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M I C R O B I O L O G Y

Real-time tracking of bacterial membrane vesicles 
reveals enhanced membrane traffic upon  
antibiotic exposure
Julia Bos1*†, Luis H. Cisneros2*†, Didier Mazel1

Membrane vesicles are ubiquitous carriers of molecular information. A broad understanding of the biological 
functions of membrane vesicles in bacteria remains elusive because of the imaging challenges during real-time 
in vivo experiments. Here, we provide a quantitative analysis of the motion of individual vesicles in living microbes 
using fluorescence microscopy, and we show that while vesicle free diffusion in the intercellular space is 
rare, vesicles mostly disperse along the bacterial surfaces. Most remarkably, when bacteria are challenged with 
low doses of antibiotics, vesicle production and traffic, quantified by instantaneous vesicle speeds and total 
traveled distance per unit time, are significantly enhanced. Furthermore, the enhanced vesicle movement is 
independent of cell clustering properties but rather is associated with a reduction of the density of surface 
appendages in response to antibiotics. Together, our results provide insights into the emerging field of spatial 
organization and dynamics of membrane vesicles in microcolonies.

INTRODUCTION
Membrane vesicles (MVs) are small membrane blebs containing bio-
logical material derived from their parental cell. They are produced 
in all life kingdoms (1, 2), from unicellular organisms, such as bacteria 
(3), yeasts (4), and archaebacteria (5), to cells conforming multi-
cellular organisms (6), including cancer cells (7). Extensive charac-
terization of MVs across these life forms, commonly conducted by 
a combination of biochemical techniques, electron microscopy, and 
atomic force microscopy, has shown that MVs are highly hetero-
geneous in size (ranging from 50 nm to a few micrometers in diameter) 
and composition (e.g., nucleic acids, proteins, lipids, toxins, anti-
biotics, phage receptors, signaling molecules, metabolites, metals, 
and growth factors) (3). Vesicle properties typically depend on the 
physiological state of the mother cell (6), and the pathways of their 
biogenesis are very diverse and far from being fully elucidated in 
any species. While MVs are generally produced by fit viable cells 
(6, 8–10), mechanisms of cell death have been shown to mediate 
vesiculation in both bacteria [e.g., prophage-induced lysis (11), 
explosive lysis (12), and cell disintegration (13)] and eukaryotic 
organisms [e.g., apoptosis (14, 15) and necrosis (16)]. Other inducing 
factors, such as antibiotics (11, 17–21), chemotherapy drugs (22), 
intrinsic envelop stress (23), and environmental stresses (24, 25) or 
DNA damage (11, 12, 26), have also been shown to stimulate vesic-
ulation, suggesting that MVs may be involved in some form of yet 
undiscovered general biological stress response.

A long-standing interest in understanding bacterial MV compo-
sition, their production, and benefits to their hosts has revealed MV 
involvement in a multitude of biological functions (3), including 
cell-cell communication (27, 28), horizontal gene transfer (29–32), 
social phenomena (18, 33–36), immune response modulation (37), 
and a singular role as decoys for antibiotics (17, 38, 39). Yet, it is not 

well understood how MVs execute their assumed functions, partic-
ularly how they communicate messages and transport precise bio-
logical information in the context of the formation of structured 
microcolonies in liquid medium or solid surfaces. Insufficient knowl-
edge about MV transport and real-time data recorded in living micro-
organisms, due principally to a lack of robust imaging and tracking 
tools, has led to a number of rather speculative characterizations of 
vesicle-associated biological mechanisms.

It is generally assumed that vesicles discharged from a bacterium 
move about in the intercellular space, serving as long-distance de-
livery shuttles between cells and ensuring, for instance, the effective 
transport of quorum sensing signaling molecules (27, 28). Electron 
microscopy imaging has shown that MVs organize in the intercellular 
space, forming concentric rings around the bacteria Vibrio vulnificus 
(40), or aggregating into tubular structures extending out from the 
bacterial cytoplasm forming bridges between cells (29, 41) or simply 
protruding from the cell surface with no apparent physical connec-
tion between cells (42). Attempts to image MVs and nanotubes in 
living bacterial samples (12, 41) were a good starting point but are 
still insufficient to fully characterize vesicle behavior under different 
physiologic conditions.

In this work, we provide a quantitative picture of the MVs’ 
dynamical properties in a population of live Escherichia coli com-
mensal microorganisms. We overcome the technical challenge of 
visualizing individual MVs labeled with a fluorescent lipophilic 
dye and tracking their movement by using time-lapse fluorescence 
microscopy at high magnification combined with fast image acqui-
sition, along with imaging tools for automated particle tracking. We 
demonstrate that MVs undergo several dynamical states, including 
arrested motion, modest subdiffusive motion constrained to the 
surface of cell membranes, and occasional random walks in the in-
tercellular space. Most notably, our vesicle tracking analysis reveals 
that challenging the bacteria with low doses of antibiotics has a 
notable impact on the properties of vesicle dynamics, vesicle-to-
membrane affinity, and surface properties of the cell membranes. 
The overall effect is enhanced vesicle transport along the bacterial 
membranes. This work sheds light on unexplored bacterial MVs’ 
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dynamics, and it highlights an unexpected role of antibiotics in 
vesicle movement.

RESULTS
Real-time imaging and automated tracking of MVs in  
live E. coli bacteria
Real-time imaging of bacterial MV dynamics has remained a difficult 
task because of their small size (from 50 to 500 nm) and the lack of 
a robust fluorescent method to visualize them. The bigger challenges 
of this effort are photobleaching of the samples and the need for high-
resolution imaging at fast acquisition speeds under low light conditions.

To capture E. coli MVs’ dynamics inside the microcolony and 
examine the effect of antibiotic stressors on their movement, we used 
high-magnification wide-field fluorescence microscopy combined 
with a scientific complementary metal–oxide–semiconductor (sCMOS) 
camera (Hamamatsu ORCA-Flash 4.0) capable of low read noise at 
20 frames per second.

Our optical setting (fig. S1A) provides remarkably well-resolved 
vesicles (≥200 nm in diameter size) stained with fluorescent FM1-43 
lipophilic dye (43, 44) and imaged either from a preparation of pure 
vesicles (cell-free) in suspension (Fig. 1A, left) (see Materials and 
Methods for vesicle isolation protocol) or from a large field of 
immobilized cells growing onto an agarose pad (Fig. 1A, middle). It 
is important to note that, though the bacteria are partially embedded 
in the agarose pad, all moving and not moving vesicles are located 
in a focal plane above the pad (for details, see the Supplementary 
Materials, fig. S1B, and movie S1). Also, cell membranes and MVs 
were uniformly stained by the addition of FM1-43 lipophilic dye to 
the pad regardless of treatment (fig. S2, A to E, respectively).

The presence of MVs in our samples was verified by electron 
microscopy (Fig. 1A, right) and the vesicle sizes by dynamic light 
scattering (DLS) (fig. S2, F and G). DLS data indicated that two pop-
ulations of MVs were typically present in our cell samples regardless 
of treatment or the presence of the dye: small vesicles (e.g., <100 nm 
diameter), which are not detectable under the microscope, and large 
vesicles (e.g., >200 nm diameter). Although the impact of the small 
vesicles on the motion of the large vesicles will require further inves-
tigation, the results from DLS suggest that exposure to antibiotics is 
associated with an increase in their production. A higher density of 
small particles in the medium would physically cause an increase in 
the effective viscosity and thus suppress larger vesicle diffusion, which 
is the opposite of what we observe. Therefore, the effect of small 
vesicles in our results is likely negligible.

High-magnification microscopy videos of the fluorescent vesicles 
were recorded at 20 frames per second for 15 to 30 s. Individual 
vesicle trajectories were estimated using Trackpy, a Python package 
for automated Particle-Tracking-Velocimetry. Tracking vesicle mo-
tion in populations of bacteria immobilized onto agarose pads 
(movie S2) revealed three distinct movement patterns: motion along 
the cell membranes, or “sliding” state (Fig. 1B and movie S3); mo-
tion in the intercellular space with occasional motion close to the 
membrane, or “free” state (Fig. 1C and movie S4); and no motion at 
the membrane, or “bound” state (Fig. 1D and movie S5). It is worth 
noting that the dye has no evident influence on the vesicle behavior 
(details in the Supplementary Materials, fig. S3, A and B), as well 
as on the different vesicle states (fig. S3, C and D). Moreover, 
MV states are not fixed, but rather susceptible to change with time 
(fig. S3, C and D).

Observations in exemplary experiments demonstrate that most 
of the vesicles (∽80%) are in the stalled state and generally do not 
move during the length of the experiment. In this paper, we focused 
our attention on the moving fraction, which typically transitions 
between the sliding and free states.

MVs disperse primarily in very close proximity 
to the bacterial membranes
We used image processing techniques to map out the locations of 
fluorescent cell membranes (Fig. 2A) and compared them with 
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Fig. 1. Visualization and tracking of MVs’ behavior in live bacteria. (A) Visual-
ization of MVs. Microscopic images of purified (cell-free) MVs (left) and of E. coli 
hypervesiculated cells (middle) producing MVs. MVs (small bright foci indicated by 
yellow arrowheads) and cell membranes are stained with the fluorescent lipophilic 
dye. Scale bar, 1 m. Electron microscopy (EM) image (right) of purified vesicles 
(white triangles) obtained by negative staining with uranyl acetate heavy metal 
salts. Inset shows an enlarged (×13,000) EM image of a purified vesicle with the two 
leaflets of the lipid bilayer. Scale bar, 100 nm (inset). (B to D) Vesicle tracking analysis 
of three exemplary vesicles with distinct types of motion: vesicle “sliding” along the 
membrane (B), vesicle “free” moving in the intercellular space (C), and vesicle “bound” 
to membrane (D). Positions XY of the vesicle obtained from trajectories were refer-
enced to the initial position XY. Dashed lines represent cell contours. The trajectory 
trace of the vesicle is shown in the microscopy image (right; light blue trace). Vesicle 
initial position is shown in yellow circles. Scale bars, 2 m (all images).
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individual vesicle trajectories. A vesicle is considered in free state 
when its distance to the nearest cell membrane is larger than 1 m. 
This scale corresponds to about 5 to 10 times the diameter of a ves-
icle and gives us a conservative level of confidence for the definition 
of free state given the image resolution and the typical size of a cell 
(Fig. 2A). The fraction of the total time that a vesicle spends in the 
sliding mode versus the free mode is estimated for each trajectory 
(with 0 indicating that the vesicle is always sliding on a cell mem-
brane and 1 that is always free). Figure 2B shows the distribution of 
the mean fraction of time in the free state across all experiments, in 
the absence (blue trace) or presence of drug treatments (yellow and 
gray traces). Our data revealed that MVs undergo occasional short 
free walks into the intercellular medium, and most importantly, they 
spent most of their time moving at the bacterial membrane–medium 
interface. These findings suggest a novel picture of vesicular trans-
port with respect to their affinity to bacterial membranes, and ques-
tion the general idea that MVs are free-floating particles dispersing 
in the extracellular medium as they shed off from the membrane.

Antibiotic treatment enhances vesicle production 
and transport
MVs are involved in intercellular communication as they transport 
cargo messages to targeted cells (45, 33). What happens when a 
population of cells is challenged with low doses of antibiotics? Does 
environmental stress directly affect their transport process? We in-
vestigated the motion properties of MVs in the presence of antibiotics 
to address these questions.

To gain statistical confidence, we used a hypervesiculated bacterial 
strain (ompA gene deletion mutant) (46) in which vesicle blebbing 
(47) is promoted by the lack of OmpA membrane protein. In the 
absence of any treatment, these cells exhibit two- to fivefold increased 
vesicle production in comparison to the wild-type (wt) strain, as 
measured in our vesicle counts assay (Fig. 3A).

We chose to treat the bacteria with sub-minimal inhibitory con-
centration (MIC) doses of antibiotics for a short period of time to 
avoid mass cell death during the experiment. Sub-MICs of antibiotics 
have been reported to promote adaptation to stress and emergence 
of resistance (48, 49). We selected non–membrane-active antibiotics, 
such as ciprofloxacin (CIP) and chloramphenicol (CM), which do 
not cause membrane disruption. CM impairs protein translation, 
triggering the ribosomal stress response (50). CIP is a fluoroquino-

lone that blocks DNA replication (51) and triggers the DNA dam-
age stress SOS response (52) that causes cell filamentation (i.e., division 
arrest), a programmed response controlled by the global transcrip-
tional repressor LexA and the DNA repair inducer protein RecA.

Challenging the bacteria with low doses of CM and CIP did not 
severely affect the viability of ompA cells (fig. S4A) and was associated 
with increased vesicle production (Fig. 3A). We verified that addi-
tion of the fluorescent dye to the cultures did not change the cell 
sensitivity to the antibiotics (fig. S4, B to D). Bacteria resistant to 
CIP and CM no longer overproduce vesicles when exposed to sub-MIC 
concentrations of the antibiotics (Fig. 3A), suggesting that increased 
vesicle production is a function of stress. However, manipulating 
SOS response gene expression [i.e., using a lexA-3 (Ind−) allele or a 
recA knockout mutant, which blocks the induction of the stress re-
sponse, or a recB knockout mutant, which fails to initiate DNA repair 
(52)] did not prevent the rise of vesicle production in the presence 
of CIP (fig. S5A), suggesting that vesicle formation in E. coli is unlikely 
part of the programmed SOS pathway as proposed in the literature 
(26). Another mechanism for vesicle production that is largely de-
bated in the field is cell death: Dying cells release increased amounts 
of MVs in the intercellular medium (11–13). The contribution of cell 
death to increased vesicle production was examined in our samples, 
although we worked with low doses of antibiotics with minor effects 
on viability during the time length of the experiment (fig. S4A). We 
found that there is a positive correlation between a rise in vesicle 
production and death levels across treatments (fig. S5B). Yet, the linear 
relationship is different for each treatment, suggesting that cell death 
may contribute only partially to the increase of MV production upon 
stress exposure, leaving room for additional mechanism(s).

To analyze MV traffic along the membranes, we examined mo-
tion properties, speed, and traveled distance for different treatment 
conditions (Fig. 3, B to G). The diffusion of vesicles is assessed 
by means of the mean square displacement (MSD) measured on 
the ensemble of displacements generated from trajectory tracks. In 
a random walk, the MSD can be written as <R2 > = A ∙ ∆tn, where R 
is a distance displacement corresponding to a time lag ∆t and A is 
the diffusivity, which indicates the typical mean instantaneous dis-
placement of vesicles (in a two-dimensional system, A = 4D, with 
the D the diffusion coefficient of vesicles). In this formulation, 
n indicates the scaling coefficient. Namely, n ≈ 1 for regular 
Brownian motion, n > 1 for active transport, and n < 1 for anoma-
lous diffusion, generally attributed to dispersion in constrained or 
crowded conditions.

We found that purified vesicles (cell-free) suspended in liquid 
medium undergo diffusion with a power exponent n = 0.913 ( ± 0.023) 
(Fig. 3B, purple). We then estimated the MSD of vesicles for popu-
lations of cells immobilized on agarose pads. As the MSD is propor-
tional to the temperature T of the system and inversely related to 
the viscosity of the medium  (53), we kept both the temperature of 
the medium preparation and the stiffness of the agarose pad strictly 
constant across all time-lapse experiments. With this experimental 
setup, MSD plots show that MVs exhibit a transport exponent of 
n = 0.884 ( ± 0.015) (Fig. 3B, blue) with similar outcomes for antibiotic 
treatments [+CIP (n = 0.813 ( ± 0.016);+CM (n = 0.84 ( ± 0.011)] 
(Fig. 3B, orange and gray, respectively). This finding of slightly 
under-diffusive exponents is not unexpected, given that the bulk of 
the vesicles stay confined to cell membranes and are also subjected 
to crowded conditions of cells stacked close together (Fig. 2B and 
movies S2, S6, and S7).
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Fig. 2. Bacterial vesicle localization with respect to cell membranes. (A) Example 
of a processed image after skeletonization of cell membrane contours (yellow lines). 
The enlarged portion shows MVs in the sliding (red) and free (gray) states. The yellow 
arrow represents the minimal distance from an MV to the membrane for it to be 
deemed free. Scale bar, 1 m. (B) Distribution of the mean fraction of time in free 
state across all trajectory tracks for each treatment condition [No antibiotic (No AB) 
(Ntraj = 3989), and with ciprofloxacin (CIP) (Ntraj = 2292) or chloramphenicol (CM) 
(Ntraj = 3902) antibiotics]. Error bars represent SDs.
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On the other hand, the estimated values of diffusivity A signifi-
cantly increased (≳2-fold) in antibiotic-treated cells [+CIP; A = 1.115 
( ± 0.047); +CM (A = 1.106 ( ± 0.033)] (Fig. 3C, orange and gray, 
respectively) compared with no antibiotic (No AB) conditions [A = 
0.45 ( ± 0.018); Fig. 3C, blue]. Increasing the antibiotic concentra-
tion in the sub-MIC range to the MIC shows that vesicle diffusivity 
increases gradually before reaching a maximal diffusivity at 
0.375×MIC and then drops down at concentrations near the MIC 
(Fig. 3D and table S1). The biphasic dose-response characterized by 
low-dose stimulation and high-dose inhibition, also known as 
hormetic response (54), is an interesting result indicating enhanced 
vesicle transport in response to a narrow range of antibiotic concen-
trations, and will be elaborated further in Discussion. It should be 
stated that antibiotic treatments had little to no effect on the exponent 
n (table S1). A comparison of the mean distribution of speeds across 
all samples in the three treatment conditions (No AB, +CIP, +CM) 

(Fig. 3E) shows that samples exposed to CIP and CM antibiotics have 
noticeably larger tails, demonstrating that higher speed values are 
more likely under stress conditions (Fig. 3E).

An alternative way to represent transport is to evaluate the far-
thest distance from the initial position that each vesicle reaches as a 
function of time (as a first passage time problem, Fig. 3F). We found 
that vesicles produced under antibiotic stress (CIP and CM) achieve 
longer distances:0.9 m (+CM or + CIP) versus 0.6 m for No AB 
treatment in 1 s, and 1.95 m (+CM) and 2.1 m (+CIP) versus 
1.4 m (No AB) in 10 s (Fig. 3G). There was no notable difference 
in the vesicle speed profile between the two antibiotic treatments, 
although they provoke very distinct biological stress responses. Spe-
cifically, CIP triggers the SOS response, inducing cell filamentation 
and thus a change in cell clustering, while CM triggers a ribosomal 
stress response, which, at sub-MIC doses, does not alter cell shape. 
One could think that filamentation provides longer tracks for vesicle 
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Fig. 3. Effects of antibiotic treatment on MV production and movement. (A) Vesicle mean counts (fold change with respect to wt/no AB) in wild-type, hypervesiculated, 
and antibiotic-resistant strains (CIPR, CMR) (see table S2 for strain references) with sub-MICs of CIP or CM. Error bars are SDs. (B) Ensemble-averaged mean squared 
displacement of MVs, pure (purple) or growing in a microcolony on pad with no AB (blue), with CIP (0.375×MIC; orange) and CM (0.4×MIC; gray). Solid lines indicate line 
of best fit from which the diffusion exponent n and diffusivity A are determined. The black line represents Brownian diffusion (n = 1). (C) Boxplots of MV diffusivity values 
(A) for each treatment. Crosses are the mean values. (D) Boxplots of A for increasing doses of CIP. (E) Density plot of the mean speed distribution of MVs for different 
treatments. (F) Diagram showing the averaged distance span (micrometers; red arrow) by a vesicle during a random walk. (G) Averaged distance span (solid lines) of MVs 
across treatments. Shaded regions represent the dispersion (one SD) in each case. Comparisons in (C) and (D) are as follows: ns, P > 0.05; **P < 0.01; ***P < 0.001.
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motion and thus boosts the traveled distance along the membranes, 
but our analysis showed that changes in cell shape have no active 
role in the average distance span and transport of vesicles (Fig. 3G 
and movies S6 and S7).

Figure 2B shows that vesicles spend most of their time sliding on the 
cell membrane surface. Antibiotic dosage seems to lower the affinity 
of the vesicles to the membrane, making them break free more frequently 
into the intercellular medium. Yet, the change in the amount of free 
vesicles released upon antibiotic treatment did not affect the net dif-
fusivity values (nor the speed) of the vesicles (fig. S6), suggesting that 
the effect of the increase in the free fraction on MV motion properties 
is negligible in the tested conditions, and that the sliding fraction of 
MVs dictates the overall transport properties of the system.

In summary, we showed that antibiotic-stressed bacteria produce 
a greater number of vesicles that move faster, diffuse farther away 
along the membranes, and expend more time in the intercellular space. 
Together, these results demonstrate that vesicle transport is improved 
in response to antibiotic stress and that their motion is mostly con-
strained to the cell membranes rather than the intercellular space. It 
should be mentioned that our results hold when the temperature of 
the stage was maintained at physiological conditions (37°C) during 
movie recording (fig. S7, A to D) or when we used a different bacterial 
strain background (tolQ) for vesicle production (fig. S7F) (46).

Antibiotic-induced change in cell clustering and colony 
shape does not account for increased diffusivity
We observed that low doses of CIP antibiotic marginally slow down 
growth with no notable killing (fig. S4) and induce cell filamentation 

(Fig. 4A). This change in cell morphology directly affects the cell 
clustering during the growth of the microcolony and results in less 
packed cell patches (Fig. 4A). Because most of the vesicles diffuse at 
the cell surface, it was essential to understand whether the differ-
ences in cell crowding explained the differences in diffusivity.

Defining an appropriate measure of “cell density” to fairly com-
pare colonies across the various treatments is challenging because 
antibiotic-induced filament formation provokes different geometries 
and packing properties of the microcolonies they conform. Thus, 
instead of reporting cell density as a simple count of the number of 
cells per frame, we estimated the colony edge density as the fraction 
of the colony contour length to the total length of cellular membranes 
(i.e., sum of colony perimeters to sum of cell perimeters), which we 
call “membrane factor.” This quantity approaches zero for a system 
conformed by compact colonies (i.e., many cells densely and tightly 
packed together) and one for physically dispersed cells. Our results 
show that this quantity increases for both antibiotic treatments, CM 
and CIP (Fig. 4B). Then, we evaluated the relationship between the 
diffusivity and the membrane factor for each set of movies (Fig. 4C), 
showing a rather mitigated Pearson’s correlation coefficient between 
diffusivity and cell crowding, with R = 0.58 (Fig. 4C). We observed 
that cases under different treatments display very distinct diffusivity 
values, although they have similar membrane factor values (Fig. 4C, 
light orange shadow). This result supports the hypothesis that cell 
density (crowding) is not by itself solely accounting for the change 
in vesicle diffusivity under antibiotic exposure. It is important to 
consider that these arguments still hold when the MV dynamics were 
recorded at 37°C (fig. S7E).

Fig. 4. Effect of crowding on MV diffusivity. (A) Processed microscopy images showing colony confluency across treatments (from left to right: No AB, +CIP, +CM). Scale 
bar, 20 m. Insets: Segmentation of colony edges (red line) and membrane contours (yellow line). Scale bar, 5 m. (B) Membrane factor (ratio of colony contour length to 
the total membrane length) across treatments. Values range from 0 (packed cells) to 1 (dispersed cells). (C) Net MV diffusivity plotted against membrane factor across all 
treatments. The orange bar highlights distinct diffusivity values at similar membrane factor values and different treatments, suggesting that cell crowding alone is not 
accountable for antibiotic-induced enhanced diffusivity. (D) Fraction of events per trajectory in each state [inside the colony (gray), at the colony periphery (red), or free 
in the intercellular space (white)] across all experiments showing that moving vesicles are sliding at the periphery of the colony most of the time. (E) Fraction of MVs 
sliding at the periphery of the colony across treatments. (F) Net vesicle diffusivity (black boxes) versus diffusivity of MVs at the periphery of the colony (red boxes) across 
treatments. ns, P > 0.05; **P < 0.01; ***P < 0.001.
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On the other hand, it is possible that a change in cell morphology 
and packaging created more opportunities for the vesicles to move 
on the colony edges (rather than inside of the colony), providing an 
explanation for the general increased diffusivity of MVs under anti-
biotic treatment.

To examine this assertion, we classify trajectory according to the 
location of sliding vesicles with respect to the microcolony edges: 
MVs sliding on cells located inside of the cell patch (sliding internal) 
and MVs sliding at the periphery of the cell patch (sliding periphery) 
(Fig. 4D). We found that the fraction of MVs in the periphery of the 
microcolony is the most abundant across all fractions (Fig. 4D) and in-
creases with treatment (Fig. 4E), suggesting that the natural “preferred” 
location of the vesicles is on the periphery of the cell patches.

Yet, when only the motion at the colony edges is considered and 
compared across treatments, the diffusivity of these MVs remains 
highly similar to the corresponding net diffusivity and thus increases 
with antibiotic treatments (Fig. 4F). These results reveal that the nature 
of the changes in diffusivity is associated to a biological mechanism 
in response to antibiotic stress rather than physical/geometrical con-
straints of colony configuration.

Antibiotic-mediated alteration of the cell surface contributes 
to enhanced vesicle movement
We investigated potential mechanisms responsible for a change in 
vesicle diffusivity when the cells are challenged with low doses of 
antibiotics. According to the Stokes-Einstein equation (53), the dif-
fusion coefficient of particles subjected to stationary Brownian 
motion is given by D = kBT/6r, where kB is the Boltzmann con-
stant, T is the temperature, r is the particle radius, and   is the 
dynamic viscosity of the medium. Because vesicle sizes (fig. S2F) lie 
within the same range across treatments, and we were careful to 
maintain a uniform room temperature (21°C), as well as equal vis-
cosity of the agarose pads, during the short time course recording 
and across all experiments, we can assume that these factors were 
not accountable for enhanced vesicle diffusivity.

We next tested whether the antibiotics we used, though not 
membrane-active, could trigger perturbations of membrane mor-
phology. Changes in membrane polarization, permeability, and 
fluidity upon the addition of low doses of antibiotics were assessed 
with the use of specific fluorescent membrane dye reporters. A voltage-
dependent dye was used to specifically stain depolarized membranes 
(fig. S8A). Loss of membrane permeability was assayed with a 
membrane-impermeable chromosome counterstain that enters the 
cells only if the membrane is damaged (fig. S8B). Membrane fluidity 
was monitored with a lipophilic pyrene probe, a lipid analog that 
exhibits changes in its spectral properties when interacting with a 
fluid membrane (fig. S8C). Our measurements did not report any 
strong impairment in the membrane properties of cells exposed to 
sub-MIC antibiotic CIP or CM when compared to untreated cells 
(fig. S8), indicating that increased diffusivity upon sub-MIC antibiotic 
exposure arises by means other than changes in the membrane 
properties.

We hypothesized that a change in the amount of cell surface 
appendages, such as type I fimbriae, could modulate the effective 
viscosity of the membrane surface to the motion of sliding vesicles. 
Fimbriae are typically 1 to 10 m long, proteinaceous erected struc-
tures found on the surface of both Gram-negative and Gram-positive 
bacterial cells (55). Extending from the surface of the bacterial cell 
wall, they are involved in many functions, such as attachment, 

adhesion, and locomotion. Fimbriae production in bacteria bifurcates 
into two distinct states (production ON and OFF), a phenomenon 
known as bistability or phase variation (55), contributing to bacterial 
phenotypic heterogeneity. The total amount of FimA surface pro-
tein, the main component of the type I fimbriae external structure, 
was assessed in the presence or absence of antibiotics by Western 
blot analysis (Fig. 5A). A knockout strain for type 1 fimbriae expres-
sion (fim−), as well as a strain expressing fim genes in a constitutive 
manner (fim++), was used as controls. FimA amount decreases in 
the presence of either CIP or CM antibiotics in both wild-type and 
ompA strain backgrounds (Fig. 5A), indicating that E. coli cells re-
spond to sub-MIC antibiotics by remodeling their external surface. 
We measured the levels of FimA surface protein at increasing doses 
of CIP antibiotic (Fig. 5B). FimA levels follow a U-shaped curve 
profile in response to increasing doses of CIP, with FimA disappearing 
at intermediate sub-MIC of CIP (0.375×MIC) and reappearing at 
the cell surface at concentrations near the MIC. Despite noticeable 
levels of damaged cells at concentrations near the MIC, evidenced 
by the increased amount of the cytoplasmic RNA polymerase (RNP) 
released in the “surface” fraction, it appears that FimA appendages 
accumulate again at the cell surface when survival is challenged 
(Fig. 5B). In addition, the FimA dose-response profile seems to be 
the reversed mirror image of the diffusivity values for the same range 
of CIP doses (Fig. 3D). Then, we tested whether vesicle diffusivity 
was affected by the presence of surface appendages. Movies of vesicle 
dynamics were recorded in wild-type cells (where fimA expression 
is under phase variation control), and fim− and fim++ cells in the 
presence of sub-MIC CM and CIP antibiotics. Diffusivity values 
show no significant increase in the fim knockout strain, suggesting 
that the absence of surface appendages does not have any synergistic 
effect with the antibiotic (Fig. 5C, gray boxes). Yet, diffusivity is sig-
nificantly reduced when the cell is covered with large amounts of 
fimbriae (fim++) in both treatment conditions, supporting a role of 
surface appendages in the constraining of vesicle motion (see table 
S1 for a summary of A values across treatments and fim strains). We 
note that in the absence of antibiotic treatment, there is also a sig-
nificant decrease in diffusivity between the fim++ and fim− strains, 
although it was less pronounced than in the presence of antibiotics 
(Fig. 5C, blue boxes). It is likely that E. coli K12 wild-type strain cells 
are not phenotypically very different from the fim− mutants, as they 
switch phases randomly, typically producing a small proportion of 
fimbriate cells in a colony (56). It is possible that poor fimbriated 
phenotypes can be extrapolated to higher vesicle diffusivity rates, but 
low levels of FimA appendages may not lead to significant variations 
in vesicle motion behavior between the fim− and wild-type (or ompA) 
strain, as the effect might reach a saturation level. Although a more 
in-depth analysis of the role of surface appendages will be needed to 
validate this model, these results hint that the modification of the 
external cell surface presenting lower densities of appendages in a 
small window of antibiotic concentrations may render its rugosity 
lower, thus enhancing vesicle diffusivity (Fig. 5D). Overall, our data 
suggest novel mechanistic perspectives regarding the molecular actors 
involved in the motion of bacterial vesicles.

DISCUSSION
Ubiquitous MVs are described as key players in intercellular com-
munication and host interactions. We know that MVs carry a vast 
variety of molecular information; however, how this information is 
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delivered between cells remains an open question. Studying MV 
transport has proven challenging because of their small size and the 
difficult task of tracking them in in vivo conditions. Here, we report 
a detailed analysis of MV dynamics in a bacterial population, show-
ing that exposure to low doses of antibiotics induces changes in cell 
surface composition leading to enhanced MV dispersion.

Potential benefits of MVs’ transport properties at 
the population scale
Our findings show that MVs move primarily in very close proximity 
to bacterial membranes (Figs. 1A and 2B and movie S2), with occa-
sional short bursts of free diffusive motion in the intercellular space. 
It is well known that, as a communication mechanism, Brownian 
diffusion is limited. For instance, E. coli vesicles would typically take 
approximately 5 s to travel 1 m (Fig. 3G) but over 2.7 hours (about 
2000 times longer) to travel 100 m. Therefore, the passive transport 
of MVs is irrelevant in long-distance cell-cell communication, 
questioning conventional models proposed in the literature (27, 28). 
But MVs could still play an important role in broadcasting signals 
in crowded communities that might induce collective phenomena, 
such as quorum sensing during biofilm formation (8, 33). In partic-

ular, the work of Schooling and Beveridge (39) established MVs as 
common constituents of the matrix of Pseudomonas aeruginosa bio-
films. In this context, MVs’ signal changes in the extracellular matrix 
composition, such as the presence of dead cells, are typically associ-
ated with massive release of MVs (11, 12, 13). Per our results, MVs 
could signal changes in the density of cell surface appendages caused 
by antibiotics or other sources of cellular stress, thereby prompting 
changes in biofilm architecture as a response to specific environ-
mental conditions. In the same way as quorum sensing signals 
modulate population behavior by communicating changes in cell 
density, broadcasted MVs could signal other forms of environmen-
tally induced cellular stress.

Furthermore, constricted motion of MVs along cell membranes 
favors communication between cells that are in close proximity, as-
suring the delivery of the “package” to a recipient cell when the donor 
cell has committed to producing it. The immediate conclusion is 
that MVs might be a costly resource, and suppression of their shed-
ding is expected considering that there are no extracellular structures 
that provide active, and directional, transport that guarantees their 
remittance. This suggestion is supported by the study of Barr et al. 
(57) showing that phage particles (T4 phage of size ∼200 nm) rely 
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Fig. 5. Effects of antibiotic treatment on bacterial surface appendages and vesicle motion. (A) Effect of antibiotics CIP (0.375×MIC) and CM (0.4×MIC) on surface 
FimA protein levels in wt, hypervesiculated (afimbriate fim−), and control (hyperfimbriated fim++) strains. Numbers 1 to 8 indicate the different conditions recapitulated 
in the quantification plot (fold change to wt/no AB). Error bars are SDs. (B) Effect of increased CIP dosage on FimA levels in hypervesiculated strain. In both (A) and (B), 
quantification plots represent a total of three biological replicates, and FimA bands (anti-FimA antibody) are normalized to internal control [RNA polymerase alpha sub-
unit, RNP, 70 kDa; cell pellet (P); and cell surface (Sf)] using an anti-RNP antibody. (C) Effect of fimbriae density at the cell surface on vesicle diffusivity upon CM and 
CIP. Vesicle diffusivity measured across treatments (No AB, CM, and CIP) in wt (fim+/−), afimbriate (fim−), and hyperfimbriated (fim++) cells. (ns, P > 0.05; *P < 0.05; **P < 0.01; 
***P < 0.001). (D) Diagram summarizing the effect of antibiotic concentration (blue gradient) and presence of fimbriae surface appendages (yellow) on MV diffusivity in 
E. coli microcolonies. The mechanism(s) correlating diffusivity to fimbriae exposure remains unknown.
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on subdiffusive motion to search for bacterial prey when they spread 
out onto mucosal surfaces of cells. This type of motion was shown 
to facilitate phages-host encounters and antimicrobial action when 
bacterial concentration is low (57).

A role of low doses of antibiotic in the control  
of vesicle diffusivity
Microbial habitats are typically infused with low concentrations of 
antibiotic metabolites produced by competing microorganisms. 
Sub-MICs of antibiotics are known to facilitate adaptations, such as 
the emergence of antibiotic resistance (48, 49, 58–60). Our work high-
lights a previously unidentified role of low doses of antibiotics on 
the transport of bacterial MVs. In particular, the inverted U-shaped 
dose-response of diffusivity (Fig. 3D) resembles a general hormetic 
process, a known driving force of adaptation and survival of living 
cells thriving in challenging environments (54). The narrow sub-
MIC range at which MV diffusivity is enhanced is reminiscent of the 
“selective window” of drug concentrations that drives the evolution 
of resistant variants, as suggested in previous studies (58, 61). Namely, 
increased MV transport at antibiotic concentrations that favor the 
emergence of drug-resistant variants, while maintaining a moderate 
cell turnover and low death rates, could be collectively favorable by, 
for instance, directing large-scale phenotypic changes or prompting 
more effective horizontal exchanges of material associated with 
long-term resistance. It is yet to be determined whether more diffu-
sive vesicles or increased vesicle production are the phenotypic traits 
that provide cells with increased adaptive potential.

Vesicle release as a phenotypic switch under low dose 
of antibiotics?
We demonstrated that low doses of antibiotics are able to modify 
the properties of MV transport: MV production is increased (Fig. 3A), 
MVs travel faster (Fig. 3E) and farther away in the population 
(Fig. 3G), and MVs are released from the membrane at higher rates 
(Fig. 2B). In particular, the fact that more vesicles break free when 
cells are exposed to CIP and CM antibiotics suggests that stress acts 
as a trigger in the transitions of MVs’ dynamical states. It is possible 
that vesicles that are free to dissipate in the intercellular space act as 
scouts committed to spreading a stress signal to neighboring cells. It 
will be interesting to test whether the presence of free vesicles in 
subpopulations affects the level of phenotypic heterogeneity, with 
subpopulations of cells receiving small MVs discharge, potentially 
to better withstand antibiotic treatment. In addition, determining 
the mechanisms responsible for the change in MV affinity to the cell 
membrane will be crucial to comprehend whether boosted vesicle 
production and transport are part of a specific stress-induced gene 
expression reprogramming response that promotes adaptation in 
the cell population (i.e., in the form of antibiotic resistance), a stress 
response that helps the cell to trap antibiotics or discard damaged 
components produced upon stress, or are a signal of stress response 
that triggers other survival mechanisms.

In conclusion, this work reveals unexplored aspects of bacterial 
MV transport, a key function in MV physiology, and brings evidence 
of how antibiotic treatment affects MV transport. Although our data 
do not support a role of extracellular vesicles as long-distance mes-
sengers, they should stimulate future research aiming to investigating 
the ecological and adaptive role of vesicles in crowded environments, 
such as biofilms. In addition, correlating MV transport properties 
to adaptive responses, including defense strategies, horizontal gene 

transfer, and modulation of stressful environments, will bring an 
integrated understanding of the function of MVs in general collec-
tive bacteria phenomena.

MATERIALS AND METHODS
Bacterial strains and growth conditions
E. coli K12 (W3110 or BW25113) laboratory strains were cultured 
at 37°C in liquid LB Miller medium and on solid LB Miller agar 
plate. CIP and CM antibiotics were added to the bacterial cultures 
in small volumes to avoid changing the cell culture volume or pad 
viscosity. The MIC, defined as the lowest concentration of the anti-
biotic that prevents bacterial growth, was determined at 40 ng/ml 
for CIP and 2.5 g/ml for CM. These antibiotics were added at var-
ious sub-MICs of CIP (0.125×MIC, 0.25×MIC, 0.375×MIC, 0.5×MIC, 
0.75×MIC, 1×MIC) and CM (0.2×MIC, 0.4×MIC, 0.8×MIC), re-
spectively. Unless specifically noted, bulk experiments were per-
formed with CIP 0.375×MIC and CM 0.4×MIC. The strains used in 
this study are listed in table S2.

MV purification
MVs were purified by ultracentrifugation. A 1:100 dilution of over-
night culture was used to subculture a 50-ml fresh LB medium. Cells 
were grown overnight at 37°C before being pelleted at 5000 rpm for 
15 min at 4°C. Supernatant was passed through a 0.22-m filtration 
unit. Vesicles were then collected by ultracentrifugation (Optima 
L-80 XP ultracentrifuge Beckman Coulter) at 36,000 rpm for 
2 hours at 4°C with the Beckman Type 45Ti Rotor. Supernatants 
were carefully decanted, and pellets containing the vesicles were re-
suspended in 350- to 500-l phosphate-buffered saline (pH 7.5) or 
plain LB. Vesicle samples were stored at 4°C for short-term storage 
or −80°C for long-term storage. Preparations of pure vesicles were 
verified by electron microscopy using negative staining (uracyl ace-
tate) for the presence of MVs.

Vesicle count assays
For each strain, a volume of 3 ml of culture grown for 3 hours to 
mid-exponential phase was filtered out using the 0.22-m filtration 
units to harvest the spent medium containing the vesicles. Vesicles 
were stained with FM1-43 lipophilic dye [1 M/ml; Thermo Fisher 
Scientific #T3163, dye (N-(3-triethylammoniumpropyl)-4-(4-
(dibutylamino) styryl) pyridinium dibromide)] for 30 min at 37°C. 
As a control, 150 l of the filtrate was plated out onto a plain LB 
plate and incubated at 37°C overnight to confirm the absence of 
bacteria in the spent medium after filtration. No colonies were formed 
after 24 to 48 hours. A small stained aliquot was imaged under the 
microscope to verify the presence of vesicles. Equal volumes of spent 
medium were dropped in triplicate in a 96-well flat-black-bottom 
plate. Total fluorescence was read at 580 nm in a TECAN microplate 
reader (infinite M200 PRO). Relative vesicle counts were normal-
ized to the optical density (read at 600 nm) of each cell culture.

Microscopy setup for vesicle imaging
In all experiments, bacterial cells producing vesicles were grown to 
mid-exponential phase in liquid LB and then transferred to 1.3% 
agarose-padded slides containing LB medium supplemented with 
or without sub-MIC antibiotics 0.4×MIC CM or 0.x375MIC CIP 
unless noted. A coverslip was placed on top of the agarose pad and 
sealed with a vaseline:lanolin:paraffin mix (ratio 1:1:1) to prevent 
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pad evaporation. Slides were incubated at 37°C for 2.5 hours for cell 
growth and then cooled off (T = 21 ± 0.5°C, bulk experiments) and 
placed under a Zeiss ApoTome inverted wide-field microscope for 
time-lapse video recording. As particle diffusion is sensitive to 
changes in both temperature and viscosity of the medium, vesicle 
dynamics were recorded at constant pad stiffness (1.3%) and tem-
perature (21°C) across the different antibiotic treatments. Control 
experiments were recorded at 37 ± 0.5°C to assess the effect of tem-
perature on MV motion parameters. Video frames were taken at 
50-ms interval time for a total duration of 15 to 30 s, with a 35-ms 
exposure time, using a Plan Apo 63× objective (numerical aperture = 
1.4, +optovar 1.6×) using a Hamamatsu sCMOS ORCA-Flash 4.0 v3 
(Pasteur Institute Imaging Facility Imagopole).

Imaging of pure (cell-free) vesicles in suspension was done by 
adding a 10-l droplet of FM-43–stained vesicles directly to the 
glass slide. A glass coverslip was carefully placed on top of the puri-
fied vesicle sample and imaged immediately. A total of 114 movies 
were recorded and analyzed across all conditions and strains. During 
each imaging session, the vesicle-producing strains were systemati-
cally grown on pads in the presence and the absence of the adequate 
antibiotics for better data comparison and reproducibility. Some 
experiments were conducted at high CIP antibiotic concentrations 
(1.2×MIC CIP), but large numbers of cells died. The fluorescence 
intensity of the dying cells (because of increased influx of the lipo-
philic dye through permeable membranes) overshadowed the vesi-
cle signal; therefore, these experiments were discarded.

Vesicle tracking analysis
All image sequences were preprocessed with Fiji (62) for background 
subtraction and pixel thresholding to produce appropriate images 
for object identification. The SciKit Python package (version 1.2.1) 
was used to digitally skeletonize fluorescent cell membranes in each 
case. Vesicle trajectories were generated using the particle tracking 
velocimetry Trackpy Python package (version 0.4.2, DOI 10.5281/
zenodo.3492186). Further analysis was implemented in Python 
(code available on request). All experimental treatments (No AB, 
+CM, +CIP) were performed for each biological sample to confirm 
that the observed differences in diffusivity were supported in inde-
pendent biological replicates. See the Supplementary Materials for 
further details on particle tracking methodology.

Dynamic light scattering
We used DLS to determine whether small vesicles, not detectable 
under the microscope (e.g., <200 nm diameter), were present in our 
samples. The principle of DLS is based on the detection of scattered 
light by a suspension of particles. The detected signal intensity is 
used to estimate the diffusion coefficient and particle size by means 
of the Stokes-Einstein equation (53). This method provides estima-
tion of particle sizes, but it does not offer an accurate measurement 
of the relative abundance of MVs of each size, because a given vesi-
cle in suspension may cross the path of the laser light several times. 
Purified vesicles produced from ompA cell cultures (50 ml) with or 
without antibiotics (0.4×MIC CM or 0.375×MIC CIP) were resus-
pended in 1 mM KNO3 buffer containing or not the FM1-43 dye. A 
small volume (30 l) of sample (antibiotic, lipophilic dye) was added 
to a 384-well plate for recording particle light intensity emission 
with the automated DynaPro Plate Reader III (Wyatt Technology). 
Two populations of MVs were typically present in our cell samples, 
regardless of antibiotic treatment or the presence of the dye. Size 

distribution plots were obtained with the DYNAMICS software 
(Wyatt Technology).

Cell death, membrane depolarization, and membrane 
fluidity quantification assays
As vesicle production can be associated with extensive cell lysis, cell 
death was quantified by measuring the fluorescent signal in the cell 
population using propidium iodide (Sigma-Aldrich, P4864), a 
membrane-impermeable nucleic acid stain commonly used as a cell 
death marker. Specifically, red fluorescence is indicative of cellular 
loss of membrane impermeability. On the other hand, membrane 
depolarization was quantified by the emission of a green fluores-
cence signal using voltage-dependent dye DIBAC4(3) (Thermo 
Fisher Scientific B438). Microscopy snapshots were taken to visual-
ize the population of bacteria under these various dye treatments. 
Membrane fluidity was assessed by using the Membrane Fluidity 
Kit (Abcam ab189819), which measures the changes in fluorescence 
spectral properties of lipid analog probes added to the cell culture. 
Fluorescence shifts (400 to 470 nm) resulting in changes in mem-
brane viscosity were read in a TECAN microplate reader (Infinite 
M200 PRO). The ratio of emission at 470 nm to emission at 400 nm 
was normalized to that of unlabeled cell conditions. In all assays, total 
fluorescence was normalized to biomass (optical density at 600 nm) 
in each sample.

Fimbriae surface protein Western blotting
A 1-ml sample of each strain cultured to mid-exponential phase was 
plated on solid agar plates, containing or not the antibiotic, at 37°C 
for 3 hours. Cells were resuspended in fresh LB, adjusted to the cul-
ture absorbance (read at 600 nm), and spun down. Supernatants 
were discarded, and the pellets were resuspended in 0.9% NaCl. Pel-
lets were then spun down and resuspended in 75 mM NaCl, 0.5 mM 
tris-HCl (pH 7.4). Samples were incubated at 60°C for 20 min and 
then kept on ice. Bacteria were pelleted and the detached cell sur-
face fimbriae present in the supernatant were precipitated in 10% 
trichloroacetic acid overnight at 4°C.

Surface fimbriae proteins were collected by centrifugation at 
maximum speed, 16,000g, for 1 hour at 4°C, washed with 75% cold 
acetone, and resuspended in 100 l of 2× Laemmli buffer. Protein 
samples were separated on SDS–polyacrylamide gel electrophoresis 
4 to 20%. Immunodetection was performed using a 1:10,000 dilu-
tion of polyclonal rabbit antiserum raised against the FimA Fimbriae 
subunit (gift from J. M. Ghigo laboratory, Institut Pasteur). Immuno-
detection of RNP protein in both the bacterial pellets and superna-
tants was used as an internal and loading control. A 1:1000 dilution 
of monoclonal goat antiserum raised against the 70 subunit of 
E. coli RNP (Neoclone W0004) was used. Relative quantification of 
immunodetected FimA bands was performed using Fiji software (62).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/4/eabd1033/DC1

View/request a protocol for this paper from Bio-protocol.
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