
their ability to reveal OMV heterogeneity. To overcome this issue,
we devised an innovative approach enabling the identification of
various characteristics of individual OMVs. This method, employ-
ing fluorescence microscopy, facilitates the detection of variations
in size and surface markers. To demonstrate our method, we utilize
the oral bacterium Aggregatibacter actinomycetemcomitans (A.
actinomycetemcomitans) which produces OMVs with a bimodal
size distribution. As part of its virulence, A. actinomycetemcomitans secretes leukotoxin (LtxA) in two forms: soluble and surface
associated with the OMVs. We observed a correlation between the size and toxin presence where larger OMVs were much more
likely to possess LtxA compared to the smaller OMVs. In addition, we noted that, among the smallest OMVs (<100 nm diameter),
the fractions that are toxin positive range from 0 to 30%, while the largest OMVs (>200 nm diameter) are between 70 and 100%
toxin positive.
KEYWORDS: bacterial outer membrane vesicles, toxin sorting, single-vesicle analysis, OMV sizing, single-OMV heterogeneity

■ INTRODUCTION
Membrane-bound nanostructures are ubiquitous across all
domains of life. Extracellular vesicles (EVs), such as outer
membrane vesicles (OMVs) produced by Gram-negative
bacteria, are a notable example of these structures. OMVs
are spherical, bound by a lipid bilayer, and composed of
various components, including lipids, membrane proteins, and
other biomolecules derived from the outer membrane of the
bacteria.1−3 OMVs transport a range of diverse cargo such as
nucleic acids, proteins, and toxins, which play crucial roles in
various biological functions of OMVs. While non-pathogenic
bacterial OMVs share functions with eukaryotic EVs, such as
cellular communication and removal of unwanted components,
pathogenic bacterial OMVs have a unique role in transporting
toxins and other virulence factors to the host cell and
facilitating the spread of disease.4−8

Although OMVs play a significant role in virulence and
pathogenesis, certain features provide advantages for their use
in various biotechnologies. Previously, an OMV-based vaccine
has been approved for use for meningococcal disease,9 and
their small size, biological nature, and diverse surface antigens
make them attractive targets for the development of other
vaccines as well.10,11 Furthermore, recent studies have shown

that OMVs can be bioengineered to deliver cytotoxic payloads
directly to cancer cells, making them a promising tool for
targeted cancer therapy.12,13 Moreover, Kim et al. demon-
strated that bioengineered OMVs can effectively reduce
tumors even in the absence of a cytotoxic payload, indicating
their potential as a standalone therapeutic agent, further
highlighting the potential of OMVs.14 In addition OMVs have
also shown promise as carriers for antibiotics, enzymes, and use
as diagnostic agents.15−17 Nonetheless, owing to the inherent
heterogeneity of OMVs, their complete utilization as
therapeutics faces limitations, underscoring the need for
further research and exploration.

OMVs exhibit heterogeneity encompassing variations in size,
protein composition, and encapsulated cargo.18,19 The
intriguing heterogeneities observed in OMV structure and
composition suggest that there may be significant differences in
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function and immunological properties between different types
of OMVs. While the entry of OMVs into cells through various
mechanisms has been widely acknowledged,20−23 it was not
until a recent study by Turner et al. that the influence of the
size of Helicobacter pylori OMVs on their entry into epithelial
cells was revealed.24 Specifically, smaller OMVs (20−100 nm)
enter through caveolin-mediated endocytosis, whereas larger
OMVs (90−450 nm) enter through macropinocytosis and
endocytosis.24 Additionally, protein heterogeneity was noted
within the OMV population, with smaller OMVs containing
proteins that were absent in the larger ones.24 These findings
underscore the significance of investigating and comprehend-
ing the heterogeneity present within a population of OMVs.

Despite the potential significance of OMV heterogeneity in
determining their function and potential applications in
vaccine development and other biomedical areas, the lack of
research focused on characterizing the heterogeneities within
an OMV population is a major limitation. This lack of research
is primarily due to the limited analytical methods currently
available for characterizing the heterogeneities within an OMV
population. Ensemble assays such as ELISA and Western blots
can provide information about the overall composition of
OMV populations; however, they are unable to detect
individual OMV heterogeneities.19,25−28 In addition, to detect
size-based heterogeneities, the OMV populations need to be
separated using either the traditional density gradient ultra-
centrifugation24 or size exclusion chromatography (SEC)
methods29 which can be time-consuming and can add to the
cost of the method. Recently, mass spectrometry has also been
employed for OMV proteomics analysis.30−33 However, it is
important to note that this technique analyzes OMV
ensembles and can be time- and cost-intensive, and it may
necessitate specialized instrumentation. Methods such as

nanoparticle tracking analysis (NTA) and tunable resistance
pulse sensing (TRPS) are also commonly used to analyze
single-OMV size and concentration.34−38 While both are
sophisticated analytical techniques, they have limitations as
well. NTA has its strengths in analyzing the size of OMVs and
assessing their aggregation tendencies. However, when dealing
with multiple overlapping sizes, its ability to distinguish and
detect individual particles may be challenged. TRPS has its
advantages, but it is constrained by the nanopore size range.
Consequently, when dealing with highly polydisperse samples,
determining the size of OMVs can become challenging.

To comprehend OMV heterogeneity, single-particle meth-
ods, such as flow cytometry24,39,40 and electron micros-
copy,41−43 can also be used. However, these methods do
come with certain limitations that can hinder their
effectiveness. For example, flow cytometry operates on a
continuous flow of OMVs, which makes it difficult to backtrack
or perform additional analysis once heterogeneity is observed.
Furthermore, flow cytometry requires special instrumental
modifications to analyze nanoscale particles. Electron micros-
copy, on the other hand, can exhibit sample preparation
artifacts and may not accurately represent the native structure
of OMVs. To overcome the challenges posed by specialized
equipment, high costs, and technical expertise required by
existing OMV analysis techniques, there is an urgent need to
develop new methods that can utilize general laboratory
equipment.

Optical microscopy is a powerful tool to analyze
OMVs,20,22,28,44,45 but it has a limitation where OMVs smaller
than ∼200−400 nm appear as diffraction-limited spots and
cannot be optically sized, due to which, any size-based
heterogeneities can be masked. Previously, single-particle
fluorescence sizing emerged as an alternative to determine

Figure 1. Schematic illustration of the assay: (a) OMVs are biotinylated and fluorescently labeled with a membrane dye and then immobilized on a
glass surface, and their integrated fluorescence intensities are measured to generate their size distribution. (b) A toxin-specific antibody is
introduced into the chamber and labeled with a fluorescent secondary antibody. The OMVs are categorized as toxin-positive and toxin-negative,
and the size-based toxin distribution is determined. The histograms shown are for illustrative purposes.

Chemical & Biomedical Imaging pubs.acs.org/ChemBioImaging Article

https://doi.org/10.1021/cbmi.4c00014
Chem. Biomed. Imaging 2024, 2, 352−361

353

https://pubs.acs.org/doi/10.1021/cbmi.4c00014?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00014?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00014?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00014?fig=fig1&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.4c00014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the size of nanoparticles smaller than 200 nm.46 However, this
method was previously employed with synthetic nanoparticles,
like liposomes, which do not possess the intricate matrix
associated with OMVs and potential aggregation. Here, we
present an approach for multivariate analysis of single OMVs
using fluorescence microscopy. Our method, illustrated in
Figure 1, enables simultaneous detection of both the size and
surface toxin/protein content on individual OMVs, providing a
comprehensive characterization of these complex nanovesicles.
Our analysis involves two steps. First, we captured biotinylated
OMVs on a streptavidin-passivated glass surface and
characterized their size based on integrated fluorescence
intensity (Figure 1a). Second, we used a toxin-specific
antibody to categorize the OMVs into two groups, toxin-
positive and toxin-negative, and then determined the size
distribution of each group (Figure 1b). Traditional techniques
typically concentrate on examining either the protein or lipid
aspects of OMVs in isolation. In contrast, our innovative
approach centers on employing double staining methods that
allow for the concurrent assessment of multiple variables such
as size and the presence of toxins/proteins. This multivariate
analysis enables a deeper and more holistic comprehension of
OMV composition and structure, facilitating the extraction of
valuable insights.

■ METHODS

Reagent and Chemicals
1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl)
(biotin cap-PE) was purchased from Avanti Polar Lipids. Streptavidin
was purchased from New England Biolabs. Fatty-acid-free bovine
serum albumin (BSA) and NeutrAvidin were purchased from Sigma-
Aldrich. Anti-LtxA antibody was collected from the supernatant of
hybridoma cell line LTA835, gifted by Dr. Edward T. Lally, University
of Pennsylvania, grown in serum-free medium; the antibody was
purified using a protein-G column. Anti-OmpA rabbit polyclonal
antibody was purchased from Antibody Research Corporation.
Secondary antibody with an Alexa-488 label was purchased from
Abcam. Dimethyl sulfoxide (DMSO) was purchased from Sigma-
Aldrich. DiI and DiO membrane labels were purchased from
Invitrogen, ThermoFisher. All experiments were performed in Tris
buffer composed of 150 mM NaCl and 10 mM Tris-base (pH 7.0).

Purification and Lipid Content Measurement of OMVs
A. actinomycetemcomitans strains JP2 and AA1704 were grown in
trypticase soy broth (30 g/L, BD Biosciences, Franklin Lakes NJ) and
yeast extract (6 g/L, BD Biosciences), supplemented with 0.4%
sodium bicarbonate (Fisher Scientific, Hampton, NH, USA), 0.8%
dextrose (BD Biosciences), 5 μg/mL vancomycin (Sigma-Aldrich, St.
Louis, MO, USA), and 75 μg/mL bacitracin (Sigma-Aldrich). A
starter culture of 100 mL was grown for 16 h in a candle jar, and then,
30 mL was inoculated into a 500 mL mixed media culture and allowed
to grow for 24 h at 37 °C. The bacteria were centrifuged at 10,000 × g
for 10 min and then again at the same speed for 5 min, followed by
filtration through a 0.45 μm filter. This supernatant was then
ultracentrifuged at 105,000 × g for 30 min, resuspended in PBS (pH
7.4), and ultracentrifuged again. The final pellet was resuspended in
PBS. To confirm that the observed OMVs were indeed of bacterial
origin, specifically A. actinomycetemcomitans, we conducted a negative
control in which the culture media was not inoculated with A.
actinomycetemcomitans, while still adhering to the complete OMV
purification protocol and subjecting the final media to DLS. In
addition, we conducted experiments using fetal bovine serum (FBS)
media on DLA as an additional negative control. This additional
control was employed to provide further evidence confirming that the
observed OMVs did indeed originate from A. actinomycetemcomitans
(Figure S1).

Escherichia coli JC8031 consisted of 10 mL of Luria−Bertani broth
(Lennox, Invitrogen) with 100 μL of frozen stock, grown for 8 to 12 h
at 37 °C and under constant shaking at 175 rpm. The starter culture is
then transferred into a baffled flask with larger volume, diluted with
media in 1:100 ratio, and grown under the same temperature or speed
setting until the late exponential phase. The bacteria culture was
centrifuged twice at 10,000 × g for 10 min and then filtered through a
0.45 μm filter to separate bacteria from supernatant. The supernatant
was concentrated to approximately 150 mL before ultracentrifuging
twice at 150,000 × g for 60 m. The pellet was resuspended using 1 mL
of phosphate buffer saline (pH 7.4) and stored in a sterile Eppendorf
tube. The liquid content was then centrifuged at 5000 × g for 5 min to
remove impurities. Purified OMVs were at −20 °C until further use.

The lipid content was assessed by comparing the fluorescence
intensity with a calibration curve generated using liposomes of known
concentrations. Liposomes composed of 100% 1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine (POPC) were synthesized using the thin
film method, hydrated in PBS, and extruded to 100 nm. The
liposomes and OMVs were serially diluted, and 5 μL of the lipophilic
dye, FM 4-64 (ThermoFisher), was added to each and incubated for
20 s. The fluorescence of all samples was quantified using a
fluorometer with an excitation wavelength of 515 nm and an emission
wavelength of 640 nm.

OMV Membrane Labeling and Biotinylation
To label the OMVs with fluorescent membrane dye, we utilized the
lipophilic membrane dye DiI. Twenty μM of DiI dissolved in ethanol
was added to the OMVs and incubated for 1 h at 37 °C to ensure
optimal labeling efficiency. Additionally, we biotinylated the OMVs
using biotincap-PE. To achieve this, we prepared biotin cap-PE in
DMSO and then added 20 μM of the stock to the OMVs, which were
then incubated at 37 °C for 1 h.

Scanning Electron Microscopy of OMVs
In addition, OMVs were characterized using scanning electron
microscopy. OMVs were dried and fixed with Karnovsky’s fixative on
plasma-cleaned glass slides (Electron Microscopy Sciences, Hatfield,
PA). Following this, the OMVs were dehydrated using a series of
ethanol solutions (35%, 70%, 85%, 95%, and 100%), then a 50%
hexamethyldisilazane (HDMS)/50% ethanol solution, and finally
100% HDMS. The samples were coated with iridium before being
scanned with a Hitachi 4300 scanning electron microscope at a 3 kV
accelerating voltage. Two distinct size populations of OMVs were
observed by SEM, as shown in Figure S2.

Dynamic Light Scattering (DLS) of OMVs
OMV diameters were measured using dynamic light scattering (DLS).
OMVs were diluted to 1:100 dilution factor in Tris buffer. DLS
measurements were collected using the ALV/CGS-3 Compact
Goniometer System spectrometer. The data was collected in triplicate
for 120 s at the wavelength of 632.8 nm and a 90° scattering angle.
ALV software number-weighted regularized fit with an allowed
membrane thickness (r*) of 5 nm was used to determine the size
distribution. A weighted average was calculated to obtain the mean
radius for fluorescence microscopy particle sizing.

Antibody Passivation for OMV Surface Heterogeneity
Clean glass coverslips (2% SDS and UV/ozone treated) were
passivated with either Anti-OmpA antibody or Anti-LtxA antibody
(1:100 dilution) prepared in 1% BSA and incubated for 1 h. The
chamber was washed with 1% BSA, and OMVs (1:50 dilution) were
added. The unbound OMVs were washed thoroughly with Tris buffer
and subsequently imaged using a Nikon Ti inverted microscope,
equipped with a 100× oil immersion objective. An LED light engine
from Aura II, Lumencor was used to excite fluorescence, and a
TRITC (chroma) filter set was utilized. A 2048 × 2048 pixel sCMOS
camera (Orca Flash 4.0 v2, Hamamatsu) was used to capture all
images. Using ImageJ, OMVs were counted over three 2048 × 2048
pixel frames (repeated 3 times) and data were normalized to the Anti-
OmpA passivated OMV count. The data were analyzed using
GraphPad Prism v 9.0.
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OMV Capture
Glass coverslips (cleaned with IPA and 2% SDS) were UV/ozone
treated for 10 min (UV/Ozone ProCleaner Plus, BioForce Nano-
sciences) and passivated with 200 μg/mL of streptavidin to capture
OMVs, prepared in 1% BSA. The coverslip was washed with 1% BSA,
and OMVs (1:50 dilution) were added to the chamber and incubated
for 1 h. Unbound OMVs were washed from the chamber, and bound
OMVs were subsequently imaged using a Nikon Ti inverted
microscope equipped with a 100× oil immersion objective. The
LED light engine from the Aura II, Lumencor was used to excite
fluorescence, and a Cy5 (Chroma) or TRITC (Chroma) filter set was
utilized. A 2048 × 2048 pixel sCMOS camera (Orca Flash 4.0 v2,
Hamamatsu) was used to capture all images. ImageJ was used to
analyze the images and calculate the integrated intensity of the OMVs.
The fluorescence intensity was converted to a size using the equations
described below in the Results and Discussion section.

OMV Heterogeneity Analysis
Once the OMVs were imaged, a full-length anti-LtxA antibody was
introduced to the chamber (1:1000 dilution). The anti-LtxA antibody
was incubated for 1 h and subsequently washed with Tris buffer. Two
μg/mL of secondary IgG with Alexa-488 (Abcam) was added to the
chamber and incubated for 1 h. Excess antibody was washed, and the
samples were imaged, as described previously. The FITC (Chroma)
filter set was used to capture the antibody binding. Using ImageJ, the
TRITC and FITC color channel were overlaid, and the x/y
coordinates of the OMVs and antibody were analyzed to determine
toxin-positive/negative OMVs. The toxin-positive and toxin-negative
OMVs were separated into two categories, and their size distribution
was plotted using GraphPad Prism v 9.0. To determine the toxin
density present on the surface of the OMVs, the integrated intensity
from the antibody was divided by the integrated intensity of the
respective OMVs (It/Iv). The antibody surface passivation experi-
ment procedure is outlined above.

Size Exclusion Chromatography of A.
actinomycetemcomitans OMVs
Size exclusion chromatography (SEC) was used to separate OMVs by
size; a 1.5 cm × 50 cm (bed volume 85 mL) was packed with
Sephacryl S-1000 superfine resin (GE Healthcare, Chicago, IL, USA)
and equilibrated with two bed volumes of PBS. A 2 mL OMV sample
was loaded and eluted with PBS, and 1 mL fractions were collected.
Fractions were analyzed for lipid and LtxA content, as described
below.

The percentage of lipid in each SEC fraction was measured using
the FM 4-64 dye (ThermoFisher Scientific, Waltham, MA). First, 50
μL of each fraction was incubated with FM 4-64 (0.1 mg/mL) for 15
s. Following incubation, the fluorescence of the sample was measured
on a Tecan plate reader with an excitation wavelength of 515 nm and
an emission wavelength of 640 nm. The fluorescence intensity of each
fraction was divided by the summed intensities to calculate a
percentage of total lipid in each fraction.

Western Blot and ELISA Analysis of OMV
The LtxA concentration in each SEC fraction was measured using
ELISA. Fractions were incubated in a MaxiSorp Immuno 96-well plate
(ThermoFisher Scientific) for 3 h, washed five times with ELISA wash
buffer (25 M Tris, 150 mM sodium chloride, 0.1% fatty-acid free
bovine serum albumin (BSA)), and then blocked in 1% BSA in the
same buffer. The plate was then incubated with anti-LtxA antibody in
1% BSA/buffer overnight at 4 °C. Following five washes with ELISA
wash buffer, the plate was incubated in goat antimouse horseradish
peroxidase (GAM-HRP) at a 1:5000 ratio (SouthernBiotech,
Birmingham, AL). Lastly, the plate was imaged using 1-Step Ultra
TMB ELISA substrate solution (ThermoFisher Scientific) until the
signal appeared; then, the reaction was stopped using 2 M sulfuric
acid. The absorbance at 450 nm was measured on a Tecan plate
reader. The resulting absorbance of each fraction was divided by the
summed absorbances to calculate a percentage of total LtxA in each
fraction.

LtxA content was also analyzed by Western blotting. Sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
performed using 7.5% acrylamide gels. Western blotting for LtxA was
accomplished by transferring the proteins to a nitrocellulose
membrane overnight. The blots were washed three times in tris-
buffered saline with 0.1% tween (TBST) and then blocked with blotto
solution (5% dried milk in TBST) for 1 h. LtxA was then detected
using a monoclonal anti-LtxA antibody overnight at 4 °C, followed by
GAM-HRP for 1 h. The blot was imaged using SuperSignal West
Dura substrate (ThermoFisher). To measure the amount of outer
membrane protein-A (OmpA) in each fraction, a similar procedure
was used, with the anti-Gram-negative OmpA antibody (111228,
Antibody Research Corporation, St. Charles, MO) at a final
concentration of 0.24 μg/mL, followed by goat antirabbit horseradish
peroxidase (GAR-HRP, SouthernBiotech). Densitometry analysis on
the blots was accomplished using ImageJ.

■ RESULTS AND DISCUSSION

OMV Size Determination Using Fluorescence Microscopy
As a study model, we utilized Aggregatibacter actinomycetemco-
mitans, an oral bacterium associated with aggressive forms of
periodontitis.47 As part of its virulence, A. actinomycetemcomi-
tans produces leukotoxin A (LtxA), which targets leuko-
cytes.33,48 A. actinomycetemcomitans secretes LtxA in two
forms: water-soluble free LtxA and LtxA attached on the
surface of OMVs.33,41 Interestingly, A. actinomycetemcomitans
produces a bimodal size distribution of OMVs, where a
predominant population of ∼100 nm in diameter is observed
along with a minor population of ∼350 nm in diameter.41,49

Here, we aimed to determine how the toxin was distributed
among the OMV populations.

First, we aimed to analyze the diameter of OMVs produced
by two A. actinomycetemcomitans strains, JP2 and AA1704.

Figure 2. A. actinomycetemcomitans JP2 OMV characterization: (a) bimodal size distribution by DLS analysis, (b) integrated fluorescence intensity
of DiI-labeled individual OMVs (scale bar: 10 μm), and (c) bimodal size distribution by fluorescence particle sizing analysis. A total of 416 OMVs
were counted for JP2.
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While JP2 secretes high levels of leukotoxin, AA1704 is an
isogenic mutant of JP2 that is deficient in LtxA produc-
tion.50−52 Dynamic light scattering (DLS) analysis reveals that
both strains produce a heterogeneous population of OMVs, as
indicated by the bimodal size distribution observed (Figure 2a
and Figure S1). Our next objective was to determine the size of
OMVs using single-particle fluorescence sizing. Labeling
OMVs with fluorescent lumen dyes is one possible approach,
but it presents challenges such as incomplete labeling of OMVs
and uneven packing of the dye. To obtain an accurate
representation of size using fluorescence microscopy, we
utilized a lipophilic membrane dye (DiI) that incorporates
itself into the OMV membrane; thus, the integrated
fluorescence intensity of each particle provides a reliable
representation of the surface area. After exposing OMVs to
biotin ap-PE, which incorporates into the membrane due to its
hydrophobic nature, we captured them on streptavidin- and
BSA-passivated glass (Figure 2b). We opted to employ the
biotin−streptavidin immobilization approach, as it offers a high
affinity between biotin−streptavidin, guaranteeing firm im-
mobilization of OMVs throughout the sizing and heterogeneity
experiments.53,54 As an alternate, an antibody could also be
used to capture the OMVs;55 however, this would require the
prior knowledge of the presence of certain proteins. We
specifically utilized biotin Cap-PE, a membrane-specific label,
to label our OMVs, which guarantees the unbiased capture of
all OMVs regardless of their size or the presence of specific
surface markers.

To achieve high-throughput fluorescence intensity measure-
ment, we implemented automation through ImageJ’s particle
analysis method. It is crucial to highlight that biological
samples can exhibit aggregation tendencies. To mitigate this,
we meticulously ensured that only individual OMVs were
considered in the analysis, utilizing the circularity option.
Given that a single OMV should ideally possess perfect
circularity (a circularity value of 1), we permitted a slight
deviation, ranging from 1 to 0.7.46 This flexibility accom-
modates possible irregularities arising from the biological
nature of the samples, all while rigorously maintaining control
to prevent the inclusion of aggregated entities including
membrane dye aggregation. We preceded by measuring the
fluorescence intensity of the captured OMVs and observed that
each OMV displayed a unique integrated fluorescence intensity
(Figure S3), which is proportional to its surface area, and thus
can be used to determine the size distribution of the vesicle
population.

To convert the intensity distribution to a diameter
distribution, the following mathematical conversions were
used, building upon the approach pioneered by Stamou and
co-workers.46 The surface area of the OMVs (SAOMVs) is
directly proportional to the measured integrated fluorescence
intensity (IM), meaning that larger OMVs will exhibit larger
integrated intensities (eq 1). By assuming that OMVs are
spherical, we were able to solve for their surface area (eq 2).
Equations 1 and 2 can be combined to relate the intensity
observed to the radius (r) using a correlation factor k (eq 3).
This correlation factor k relates the intensity of a single vesicle
to its radius in nm, and it is dependent on factors such as the
photophysical properties of the fluorophore and the signal
detection efficiency. The value of k can be calculated using eq
4, where rmean is the mean radius determined using other sizing
methods. In this study, DLS was used to calculate the

rmean(DLS), and the radius of each OMV can be calculated using
eq 5; then, a radius or diameter distribution was generated.

ISAOMVs M (1)

= rSA 4OMVs
2

(2)

=r k IM (3)

=k
r

I
mean(DLS)

M (Mean) (4)

= ×r
r

I
Imean(DLS)

M (Mean)
M

(5)

The fluorescence-based size distribution was generated using
the fluorescence intensity distribution, and the analysis
revealed the presence of two populations of OMVs, one with
a diameter of roughly 100 nm and the other with a diameter of
around 300 nm (Figure 2c). The results obtained from the
fluorescence intensity analysis were consistent with our
previous findings from DLS showing a diameter of roughly
100 nm and the other with a diameter of around 300 nm.

We applied a similar approach to analyze OMVs generated
by the A. actinomycetemcomitans 1704 strain, where we
analyzed 416 individual OMVs to generate the size
distribution. The outcome revealed a similar bimodal size
distribution, with a predominant population centered around
120 nm and a smaller population at approximately 300 nm
(Figure S4).

Previously, the fluorescence single-particle sizing has
primarily been utilized for synthetic particles.46,56 Therefore,
there was a possibility that the bimodal size observed in A.
actinomycetemcomitans OMVs may not be an accurate
representation of their size but rather a result of biological
factors such as aggregation. To confirm that the bimodal size
distribution of A. actinomycetemcomitans OMVs truly reflected
their size heterogeneity, we also analyzed E. coli OMVs, which
have a unimodal size distribution (Figure S5). Both E. coli
OMVs and A. actinomycetemcomitans OMVs were labeled with
the same membrane fluorescent dye (DiI) and biotinylated to
ensure a fair comparison of their integrated intensity. The
results showed that E. coli OMVs had a unimodal integrated
intensity distribution which results in a unimodal size
distribution, confirming that the bimodal distribution observed
in A. actinomycetemcomitans OMVs was due to their
heterogeneous size population (Figure S5). The integrated
intensity distribution of E. coli OMVs displayed a distinct shift
to lower values, indicating the presence of OMVs that are
smaller than those produced by A. actinomycetemcomitans; the
majority of these OMVs had a square root integrated intensity
of approximately 300 i.u. This observation suggests a
correlation between the diameter of the OMVs and their
intensity, as the smaller size of E. coli OMVs likely results in
lower integrated intensity. In contrast, A. actinomycetemcomi-
tans OMVs displayed maxima at higher integrated intensities of
600 and 2250 i.u., suggesting a larger and heterogeneous
diameter for these OMVs (Figure S5). These results highlight
the effectiveness of fluorescence microscopy in accurately
determining the size distribution of both heterogeneous and
homogeneous size populations of OMVs.
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Surface Toxin Discrepancy in A. actinomycetemcomitans
OMVs
Once the size of the OMVs was determined, we investigated
the potential for toxin variation on the surface of individual A.
actinomycetemcomitans OMVs. To examine this possibility, we
conducted an experiment with a glass surface coated with an
anti-LtxA antibody (Figure 3a). The OMVs were then exposed

to the antibody-coated glass and counted based on the number
of OMVs that bound in three 2048 × 2048 pixel areas. A
control experiment was performed targeting outer membrane
protein A (OmpA), which is commonly found on OMV
surfaces,28,33,57 to normalize the count of OMVs (Figure 3b).
Our results indicated significantly fewer JP2 OMVs bound to
the anti-LtxA coated surface, suggesting that LtxA is present on
only a subset of these OMVs (Figure 3b). Additionally, a
control experiment was performed with the LtxA deletion
mutant (AA1704), and no significant binding to the anti-LtxA
was observed, further verifying the specificity of the antibody
toward the toxin (Figure 3b).

To further investigate the observed enrichment of toxin on a
subpopulation of OMVs, we biotinylated the OMVs and
immobilized them on a streptavidin surface. We then exposed
the OMVs to the anti-LtxA antibody and added a secondary
antibody conjugated with a fluorophore to mark the presence
of the toxin. We combined the channel displaying OMV
membrane fluorescence and the antibody channel to visualize
the colocalization between the two. This approach allowed us
to determine the distribution of LtxA on the OMV surface and
determine any size-based heterogeneities. Our results showed
that, while some JP2 OMVs were positive for the toxin, others
lacked it (Figure 4a). To serve as a negative control, we also
evaluated the binding of the secondary antibody in the absence
of the primary antibody, demonstrating the specificity of the
observed signal (Figure S6). Additionally, we also tested
OMVs for the presence of outer membrane protein A
(OmpA), which is present ubiquitously on the OMV
surface,28,33,57 and observed the vast majority of the OMVs
had the antibody bind to the surface (Figure 4b). Given the
homogeneous binding of anti-OmpA, our primary focus shifted
toward investigating discrepancies in LtxA interactions. As an

additional negative control, we assayed AA1704 OMVs (which
do not express LtxA) for LtxA and did not observe any
antibody binding (Figure S7). Our results confirm that our
platform is capable of detecting individual OMV heterogeneity,
including size-based heterogeneities as well as compositional
heterogeneities such as the presence of the toxin or proteins, as
demonstrated by the binding observed only in OMVs
containing the toxin.
Size-Dependent Toxin Sorting in A.
actinomycetemcomitans OMV
To determine if the discrepancies in LtxA antibody binding
with JP2 OMVs were size-based, we categorized the OMVs
into two groups based on the presence of LtxA, toxin-positive
and toxin-negative, and then analyzed their size distributions.
Our findings indicate that LtxA was primarily present in larger
OMVs, with only the smallest diameter OMVs devoid of the
toxin. The significance of single-OMV analysis was highlighted
by our noteworthy findings: no LtxA-negative OMVs were
found to have a diameter greater than 220 nm, and no LtxA-
positive OMVs were found to have a diameter smaller than 60
nm (Figure 5a). This analysis enables the detection of
biomolecular distributions on OMVs that are often obscured
by traditional ensemble assays. Furthermore, we investigated
the correlation between toxin presence or absence and OMV
diameter, and our observations revealed in the range of 140 nm
that there was an even split of LtxA-positive and -negative
OMVs, indicating a heterogeneous population. Our examina-
tion of overall OMV positivity and negativity for toxins in
relation to diameter revealed a proportional increase in toxin-
positive OMVs and a decrease in toxin-negative OMVs as the
OMV size increased (Figure 5b).

After observing the presence of LtxA in larger OMVs, we
aimed to determine if there was a correlation between the size
of the OMVs and the density of the toxin. To do this, we
analyzed the toxin density where we divided the integrated
intensity of the LtxA antibody staining by the integrated
intensity of the vesicle membrane (Figure 5c). We found that
the size of OMVs and the density of the toxin were not
significantly correlated, as supported by a Pearson correlation

Figure 3. Analysis of OMV surface proteins: (a) Micrographs of
OMVs captured on glass passivated with anti-LtxA antibody,
compared to ubiquitous anti-OmpA protein passivation. (b) The
normalized counts of OMVs show significantly lower binding of JP2
OMVs to the anti-LtxA antibody compared to the negative control,
AA1704 OMVs. ****A p-value of less than 0.0001 indicates a
significant difference in the presence of LtxA on the OMV surface.

Figure 4. Surface protein analysis of A. actinomycetemcomitans OMVs:
(a) OMVs from the JP2 strain were analyzed for the presence of LtxA.
The fluorescence micrograph shows only a few OMVs with positive
staining for LtxA, indicating that not all OMVs carry this virulence
factor. (b) Positive control: OMVs were analyzed for ubiquitous
OmpA. Yellow circles indicate the colocalized antibody and the
OMVs, while red circles highlight the OMVs lacking LtxA or OmpA.
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coefficient (r) of −0.168 and a p-value of 0.906. This suggests
that the larger OMVs, which have up to 10 times more surface
area than the smaller OMVs, do not necessarily have more
LtxA present per vesicle. These results highlight the
importance of further investigation into the mechanisms
controlling toxin sorting and distribution within OMVs.

We validated our toxin distribution analysis of OMVs using
an ELISA and Western blot assay. To investigate size-based
heterogeneity, it was crucial to separate the OMVs based on
size prior to the Western blot analysis. An ultrafine Sepharose
S1000 column has been used previously for size-based OMV
separation, which is a simpler alternative to traditional
methods like density gradient centrifugation.29 We aimed to
utilize this method to separate A. actinomycetemcomitans OMVs
into fractions based on their size. Our analysis of chromato-
graphic fractions confirmed the presence of two populations of
OMVs, eluting in different volumes (Figure 6a). DLS
measurements showed that larger OMVs (over 250 nm)
were found in the 34−36 mL fractions, while smaller OMVs
(under 250 nm) were found in the 44−52 mL fractions
(Figure 6b). Next, the OMV fractions were analyzed to
determine the presence of LtxA. The results from ELISA
showed that much of the LtxA was found in fractions
containing the larger OMVs (Figure S8), in agreement with
the single-particle fluorescence analysis. To address the
potential of the toxin being observed in larger OMVs due to
a greater surface area, we performed Western blot on SEC
fractions that were normalized by their total lipid concen-
tration. The results showed that the larger OMVs (33−35 mL)
had more LtxA, and the fractions containing smaller OMVs
had less (Figure 6c). As a positive control, the presence of

OmpA in the OMV fractions was also detected by Western
blotting, and the results showed that OmpA was present in all
fractions, while a notable trend of increasing LtxA level with
OMV size was observed (Figure 6c). These results further
confirm the validity of our method.

■ CONCLUSIONS
OMVs play a vital role in various processes, including cell-to-
cell communication, horizontal gene transfer, and patho-
genesis. Despite their significance, the heterogeneous size and
composition of OMVs pose challenges in understanding their
functionality and interaction with target cells. Conventional
OMV analysis assays, which rely on population measurements,
ignore variations between individual OMVs. Although single-
OMV analysis methods exist, they can often be limited in their
scope.

Our study presents an approach using fluorescence-based
particle sizing to uncover size-based heterogeneities in bacterial
OMVs. This method enables simultaneous detection of size
and surface toxin/protein content on individual OMVs,
providing a comprehensive characterization of these complex
nanoparticles. Our results demonstrate the versatility and
effectiveness of our method in accurately determining the size
distribution and heterogeneity of OMVs. We utilized
fluorescence microscopy to analyze heterogeneous populations
of OMVs produced by the oral bacterium A. actino-
mycetemcomitans. The results from our study provide new
insights into the size distribution of A. actinomycetemcomitans
OMVs and reveal the presence of two populations of OMVs,
one with a size of roughly 100 nm and the other with a

Figure 5. Size-based toxin heterogeneity analysis: (a) Fluorescently labeled OMVs were analyzed for the presence of LtxA toxin. No LtxA-negative
OMVs were found to have a diameter greater than 220 nm, while no LtxA-positive OMVs had a diameter smaller than 60 nm. (b) Fraction LtxA-
positive and -negative as a function of OMV diameter. (c) Toxin density plotted against vesicle diameter.

Figure 6. Analysis of OMVs separated based on their size: (a) OMVs were separated by SEC. The fluorescence of a lipid probe, FM 4-64 (open
circles), was used to identify fractions containing OMVs. (b) SEC fractions were analyzed using DLS to determine the size distribution of OMVs.
(c) Western blot analysis of LtxA and OmpA in each fraction, normalized to their respective lipid content.
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diameter of around 300 nm. Furthermore, our single-particle
analysis allowed us to discover that no LtxA-negative OMVs
were found to have a diameter greater than 220 nm and no
LtxA-positive OMVs were found to have a diameter smaller
than 60 nm. These results highlight the significance of single-
OMV analysis as it enables the detection of nanoscale
biomolecular distribution on OMVs that are masked by
traditional ensemble assays.

Previous studies have mainly reported unimodal size
distributions for clinically significant OMVs, including those
released by Acinetobacter baumannii, Pseudomonas aeruginosa,
E. coli, and Enterobacter cloacae.34,58−60 It is important to note
that, although most OMVs exhibit a unimodal size distribution,
they still have a wide size range exhibiting a heterogeneous
population of size. Our results highlight that smaller-diameter
A. actinomycetemcomitans OMVs, ranging from 75 to 175 nm,
contained a mixture of toxin-positive and toxin-negative
vesicles suggesting that there can be substantial differences
within a unimodal size distribution OMV, leading to function
differences as previously seen with the bimodal OMVs of H.
pylori.24

In conclusion, our platform is unique in its approach as it
does not require OMVs to be separated and is noninvasive,
utilizing a general-purpose microscope instead of specialized
equipment. Our study highlights the versatility and effective-
ness of our method in accurately determining the size
distribution and heterogeneity of OMVs and offers a more
comprehensive and advanced approach to studying OMVs.
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