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Abstract: (223) 16 

Bacterial extracellular vesicles (EVs) are nanosized lipid structures released in response to 17 
environmental stressors, such as phages and antibiotics. Despite their critical role in bacterial 18 
adaptability, the mechanisms by which EVs interact with membranes under stress remain 19 
poorly understood, partly due to challenges in visualizing these dynamic processes in live 20 
bacteria. Here, we use high-resolution fluorescence microscopy, flow cytometry, and cryo-21 
electron microscopy to investigate EV production and uptake in Escherichia coli exposed to 22 
sub-minimum inhibitory concentration doses of polymyxin B (Pmb), a membrane-active 23 
antimicrobial peptide. Using fluorescently labeled Pmb and EVs, we track Pmb insertion and 24 
removal from membranes, EV production and uptake, and their effects on cell growth. Our 25 
findings demonstrate that EV production rapidly sequesters Pmb in the medium and facilitates 26 
its removal from bacterial membranes. For the first time, we demonstrated that EVs act as 27 
membrane plugs by adhering to or fusing with Pmb-damaged membranes. These dynamic 28 
processes work together to reduce the antibiotic load from the membranes, turn off the RcsA-29 
mediated membrane stress response, and enable cells to resume growth. Although EVs do 30 
not provide resistance to Pmb, they enhance the survival and tolerance of bacterial 31 
populations. This study uncovers the dual role of EVs in Pmb sequestration and membrane 32 
repair, providing new insights into antibiotic tolerance mechanisms and paving the way for 33 
innovative approaches to combat antimicrobial resistance. 34 

Key words : Bacterial extracellular vesicles (EVs), Polymyxin B,  EV uptake, Membrane 35 
repair, Antibiotic resistance mechanisms 36 
 37 
Introduction  38 
 39 
The world is increasingly confronted with the rising threat of bacteria that are resistant to nearly 40 
all available antibiotics1. Antimicrobial peptides (AMPs), such as Polymyxins (i.e. polymyxin B 41 
(Pmb) and polymyxin E (colistin)) remain vital antibiotics of last resort due to their efficacy 42 
against multi-drug resistant Gram-negative bacteria including critical pathogens 2 like 43 
Escherichia coli, Klebsiella spp., and Pseudomonas aeruginosa, despite their reported 44 
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nephro-toxicity34. These cationic peptides, originally discovered in Bacillus polymyxa 5 are 45 
naturally produced by many organisms as part of their innate defense6.  46 

The resurgence in the use of polymyxins has spurred research into their mechanisms of action 47 
and resistance7, which are linked to modifications in lipopolysaccharide (LPS) layer decorating 48 
the outer membrane of Gram-negative bacteria8 leading to increased efflux, reduced porin 49 
pathways and increased membrane blebbing9. The discovery of the mobile colistin resistance 50 
gene mcr-1 by Liu et al. in 201610 in Enterobacteriaceae isolates in China, further revealed the 51 
emergence of horizontally acquired resistance genes and thus complicates MDR treatment 52 
strategies.  53 

Several models describe the interaction of polymyxins, notably Pmb, with bacterial 54 
membranes1112. Pmb initially binds to the negatively charged phosphate group of the lipid A 55 
core in the LPS of the outer membrane, neutralizing it13. As the peptide progresses to the inner 56 
membrane, it disrupts the membrane structure, causing leakage and cell death. Simulation 57 
works suggested it loosens LPS packing in the outer membrane while stiffening the inner 58 
membrane and promoting membrane adhesion14. High-resolution AFM studies showed that 59 
polymyxins alter E. coli surfaces1516 forming hexagonal crystal structures with LPS and 60 
divalent cations, leading to increased membrane stiffness, bulging, and rupture17.  61 

The membrane-disrupting effects of Pmb trigger several conserved membrane stress 62 
responses18 that enable bacteria to adapt to the antibiotic stress19. In E. coli and other bacteria, 63 
the sigma E pathway and Cpx two-component system20, manage misfolded proteins and 64 
repair membrane damage, while the Rcs two-component pathway regulated by RscC, RcsA 65 
and RcsB, responds to envelope stress affecting the outer membrane and peptidoglycan 66 
layer21–24. Additionally, some bacteria employ PhoP/PhoQ 25 and PmrA/PmrB 26,27 systems to 67 
modify their outer membrane under polymyxin exposure.  68 

Beyond these intrinsic mechanisms, extracellular vesicles (EVs) have emerged as key 69 
mediators involved in the development of antimicrobial resistance (AMR) 28. These nanosized 70 
lipid-enclosed particles, released in response to stress, sequester antibiotics and protect 71 
bacterial populations by reducing local antibiotic concentrations and shielding cell membranes  72 
30–35. In particular, EVs have been implicated in polymyxin resistance30–36 in microorganisms 73 
like E. coli30,37, A. baumannii 33, P. syringae 32, S. Typhi35, and P. aeruginosa PAO134 in which  74 
EV production mitigates immediate antibiotic stress by sequestering the Pmb, colistin or 75 
melittin drugs.  Notably, EVs purified from Pmb-resistant strains protect MDR strains against 76 
the bactericidal effect of Pmb30,33, suggesting that EVs extend the spectrum of drug resistance. 77 

Despite growing evidence for the role of EVs in antibiotic tolerance, critical questions remain 78 
about their direct interactions with bacterial membranes. Current models emphasize EV-79 
mediated drug sequestration, but the potential for EV uptake into membranes, particularly as 80 
a repair mechanism, remains unexplored. Unlike eukaryotic cells, where protein complexes 81 
mediate vesicle fusion39–42 the analogous processes in bacteria are less defined. Some studies 82 
suggest ESCRT-like proteins may play a role in bacterial EV dynamics 43, but their function in 83 
vesicle formation, release, or membrane fusion remains speculative and more research is 84 
needed to capture fusion events and to identify potential fusion machinery. 85 
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Here, we investigated the real-time interplay between EVs, Pmb, and stressed bacteria 86 
under sub-minimum inhibitory concentration (sub-MIC) doses of polymyxin B. By combining 87 
high-resolution fluorescence microscopy, flow cytometry, and cryo-electron microscopy, we 88 
uncover a novel role for EVs as membrane repair agents. We show that EVs not only 89 
sequester Pmb from damaged membranes but also adhere to and fuse with bacterial 90 
membranes, alleviating envelope stress and promoting tolerance. These findings provide the 91 
first direct evidence of EV uptake into bacterial membranes emphasizing the importance of 92 
single-cell studies in uncovering bacterial adaptation to antibiotic stress.  93 

Results 94 
 95 
E. coli bacteria trigger membrane stress response and develop tolerance to sub-96 
inhibitory doses of Polymyxin B within hours. 97 
We explored the role of EVs produced by live E. coli bacteria exposed to sub-minimum 98 
inhibitory concentration (sub-MIC) doses of polymyxin B (Pmb), a membrane-active antibiotic.  99 
Growth curves of wild-type (wt) bacteria in LB medium showed that the cells exposed to sub-100 
inhibitory concentrations of Pmb (0.25x and 0.5x MIC) resumed growth after 150 minutes and 101 
360 minutes respectively, whereas they were killed with no emergence of growth at a high 102 
dose of Pmb (1xMIC) (Figure 1A). This suggests that wt cells, within hours, adapted to sub-103 
inhibitory concentrations of Pmb. We thus investigated the mechanisms underlying this 104 
adaptation. Whole genome sequencing of these adapted populations revealed no mutations 105 
in their genomes (see “Methods”), indicating that the bacteria have developed tolerance and 106 
not resistance to the drug. In addition to our sequencing results, we conducted growth assays 107 
on the adapted populations, those capable of growing after prolonged exposure to 0.5x MIC 108 
Pmb but susceptible to lethal concentrations. These assays revealed that the adapted 109 
populations exhibit increased tolerance to sub-MIC levels of Pmb compared to naïve cells 110 
exposed to the drug, while still being killed at higher doses (Figure 1B). 111 

To probe the impact of polymyxin B (Pmb) on cellular physiology, we measured 112 
membrane stress levels using a GFP fusion reporter for the rcsA gene. RcsA is part of the 113 
Rcs regulon, a two-component system that detects envelope stress and peptidoglycan 114 
perturbations 23,24, which can be triggered by Pmb. We observed a 3-fold, 5-fold, and 9-fold 115 
increase in rcsA-gfp expression following the addition of Pmb at 0.25x, 0.5x, and 1x MIC, 116 
respectively (Figure 1C). This induction was further confirmed through snapshot images taken 117 
60 minutes post-treatment using single-cell fluorescence microscopy (Figure 1D) and flow 118 
cytometry analysis (Figure 1E and Figure S1). 119 
 120 
Production of extracellular vesicles turn off the membrane stress response induced 121 
by sub-inhibitory doses of Pmb.  122 
Another layer of the Pmb-induced membrane stress response is the production of EVs 123 
released into the microenvironment30,44. Yet, the effects of sub-MIC Pmb doses on EV 124 
production and on bacterial physiology have been largely overlooked.  125 
We measured and  showed that EV production increased with sub-MIC concentrations of Pmb 126 
and with the duration of exposure to the drug (Figure 1F). Specifically, endogenous EV 127 
production increased by 23 (±16) fold within the first hour of Pmb (0.5x MIC) exposure, 30 128 
(±13) fold after 4 hours, 36 (±16) fold after 6.5 hours, and 84 (±26) fold after 20 hours. The 129 
increase in EV production at 6.5 hours (400 minutes) which corresponds to 1.5 x10+10 (±5.7 130 



 4 

x10+9) EVs (per ml) coincided with the growth restart observed in Figure 1A and suggests that 131 
such concentration of EVs is sufficient to help the cells cope with Pmb (0.5x MIC) and resume 132 
proliferation.  133 

Furthermore,  the production and accumulation of EVs upon Pmb exposure also 134 
correlate with suppression of the membrane stress response, as indicated by reduced rcsA-135 
gfp expression levels from ~ 500 minutes to the end of the experiment (Figure 1C).  136 
Consistent with a previous study by Manning and Khuen30 the addition of pure EVs 137 
concomitantly to Pmb, at a concentration of (~ 8 to 160 EV per cell) at near-physiological 138 
production levels (~ 4 to 111 EV per cell ) (see Methods and Table S2) facilitated immediate 139 
growth restoration (Figure 1A), regardless of the type and origin of EVs (Figure S2 AB). Most 140 
importantly we showed that rapid growth resumption in the presence of pure EVs occurs by 141 
maintaining rcsA-gfp expression levels to basal levels,  preventing cells from entering a 142 
stressed state (Figure 1C). Microscopy images and flow cytometry quantification of rscA-gfp 143 
expression levels in single cells confirmed the basal expression of rscA-gfp when pure EVs 144 
were added (Figure 1D-E).  145 

Next, we showed that the efficacy of EVs in restoring growth depends on the 146 
concentration and type of antibiotics, whether they are membrane-active antibiotics (Pmb, 147 
Colistin) or non-membrane-targeting antibiotics (Cip, Tobra) (Figure S3). Pure EVs effectively 148 
restored the growth of wt bacteria treated with lethal doses of Pmb and colistin, whereas EV 149 
addition effect is limited or negligible in the presence of sub-MIC doses of Tobra (a translation-150 
inhibitory antibiotic) and Cip (a DNA-damaging antibiotic) (Figure S3).  151 
  152 
Fluorescent Polymyxin B (Pmbfl) efficiently binds to cell membranes and triggers RcsA-153 
dependent envelop stress response  154 
To gain knowledge on the mechanisms underlying Pmb tolerance at the single cell level, we 155 
studied the interaction between the antibiotic, the EVs and the bacteria by using a fluorescent 156 
derivative of polymyxin B (which we named Pmbfl), that is conjugated to the fluorescent dye, 157 
Rhodamine B. We determined that the MIC of this Pmb derivative is at 8 µg/ml (Figure 2A). At 158 
subMIC concentrations of 0.4x and 0.8x MIC (Figure 2A), growth resumed at later times, 180 159 
minutes and 450 minutes, respectively, indicating the emergence of tolerance similar to that 160 
was observed with plain Pmb. Upon incubation with Pmbfl (0.5x MIC) the fluorescently labeled 161 
drug localized rapidly to the bacterial membranes (Figure 2B) and the majority of wt bacteria 162 
(97.8% ±0.33) exhibited positive Pmbfl staining (Figure 2C and Figure S4 AB) within 30 163 
minutes.  164 

We monitored rcsA-gfp expression levels in wt cells in the presence of Pmbfl and found 165 
that Pmbfl efficiently activates RcsA-dependent membrane stress response, both at the 166 
population level (prolonged Pmbfl exposure) (Figure 2D) and in individual cells (30 minutes 167 
Pmbfl exposure)(Figure 2E and Figure S4 CD). Using two-color imaging and flow cytometry, 168 
we analyzed antibiotic-targeted cells (Pmbfl+) and the stress response marker (rcsA-gfp) after 169 
30 minutes of Pmbfl exposure We showed that the membrane stress signal colocalizes with 170 
antibiotic trapping in the cell membranes of 24.5% ±3.8 of the population while 75.2% ±3.4 171 
are positively decorated with the drug but have not triggered the membrane stress response 172 
yet (Figure 2F and Figure S4 CD). Altogether, Pmbfl proves to be an effective tool for 173 
investigating the mechanisms linked to Pmb tolerance.      174 
 175 
 176 
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EVs production quickly sequesters Pmbfl  and facilitates antibiotic clearance from the 177 
bacterial membranes  178 
Interestingly, adding pure EVs in a delayed manner (30, 60 or 120 minutes following Pmb 179 
addition) to the culture, enabled growth restoration and emergence of drug tolerance, yet with 180 
an increased lag phase before growth resumption (Figure 3A). This suggests that EV-181 
mediated mechanisms of antibiotic tolerance extend beyond a simple decoy effect.  182 
To understand these mechanisms we examined the dynamics of EV interaction with the 183 
antibiotic and bacterial cell membranes through a time-course experiment using Pmbfl. We 184 
incubated cells with Pmbfl and collected samples over time (0, 30, 60, 120, 240 and 1200 185 
minutes). At each time point, cells were centrifuged, and the fluorescent signal of Pmbfl was 186 
analyzed in both the pellet fractions (i.e. cell membranes) (Figure 3B) and the supernatant 187 
(containing EVs) (Figure 3C) of cell populations, and in single cells  (Figure 3EFG). This assay 188 
was performed on 3 strains: wt, ompA (that lacks the outer membrane porin OmpA and shows 189 
an hypervesiculating phenotype), and wt cells supplemented with pure EVs at a dose at near-190 
physiological production levels. The use of the ompA strain is relevant because it produces 191 
~20 times more vesicles than a wt strain in the absence of antibiotics (Figure 3D), while the 192 
strains display a similar growth and survival rate (Figure S5). In wt cells, Pmbfl rapidly 193 
accumulated in the cell membranes, as shown by a sharp increase in fluorescence signal in 194 
the pellet fraction, peaking at 30 minutes (Figure 3B and 3E). This signal then gradually 195 
decreased, possibly due to cell division that dilutes the signal in the cell membranes (Figure 196 
3B and 3E). Meanwhile, by 60 minutes and throughout (120, 240 and 1200 minutes) Pmbfl 197 
signal started to accumulate in the supernatant, indicating the production of vesicles that have 198 
sequestered the drug, eventually remaining free in the intercellular space, or bound to 199 
membranes (Figure 3B and 3E).  These processes of antibiotic trapping and clearance via 200 
vesiculation, were augmented in the hypervesiculating cells (ompA) (Figure 3B, 3C and 3F). 201 
The ompA strain exhibited increased accumulation of Pmbfl in the supernatant from time 120 202 
minutes (Figure 3C and 3F) that correlates with a decrease in Pmbfl signal from the cell 203 
membranes (Figure 3B and 3F).  204 
In contrast, the simultaneous addition of pure EVs and Pmbfl resulted in rapid antibiotic 205 
neutralization by the EVs (within seconds) (Figure 3C and 3G), and significantly reduced Pmbfl 206 
access to the cell membranes throughout the experiment (Figure 3B and 3G), confirming the 207 
EV-mediated decoy effect previously reported by other groups 30,33  208 

Next, we investigated the role of vesiculation in membrane repair and growth restart 209 
by monitoring Pmbfl decay associated with membrane damage recovery and subsequent cell 210 
growth (Figure 3H-K). In this experiment, wt and ompA cells were exposed to sub-MIC Pmbfl 211 
for 60 minutes followed by removal of excess antibiotic by centrifugation and resuspension of 212 
the cell pellets in fresh medium. Thus, the initial fluorescence signal from Pmbfl originates from 213 
the cell pellets and we measured the cells’ ability to clear the antibiotic through vesiculation 214 
(Figure 3H, 3J and 3K). Time-course analysis revealed that wt cells showed slower Pmbfl 215 
elimination from their membranes and delayed growth recovery compared to 216 
hypervesiculating ompA cells. Fluorescence imaging of single cells indicated the decay of 217 
Pmbfl signal intensity in the cell membranes both in wt and ompA, which occured 218 
concomitantly with cell division restart (~ 60 minutes), microcolony formation, and the release 219 
of EVs (Movie S1 and S2) from cell membranes. Growth resumption proved more efficient in 220 
ompA (Figure 3I), with less cell-cell variability (Figure 3I and 3K), likely due to an increased 221 
rate of membrane repair associated with EV release (Figure 3F and 3G bottom and movie 222 
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S2). These results align with ompA cells showing a survival advantage over wild-type cells in 223 
the presence of sub-MIC Pmb (Figure S5). 224 
In conclusion, these single-cell studies highlight that EV production promotes the 225 
sequestration and clearance of antibiotics like Pmbfl from bacterial membranes enabling 226 
membrane repair and growth recovery upon Pmb stress. 227 
 228 
EV uptake facilitates membrane repair and enhances growth recovery of stressed 229 
bacteria 230 
In the following experiments, we explored whether EVs could be taken up by the bacteria as 231 
membrane patches to repair damaged membranes. To test this, we purified fluorescently 232 
labeled EVs using the lipophilic dye (FM 1-43) which integrates into the lipid bilayer of the EV 233 
membrane. For these experiments, wt cells were exposed to Pmb (0.5x MIC for 30 minutes) 234 
before adding fluorescent EVs (EVGreen) for a short incubation time (10 minutes). Excess 235 
EVGreen and Pmb were subsequently removed by centrifugation. Combining microscopy, flow 236 
cytometry, and cryo-electron tomography, we provide the first evidence that EVs can associate 237 
with the membranes in real time and be taken up by the cell membranes of wild-type cells 238 
upon Pmb antibiotic exposure (Figure 4A-D and Figure S6). In the absence of antibiotic drugs, 239 
little to no EVGreen uptake (1.5%) was observed and measured in single cells (Figure 4A and 240 
4B and Figure S5). In contrast,  EVGreen uptake significantly increased in cells challenged with 241 
Pmb (8.6%) and Colistin (19.6%), both membrane-targeting antibiotics (Figure 4B and Figure 242 
S6), but not with cipro (2.5%), a DNA replication inhibitor molecule (Figure 4B and Figure S6).  243 
We also showed that EVs that have sequestered Pmb (or Pmbfl) (which exhibit a slightly 244 
smaller diameter; Figure S7) can be taken up by 20 to 60%) of wt cells (Figure S8A-D), 245 
suggesting that antibiotic-loaded EVs may have enhanced affinity for damaged membranes 246 
or play a more active role in membrane repair. Altogether, these findings indicate that EV 247 
uptake depends on the type of antibiotic, is promoted by membrane-active antibiotics, and is 248 
enhanced by antibiotic-loaded EVs, potentially facilitating intermembrane fusion through their 249 
lipid properties. 250 
 251 

We used cryo-electron microscopy (cryo-EM) to capture details of EVs’ interaction with 252 
E. coli cell membranes. Cryo-EM enables high-resolution imaging of biological samples in their 253 
near-native state by preserving delicate membrane structures without chemical fixation, 254 
minimizing artifacts. It is ideal for capturing dynamic processes like vesicle docking and fusion. 255 
The electron micrographs we obtained, are shown in Figure 4CD and Figure S9. We observed 256 
that in the absence of Pmb, EVs remain at a distance with the membrane of E. coli cells (Figure 257 
4C and movie S3). In contrast, in the presence of Pmb, more EVs adhere to the cell 258 
membrane, and in some places were captured fusing with the outer membrane (Figure 4D, 259 
Figure S9 and movie S4).  260 

 261 
Next,  we asked whether stressed bacteria (rcsA-gfp+) are more likely to take up EVs 262 

compared to non-stressed individuals (rcsA-gfp -). We used flow cytometry analysis with our 263 
two-color imaging setup to simultaneously monitor envelope stress (rcsA-gfp) and EV uptake 264 
(EVRed) in single cells (Figure 4EF and Figure S8EF). Our data revealed that EV uptake was 265 
notably higher in the stressed subpopulation (72% ± 5.8) compared to non-stressed bacteria, 266 
which exhibited 19.7% ± 0.8 uptake (Figure 4F). The latter could represent dead cells (as seen 267 
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in our microscopy images Figure 4E) or persister cells that may not trigger a stress response 268 
despite having their membranes prone to take up EVs. We also observed a small subset of 269 
stressed cells (5.6% ±4.2) that did not efficiently take up EVs (Figure 4F). These results 270 
suggest that the nature of the recipient cells plays a critical role in determining EV uptake 271 
under stress conditions. 272 

Last, to assess if EV uptake plays a role in the development of Pmb tolerance, we 273 
determined whether the subpopulations of EV-patched cells, recover growth more efficiently 274 
than unpatched subpopulations. We cell sorted fluorescently positive (rcsA-gfp+ (green+), 275 
EVred(red+), rcsA-gfp+  +EVred (green+red+)) and not fluorescent subpopulations (unstained) 276 
(Figure 4G and Figure S10) from wt pPrrcsA-gfp cells exposed to Pmb and pure EVred, and 277 
compared their growth recovery after Pmb removal (Figure 4H). We sorted the subpopulations 278 
into EV-patched cells (18%, consisting of 12% stressed and 5.2% non-stressed bacteria) and 279 
non-patched cells (73%, consisting of 40% stressed and 30% non-stressed bacteria) (Figure 280 
4G). Surprisingly, the EV-patched subpopulations, regardless of their membrane stress levels, 281 
exhibited rapid growth recovery. They entered the exponential phase at about 250 minutes 282 
after a significant lag phase, similar to the unstained cells. However, the non-EV-patched 283 
stressed bacteria exhibited a prolonged lag phase and resumed growth only after about 400 284 
minutes (Figure 4H).   285 
Altogether, our results demonstrated that EVs can be taken up by E. coli bacteria upon Pmb 286 
stress and serve as repair entities by adhering and/or fusing with damaged cell membranes. 287 
This enables stressed cells to resume growth and enhance their tolerance to Pmb antibiotic. 288 

Discussion 289 

The rising threat of antibiotic-resistant bacteria has heightened interest in antimicrobial 290 
peptides (AMPs) like polymyxins, which remain effective against many MDR Gram-negative 291 
bacteria1,9. Polymyxins, such as Pmb and Colistin, disrupt the bacterial membrane by targeting 292 
its LPS layer. However bacteria have evolved strategies to tolerate or resist these effects7.  293 
EVs play a key role in bacterial adaptation by transferring genetic material, proteins, and 294 
metabolites, aiding survival under stressors like antibiotics28. EVs can act as decoys to 295 
sequester polymyxins, reducing their efficacy30–35. Despite these roles, the mechanisms by 296 
which EVs interact with bacterial membranes in response to antibiotic stress remain unclear, 297 
emphasizing the need for alternative approaches to study the complex interplay between EVs, 298 
bacteria, and antibiotics. 299 

In this work, we combined fluorescence microscopy, flow cytometry, and cryo-electron 300 
microscopy to study the real-time dynamics of interactions between E. coli bacteria, EVs, and 301 
fluorescent Pmb. By labeling Pmb and EVs, we tracked drug insertion, removal, EV 302 
production, and uptake, as well as their effects on cell stress response and survival. Our 303 
findings reveal that EV production and EV uptake work together to repair damaged 304 
membranes, with EVs acting as membrane plugs, to alleviate envelope stress, and enable 305 
growth recovery (Figure 5). Our results uncover novel functions of EVs in repairing cell 306 
membranes and promoting tolerance to membrane-active antibiotics.  307 

We used a fluorescent version of Pmb, Rhodamine-Pmb that we named Pmbfl to investigate 308 
the temporal and spatial aspects of Pmb insertion and cell response. While Pmbfl showed an 309 
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increased MIC (8 µg/ml) compared to the original Pmb (2 µg/ml) (Figure 2A), it effectively 310 
impaired the growth of wt cells (Figure 2D)  and activated the RcsA-mediated membrane 311 
stress response in 30% of the population after 30 minutes of exposure (Figure 2EF). Pmbfl 312 
also robustly stained the membranes of wt cells, with most cells (99%) becoming Pmbfl-313 
positive within 30 minutes of incubation (Figure 2BC, Figure 3B and 3E) proving the efficacy 314 
of binding of the drug. Notably, the heterogeneity in RcsA expression (Figure 2EF) and division 315 
rates observed after Pmbfl removal (Figure 3IJ) suggests potential differences in membrane 316 
properties or membrane stress thresholds, which may represent biologically significant 317 
survival strategies.  318 

We observed that EV production facilitates the clearance of Pmbfl from cell membranes as 319 
early as 90 minutes after its addition (Figure 3B, 3C, and 3E). EV-bound Pmbfl accumulated 320 
more sharply during the late logarithmic phase (120-250 minutes) than in the early stationary 321 
phase (250-1200 minutes)(Figure 3C), suggesting that actively dividing cells prioritize the 322 
removal of membrane-bound Pmb through EV release as opposed to non-dividing or 323 
metabolically slower cells, where the demand for recovery mechanisms might be lower. This 324 
finding aligns with previous studies showing that vesicle production peaks during cell division 325 
in the Gram-negative bacteria like E. coli and B. melitensis45,46. 326 

To further investigate EV-mediated drug clearance, we studied ompA mutant cells, which 327 
produce approximately 20 times more EVs than wild-type cells (Figure 3D and table 2). 328 
Notably, ompA cells accumulated less Pmbfl in their membranes (Figure 3B) and exhibited 329 
faster and more efficient membrane drug clearance and growth recovery following drug 330 
removal (Figure 3C, 3I and 3K). One possible explanation for the observed increase in Pmb 331 
tolerance in the absence of OmpA (Figure S5) is a modification in the lipid A structure. 332 
However, previous work 47 has shown that the lack of OmpA does not directly alter lipid 333 
composition or membrane integrity under non-stress conditions. Instead, OmpA deficiency 334 
primarily affects membrane permeability and stability by disrupting its structural interactions 335 
with the peptidoglycan (PG) layer. These findings suggest that the increased tolerance to Pmb 336 
may involve additional mechanisms, and raise the question of whether ompA-derived EVs are 337 
more effective at sequestering Pmb, potentially due to differences in their surface properties 338 
or lipid composition. 339 

Using fluorescence microscopy combined with flow cytometry, we showed that 8–20% of cells 340 
take up fluorescently labeled EVs under sub-MIC levels of Pmb and Colistin (Figures 4A and 341 
4B, 4EF). EV uptake increases up to 60 % in the presence of Pmb-loaded EVs (Figure S8A-342 
D). In microscopy images, EV uptake was very well evidenced by discrete fluorescent foci 343 
spread along the cell contours, representing EV-membrane interactions. To our knowledge, 344 
this is the first direct evidence of bacterial EV fusion events captured in real-time at the single-345 
cell level. It will be interesting to further understand whether specific subpopulations of EVs 346 
are more efficient for uptake, based on their lipid properties and/or sizes.  347 

In support of these findings, our cryo-electron micrographs provide high-resolution visual 348 
evidence of EV interactions with cell membranes under Pmb stress, including EV fusion with 349 
the outer membrane (Figure 4D, Movie S4). By introducing a centrifugation step to remove 350 
nascent EVs from the cell surface, we confirmed that the observed EV-membrane interactions 351 
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represent uptake events rather than release. A complementary challenging technique such as 352 
correlative light and electron microscopy (CLEM) could further validate these findings and 353 
elucidate the dynamics of EV-bacterial membrane interactions. 354 

Our cell sorting and growth analysis revealed that stressed cells patched with EVs resumed 355 
growth faster than those without EV patches, emphasizing the critical role of EV-mediated 356 
intermembrane fusion in membrane repair and growth recovery (Figure 4H). Beyond growth 357 
resumption, it remains to be determined whether EV uptake also restores other cellular 358 
functions, such as metabolism or intracellular organization. Additionally, our data suggest that 359 
cells with moderate to severe membrane stress are primed for higher EV uptake (Figure 4EF). 360 
Investigating whether the repair mechanism operates randomly or selectively and how donor 361 
and recipient cell properties influence this process will provide deeper insights into EV-362 
mediated communication and its role in antibiotic resistance. 363 

These findings highlight the importance of single-cell studies in uncovering bacterial 364 
adaptation mechanisms to antibiotic stress. By revealing the dual role of EVs in membrane 365 
repair and Pmb sequestration, this work provides new insights into the mechanisms underlying 366 
Pmb tolerance, an antibiotic of critical public health concern. This study paves the way for 367 
innovative approaches to combat antimicrobial resistance, including precision therapies 368 
targeting EV production and fusion in stressed bacterial populations. 369 

Methods 370 

Bacterial strains and growth media.  371 
The bacterial strains used in this study are listed in Table S1. Precultures were grown in 2 ml 372 
of LB Lennox medium (pH 7.3) at 37°C with shaking at 150 rpm overnight. Experimental 373 
cultures were inoculated at a 1:100 ratio from precultures into LB Lennox and grown for 2.5 374 
hours to reach the exponential phase (O.D. 600 = 0.4-0.5). Antibiotic treatments included 375 
Polymyxin B (Pmb) at concentrations ranging from 0.5 µg/ml (0.25×MIC) to 2 µg/ml (1×MIC), 376 
Colistin at 0.75 µg/ml (0.25×MIC) to 3 µg/ml (1×MIC), Tobramycin (tobra) at 0,1 µg/ml 377 
(0.25×MIC) to 0.4 µg/ml (1×MIC) and Ciprofloxacin (Cip) at 10 ng/ml (0.2×MIC) to 50 ng/ml 378 
(1×MIC). Fluorescent polymyxin B (Rhodamine-Pmb) was used at concentrations from 1.5 379 
µg/ml (0.18×MIC) to 8 µg/ml (1×MIC). Unless otherwise noted, bulk experiments were 380 
conducted with Pmb and Pmbfl at 0.5×MIC. All antibiotics were purchased at Sigma Aldrich. 381 
 382 
EV production, isolation and purification 383 
A 1:100 dilution of an overnight culture of wild-type (wt) bacteria (or ompA mutants when 384 
noted, for increased EV production yields due to their hyper-vesiculation phenotype) was used 385 
to inoculate 50 ml of fresh LB medium. Cultures were grown for 1, 2, 4, 6.5 or 20 hours, with 386 
or without Pmb antibiotic, and cells were removed by centrifugation (5000 rpm, 10°C, 30 min; 387 
Eppendorf 5810 R centrifuge). The EV isolation protocol was adapted from previous study48. 388 
EVs were purified through filtration and ultracentrifugation. The supernatants were filtered 389 
through a 0.22 µm unit with a 50 ml syringe. To ensure the absence of bacterial contamination, 390 
150 µl of the filtrate was plated onto LB agar and incubated at 37°C overnight; no colonies 391 
were observed after 24-48 hours. EVs were pelleted by ultracentrifugation at 41,000 rpm for 392 
3 hours at 4°C (Optima L-80 XP ultracentrifuge, Beckman Coulter) using a 45Ti rotor. 393 



 10 

Supernatants were carefully and completely removed and EV pellets were resuspended in 0.5 394 
ml of freshly filtered phosphate-buffered saline (PBS; EDTA- and CaCl2-free, pH 7.5, 1×, 395 
filtered through 0.1 µm units), yielding a 100-fold concentration. Samples were stored at 4°C 396 
for no longer than one week and validated for EV presence using fluorescence microscopy 397 
and cryo-electron microscopy (Figure S9). We showed that the origin of EVs (had a negligible 398 
impact in our assays (Figure S2) therefore for most experiments, we used EVs purified from 399 
ompA cells unless noted as the yield of production was increased by about 100 times.  400 
Absolute EV concentrations and size distributions were determined using a nano-flow 401 
cytometer (NanoFCM Technology) (Figure S9) at the Flow Cytometry facility, CR2T, Institut 402 
Pasteur. Means of concentrations of pure EV samples used in the study are reported in Table 403 
S2; They ranged from 1.2 10+10 EVs/ml (wt donor), 2.5 10+11 EVs/ml (ompA donor) and  1.4 404 
10+11 EVs/ml (wt + Pmb donor). For EV uptake assays, filtered supernatants of ompA cell 405 
cultures were stained at 37°C for 20 minutes with lipophilic dyes (FM1-43 (green) and FM4-406 
64 (red)) at a final concentration of 0.6 mg/ml. EVs were then pelleted by ultracentrifugation 407 
using the same protocol described above.  408 
 409 
Growth curves assays 410 
We used a TECAN Infinite 200 PRO microplate reader for automated measurement of 411 
population growth curves with or without antibiotic stress, quantification of membrane-stress 412 
reporter expression (rcsA-gfp), quantification of Pmbfl decay (insertion of Pmbfl in cell 413 
membranes and EVs). Bacterial growth curves experiments were conducted over 800 minutes 414 
unless noted with fluorescence reads at 474 nm (rcsA-gfp,) or 560 nm (Pmbfl) when needed. 415 
Wells were inoculated with 2.5 µl of precultures into 150 µl of LB medium, supplemented as 416 
needed with antibiotics and/or EVs (~1.2 E+09; ~160 EV/cell) added concomitantly or with a 417 
delay (30, 60 or 120 minutes) to the wells. Data were analyzed using GraphPad Prism 10.0.0 418 
software (San Diego, California, USA) 419 
 420 
Whole genome sequencing of adapted populations 421 
To verify the presence of mutations in the Pmb-adapted populations, whole genome 422 
sequencing of bacteria cultured in wells containing, LB only, LB + EVs, and LB + Pmb (1×MIC) 423 
+ EVs (~1.2 10+9 added to the culture; ~160 EV/cell) was performed at the end of the growth 424 
curve run. Whole genome sequencing (WGS) was performed by the in-house Mutualized 425 
Platform for Microbiology (Paris, France) using the Nextera XT DNA Library Preparation kit 426 
(Illumina Inc.), the NextSeq 500 sequencing system (Illumina Inc.) and the CLC Genomics 427 
Workbench 11 software (Qiagen) for analysis. Coverage of at least 50 X was obtained, 428 
guaranteeing a good quality sequence. No mutations (SNPs or genetic rearrangements) were 429 
identified using the following tools Breseq Variant Report - v0.35. for the cells cultured with 430 
EVs, with and without Pmb.  431 
 432 
Time course of Pmbfl dynamics and decay assays 433 
For the time course assay following Pmbfl addition, we used 30 ml cultures (dilution 1:100 of 434 
precultures) grown in fresh LB to exponential phase (~2.5 h). Before Pmbfl addition, a 1.5 ml 435 
sample (t=0) was harvested and O.D was measured. Then the sample was centrifuged (10K 436 
rpm, 3 minutes), with the cell pellet immediately resuspended in PBS 1X (1.5 ml), and the 437 
spent medium containing vesicles collected by 0.22 µm filtration. Further samples were 438 
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collected over time following the same protocol. All samples were imaged under the 439 
microscope. For each sample, equal volumes of supernatant and cell pellet fractions were 440 
distributed in six replicates into a 96-well black flat-bottom plate, and OD 600nm and total 441 
fluorescence were measured at 560 nm using a TECAN Infinite M200 PRO microplate reader. 442 
All samples were imaged under the microscope, on agar pads.  For the time course assay 443 
following Pmbfl removal (decay assay), we used 10 ml cultures (dilution 1:100 of precultures) 444 
grown in fresh LB to exponential phase (~2.0 h) then Pmbfl was added for 30 minutes. Before 445 
Pmbfl removal a 1.5 ml sample (t=0) was harvested and the O.D measured. The rest of the 446 
culture was centrifuged and the pellet was resuspended in fresh LB. Red fluorescence signal 447 
and cell density were read at 560 nm and 600 nm respectively using a TECAN Infinite M200 448 
PRO microplate reader. Samples were collected over time for microscopy imaging. In all 449 
analyses, the fluorescence signal was normalized to cell density. Data were analyzed using 450 
GraphPad Prism 10.0.0 software (San Diego, California, USA) 451 
 452 
Fluorescence microscopy imaging setup for bacterial cells, Pmbfl and EVfluo  453 
For all experiments, cell cultures were grown with or without sub-MIC antibiotics in liquid LB 454 
medium to mid-exponential phase, then transferred to 1.3% agarose-padded slides containing 455 
LB. A coverslip was placed on the agarose pad and sealed with a 1:1:1 mix of vaseline, lanolin, 456 
and paraffin to prevent evaporation. Imaging was performed immediately at 37°C using a Zeiss 457 
ApoTome inverted wide-field microscope for time-lapse analysis. 458 
To study the interactions between Pmb, EVs, and bacteria, the antibiotic Rhodamine B-labeled 459 
polymyxin B (Pmbfl) was used. Snapshot images were captured at intervals of 0, 30, 60, 120 460 
and 240 minutes after adding Pmbfl (0.5×MIC) to cultures. Images were taken with a Plan Apo 461 
63× objective (NA = 1.4, +optovar 1.6×) and recorded using a Hamamatsu ORCA-Flash 4.0 462 
v3 sCMOS camera (Institut Pasteur Imaging Facility, CR2T). 463 
Pmbfl, stained fractions (cell pellet and supernatant) were imaged using two channels: red (560 464 
nm) and phase contrast. Fluorescent EVs were imaged in the red channel (560 nm) when 465 
stained with the lipophilic dye FM4-64 (T3166, Thermo Fisher Scientific). EVs labeled with 466 
FM1-43 (T3163, Thermo Fisher Scientific) and stressed bacteria (rcsA-gfp) were imaged in 467 
the green channel (FITC, 488 nm). Images were analyzed using FIJI software49 or MicrobeJ 468 
image analysis software50 469 
 470 
Sample preparation for EV uptake analysis  471 
Wild-type (wt), wt pPrrcsA-gfp, and ompA cells were grown in 20 ml of LB Lennox medium at 472 
37°C for 2.5 hours from 1:100 diluted precultures. A 0.5 ml aliquot of culture (10+8 cells) was 473 
transferred into 2 ml Eppendorf tubes. When required, antibiotics (polymyxin B (Pmb, 0.5×MIC 474 
final), fluorescent Pmb (Pmbfl, 0.5×MIC final), ciprofloxacin (0.4×MIC final), or colistin 475 
(0.5×MIC final)) and EVs (10 µl of pure fraction at 10+10 particles/ml, stained or unstained) 476 
were added to the 0,5 ml culture tubes. Tubes were incubated at 37°C with shaking for 30 477 
minutes (tubes lay down with tape). For EV uptake experiments, fluorescently labeled EVs 478 
(~1x10+10 EVs ; mean ratio of 72 EV/cell, Table S2) were added for 10 minutes immediately 479 
after antibiotic exposure (30 minutes) and the culture mix was put at 37°C with shaking. Then 480 
the samples were centrifuged at 13,000 rpm for 4 minutes, supernatants were carefully 481 
discarded to remove the drug and the EVs, and the cell pellets were resuspended in 0.5 ml of 482 
filtered 1×PBS (100 nm filter, FischerBrand). Tubes were wrapped with foil before further 483 
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analysis. Samples were imaged using a Zeiss ApoTome inverted wide-field microscope 484 
(UtechS Photonic BioImaging (Imagopole)) for controls.  485 
 486 
Flow cytometry and cell sorting workflow 487 
For flow cytometry, samples were diluted 1:10 and analyzed with a CytoFLEX flow cytometer 488 
S (Beckman Coulter, France), operated with the CytExpert software (Beckman Coulter, 489 
France). The machine is equipped with 488 nm (50 mW), 561 nm (30 mW) lasers. The 488 490 
nm laser light was used for the detection of forward scatter (FSC) (488/8 nm band-pass), side 491 
scatter (SSC) (488/8 nm band-pass) a double threshold on both parameters. The FITC 492 
fluorescence (525/40 nm band-pass) was measured using the 488 nm laser for excitation and 493 
PE (585/42/80 nm band pass) was measured using the 561 nm laser. The fluidic system ran 494 
at a constant speed of 30 µL/min. Fluorescence intensity and cell counts (N=50000 for each 495 
sample) were measured using an automated method for diluted live bacterial cells.  496 
Cell Sorting was performed with the MoFlo Astrios (Beckman Coulter, France) at 25 PSI with 497 
a 100 nM nozzle at approximately 6000 events per second. The FSC and SSC were read 498 
logarithmically with the 488 laser. FITC fluorescence was read with the 488 laser (576/21 band 499 
pass) and PE (579/16 band pass) with 561 laser. Samples treated with Pmb and 500 
supplemented with fluorescent EVs were sorted and analyzed. Sorted populations (various 501 
cell counts, 5000-25000 cells) included unstained cells, red (PE, EV-patched), green (FITC, 502 
rcsA-gfp+ stressed), and red+green (EV-patched rcsA-gfp+ stressed) cells. All data were 503 
processed using Flowjo software FlowJo v10.10.0, Becton, Dickinson and Company, Ashland, 504 
Oregon, USA. For growth recovery experiment, cell counts were normalized across sorted 505 
populations when seeding the wells of the 96-well plate. Data were analyzed using GraphPad 506 
Prism 10.0.0 software (San Diego, California, USA). For all experiments, representative 507 
histograms (FSC, FITC or PE intensity) are available in the Supplemental material.  508 
 509 
Cryo-electron Tomography 510 
For sample preparation, an overnight culture (1 ml) was centrifuged, and the pellet was 511 
resuspended in 0.6 ml of fresh LB, with or without Polymyxin B (0.5×MIC) and 0.1 ml of pure 512 
EVs. The tubes were incubated at 37°C for 90 minutes, centrifuged to remove excess EVs 513 
and drug, and then resuspended in 1× PBS. A 4 µl volume of the sample mix was drop casted 514 
on glow discharged Quantifoil R 2/2 on 200 gold mesh grids (Oxford/Quantifoil) and left to 515 
adsorb for 1 minute. Cell density on the grid was then verified using an upright Zeiss Apotome 516 
microscope (brightfield channel) before the back blotting step against Whatman paper for 7 517 
seconds. Cryo-fixation performed by plunge freezing at -180 °C 75% humidity in liquid ethane 518 
using a Leica EMGP (Leica, Austria). The grids were then immediately transferred for storage 519 
in liquid Nitrogen before data collection. 520 
Regarding the imaging protocol and equipment, dose-symmetric tilt series were collected on 521 
a 300 kV Titan Krios (Thermo Scientific) transmission electron microscope equipped with 522 
Falcon 4i direct electron detector (Thermo Scientific) and Selectris X imaging filter (Thermo 523 
Scientific). Tomography software (Thermo Scientific) was used to acquire tilt series with a tilt 524 
span of ± 45° and an angular increment of 3°. The total electron dose was approx. 120 525 
electrons per Å2 and the pixel size at 3.101 Å. Tilt series were saved as separate stacks of 526 
.eer frames and subsequently motion-corrected and coarse aligned using IMOD software. In 527 
parallel with data collection, an on-the-fly reconstruction software Tomo Life (Thermo 528 
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Scientific) was used to both judge the quality of acquired data and reconstruction. Further, 529 
aligned stacks were de-noised using IsoNet for better visualization. 530 
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Figure 1: Sub-MIC Polymyxin B triggers RcsA-mediated stress response, enhanced 702 
vesicle production, and adaptive population tolerance in E. coli. A. Growth curves of wild 703 
type (wt) E. coli in the absence or presence of various doses of Pmb (0.25x, 0.5x, and 1x MIC; 704 
dark grey) with or without the concomitant addition of pure EVs (empty circles). B. Growth 705 
curves of naïve and adapted cells with or without various doses of Pmb (0.5x and 1xMIC). 706 
Naïve cells (dark grey) have never been exposed to Pmb while adapted cells (colored circles) 707 
are wt cells previously grown with Pmb 0.5x and in the presence of pure EVs. C. sub-MIC 708 
Pmb induces expression of pPrrcsA-gfp, a marker for envelop stress. The effect of various 709 
Pmb doses (0.25x, 0.5x, 1xMIC; green circles) and the effect of concomitant EV addition 710 
(empty circles) on pPrrcsA-gfp expression levels are shown. All growth curves were obtained 711 
from three independent biological samples. D. Microscopy snapshots of wt cells carrying 712 
pPrcsA-gfp under exposure toPmb (0.5xMIC), with and without EVs, at 60 min following Pmb 713 
addition, illustrating quantification in D. Phase contrast and FITC (rcsA-gfp) images are shown. 714 
Scale bar is 2 microns. E. Single-cell quantification (flow cytometry) showing the percentage 715 
of cells expressing rcsA-gfp, with and without EVs, at 60 minutes following Pmb addition (0.5x 716 
MIC). N = 50,000 represents the total number of cells counted in each biological replicate 717 
(n=3). F. Quantification of EV production (Fold change compared to “no Pmb” condition) after 718 
1, 2, 4, 6.5 and 20 hours of growth with sub-MIC Pmb (0.4x MIC, or 0.25x MIC at t=20h) using 719 
nano-flow cytometry. Statistical significance (unpaired t-test) is indicated (ns, not significant, * 720 
P=0.04). In all plots, error bars represent standard deviation.  721 
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Figure 2: Pmbfl fluorescent antibiotic decorates E. coli outer membranes and triggers 747 
membrane stress response. A. Growth curves of wt bacteria in the absence or presence of 748 
various concentrations of Pmbfl. B. Microscopy images showing Pmbfl insertion into cell 749 
membranes. Phase contrast, TRITC (red; Pmbfl+), and merged images are displayed. C. 750 
Single-cell quantification (flow cytometry) of Pmbfl insertion efficiency in wt bacteria. The drug 751 
was added for 30 min at a concentration of 0.5x MIC. D. Expression levels of membrane stress 752 
response over time, as a function of various Pmbfl concentrations. Expression fold change 753 
varies from 3x (0.4x Pmbfl) to 7x (1x Pmbfl). All growth curves were obtained from three 754 
independent biological samples. E. Microscopy images of wt cells carrying pPrrcsA-gfp (kan) 755 
cultured to exponential phase and treated with or without 0.5x MIC Pmbfl for 30 min. Phase 756 
contrast, fluorescent images in the TRITC channel (Pmbfl) and FITC channel (rcsA-gfp) along 757 
and merged images are shown. F. Single-cell quantification plot (flow cytometry, n=2) showing 758 
the percentage of cells expressing rcsA-gfp (green+ only), decorated with Pmbfl (red+ only), 759 
rcsA-gfp stressed cells decorated with Pmbfl (red+ and green+) and not fluorescent (unstained) 760 
cells after 30 min of exposure to 0.5x MIC Pmbfl or in the absence of Pmbfl.  761 
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Figure 3: Vesiculation aids in trapping and clearing Pmb antibiotic from cell 800 
membranes.  A. Growth curve assay of wt strain with delayed (30, 60, 120 min; empty 801 
triangles) or simultaneous (0 min, empty circle) addition of pure EVs with Pmb (0.75x MIC). 802 
Standard deviations are represented by the shaded areas, calculated from six independent 803 
experiments.  B-C. Quantification of Pmbfl fluorescence signal in cell membranes (pellets) (B) 804 
and cell culture supernatants after filtration (C) during a time course assay. Cells (wt, ompA, 805 
wt + pure EVs) were exposed to Pmbfl for 0, 30, 60-, 120-, 240- and 1200-minutes. 806 
Fluorescence signal is normalized to cell density (OD 600 nm) . Standard deviation is indicated 807 
(n= 3 independent experiments).  D. EV production counts (particle/ml) in wt cells compared 808 
to hypervesiculating ompA mutant cells, which release higher endogenous EV loads (~20x 809 
more). Standard deviation is indicated, calculated from 4 independent experiments. E-F-G. 810 
Fluorescence microscopy time course images of Pmbfl insertion into cell membranes and EV 811 
particles present in the supernatant, for all tested conditions (wt, ompA, wt + pure EVs). Phase 812 
contrast and TRITC (red; Pmbfl+) images are shown. Pmbfl insertion in the cell membranes 813 
appears as discrete fluorescent cell contours, while insertion in EVs is shown as bright white 814 
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dots in the supernatant. Scale bar is 2 microns. H. Pmbfl fluorescent signal decay in cell 815 
membranes of both wt and ompA cell populations, following Pmbfl removal (t=0). Cells were 816 
cultured in 96 well plates over 800 min. Standard deviation is indicated, based on three 817 
independent experiments. I. Cell growth recovery of Pmbfl (30 minutes) treated bacteria (wt 818 
and ompA) following Pmbfl removal (t=0). Standard deviation is indicated based on three 819 
independent experiments. J-K. Microscopy time-course images showing Pmbfl decay in single 820 
cells (wt and ompA). Phase contrast and TRITC (red; Pmbfl+) images are shown. After 90 min 821 
of Pmb removal, microcolonies begin to form and EV-containing Pmbfl (white circles and inlet) 822 
start detaching from cell membranes. Scale bar is 2 microns. Movies of detached EVs 823 
dispersing in a wt (Movie S1) and ompA (Movie S2) microcolony are available in the 824 
supplementary information. 825 
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Figure 4: Uptake of fluorescently labeled EVs by E. coli membranes facilitates recovery 904 
of stressed bacteria. A. Microscopy images showing the uptake of fluorescent EVs (EVGreen) 905 
in wt cells either challenged with Pmb for 30 min., or left untreated. EVs were added for 10 906 
min. after the initial 30 min. incubation time with or without Pmb, then removed by 907 
centrifugation. Phase contrast and FITC channel images were captured. Scale bar is 2 µm. B. 908 
Quantification histogram of EVGreen uptake in the presence of various antibiotics (0.5x MIC), 909 
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including membrane-active (Pmb and Colistin) and a non-membrane targeting (Cip) antibiotic. 910 
Statistical significance is indicated (t-test) based on three independent experiments. C-D. 911 
Cryo-electron micrographs depicting EV interactions with E. coli cells, cultured in the absence 912 
of Pmb (No Pmb) (C) or with Pmb antibiotic (0.5x MIC) for 60 min. (D). Pure EVs were added 913 
to the cell mixture for 30 min. post-Pmb stress. The sample mixes were centrifuged and 914 
resuspended in PBS to remove the majority of EVs (non-adherent to membranes) before 915 
plunge freezing. The bacterial cell bodies (BCB) are indicated along with the outer (OM) and 916 
inner (IM) membranes of the cell, the intermembrane peptidoglycan (PG) mesh, and the EVs 917 
in proximity to- (white arrow), adhering (yellow arrow) or fused (red arrow) to the outer 918 
membrane. Scale bar is 100 nm in all images. E. Two-color fluorescence imaging of Pmb-919 
stressed bacteria (wt pPrrcsA-gfp) and EVRed uptake. Phase contrast, FITC, TRITC and 920 
merged FITC/TRITC channel images are shown. Scale bar is 2 µm. F. Single-cell analysis by 921 
flow cytometry of EVRed uptake by Pmb-stressed bacteria (wt pPrrcsA-gfp) (n=2). G. 922 
Quantification histogram of cell sorting assays (flow cytometry) showing the percentage of 923 
sorted subpopulations of wt pPrrcsA-gfp cells after 30 min. of 0.5x MIC Pmb exposure and 10 924 
min. of EVRed treatment. Cells were spun down to remove excess non-fused EVs and 925 
resuspended in PBS before sorting. H. Growth curve analysis of sorted cell subpopulations in 926 
the absence of Pmb. Standard deviation is indicated based on two independent experiments 927 
with 6 replicates each.  928 
 929 
 930 

 931 

 932 
 933 

 934 

 935 

 936 

 937 

 938 

 939 

 940 

 941 

 942 

 943 

 944 



 22 

 945 

 946 

 947 

 948 

 949 

 950 

 951 

 952 

 953 

Figure 5: Working model illustrating the real-time interplay between extracellular 954 
vesicles (EVs), E. coli bacteria and Polymyxin B antibiotic.  When E. coli is exposed to 955 
sub-MIC doses of Pmb (red dots), the bacteria shed EVs (black circles) near their membranes 956 
(black lines), triggering an RcsA-dependent envelope stress response (red). These EVs act 957 
as rapid traps for the Pmb antibiotic and contribute to membrane repair by removing the 958 
antibiotic and damaged areas from the membranes (dashed circles). Additionally, EVs loaded 959 
or not with Pmb (dashed green versus green circles respectively), can fuse with membranes, 960 
suggesting a role in patching damaged areas during stress. The role of Pmb-loaded EVs in 961 
uptake remains uncertain, but their smaller size could possibly facilitate intermembrane fusion. 962 
Stressed cells that are patched with EVs demonstrate improved growth recovery compared to 963 
non-patched cells. Thus, EVs play a critical role in managing membrane stress, deactivating 964 
the stress response, and enhancing bacterial tolerance to the antibiotic. Our single-cell assays 965 
highlight the dual roles of EVs in antibiotic trapping and membrane repair, shedding light on 966 
mechanisms that contribute to Pmb tolerance, a significant public health concern due to the 967 
increasing prevalence of Pmb-resistant microorganisms.  968 
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Table S1 – List of strains used in this study.  1028 
 1029 

Strain name  Genotype Reference 
wt MG1655 (wt) Lab collection 
ompA MG1655 DompA::kan Lab collection 
HD pPrcsA-gfp BW25113 pPrcsA-gfp (Kan) Horizon Discovery E.coli gfp promoter collection # PEC3876-

98156054 
This study 

wt pPrrcsA-gfp MG1655 (wt) pPrcsA-gfp (Kan)  This study 
ompA pPclfim W3110 (wt) DompA::kan pPclfim (spec)  Ref 50 
UPEC E.coli UPEC (wt) UGB554 CFP073 Gift from JM Ghigo’s lab 

 1030 
 1031 
 1032 
 1033 
 1034 
Table S2 – Concentrations of EVs and ratios EV counts per cell.  1035 
 1036 
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Table S2 – Concentrations of EVs and ratios EV counts per cell.  A. Mean and standard 1064 
deviations of cell counts (CFUs per ml) and EV concentrations (per ml) are reported across 1065 
strains and conditions of growth (exponential phase,stationary phase, that are used in this 1066 
study. EV concentrations were measured using a nano flow cytometer (Nanofcm technology). 1067 
Means of EV/cell ratio are indicated. B. Means of EV/cell ratio calculated for three types of 1068 
pure EVs used in cell growth assays and EV uptake assays. The origin of the EVs is indicated 1069 
(ompA, wt, wt+Pmb cells cultured overnight). Typically, for a growth assay in microplate, we 1070 
used 5 µl EVompA or EVwt or EVwt+Pmb (from stationary phase culture) mixed with 2.5 µl wt cells 1071 
(from stationary phase culture), and for the uptake assays, we used 40 µl EVompA or EVwt or 1072 
EVwt+Pmb (from stationary phase culture) mixed with 0.5 ml of wt cells (exponential phase). 1073 
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Figure S1: Pmb-induced rcsA-GFP expression in wt cells. Representative histograms and 1105 
dot plots show rcsA-gfp expression, serving as a proxy for envelope stress response, analyzed 1106 
by flow cytometry. Fractions of live cells grown in LB without antibiotics (A and C) or challenged 1107 
with Pmb (0.5x MIC) (B and D) and/or pure EVs (added to a concentration of ~1x10+10 EVs; 1108 
~72 EVs/cell), not fluorescent “unstained, UNS”, conc) (C and D), for 30 minutes were 1109 
identified and gated for intracellular fluorescence analysis (FITC channel), associated with 1110 
envelope stress response. Forward scatter (FSC) signal analysis provided information on cell 1111 
size (total population). Refer to the “Methods” section in the main text for details on the 1112 
methodology 1113 
 1114 
 1115 
 1116 
 1117 
 1118 
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Figure S2: Growth restoration effect and cell protection against Pmb antibiotic by EVs 1149 
of various origins. A. Effect of pure EVs (concentration normalized to 2.5 E+09 EV/ml) from 1150 
different donor cells (wt, ompA, ompA +Pmb and hyper-fimbriatedompA fim::Pclfim+) on cell 1151 
growth in the presence of Pmb (0.75x MIC). B. Effect of pure EVs from wt E. coli MG1655 and 1152 
pathogenic E. coli UPEC (provided by JM Ghigo’s lab), on cell growth under Pmb (0.75x MIC) 1153 
conditions. C. Effect of EVs (concentration normalized to 2.5 E+09 EV/ml) with various 1154 
fluorescent probes (FM1-43 (green), FM4-64 (red) and Pmbfl which binds to EV membranes, 1155 
on cell growth in the presence of Pmb (0.75x MIC). 1156 
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Figure S3: Effect of pure EVs on wt strain growth with membrane-targeting and non-1178 
membrane targeting antibiotics. A. cells cultured with membrane-targeting antibiotics at 1179 
high doses (1.25x MIC Pmb and 2x Colistin) with or without EVs (from ompA donor cells, 1180 
concentration normalized to 2.5E+09 EV/ml). B-C. cells cultured with non-membrane-1181 
targeting antibiotics at subMIC doses (0.25x (B) 0.5 xMIC cip (C) and 0.25x MIC tobra (B)) or 1182 
MIC doses (1x MIC cip) (C), with or without EVs.  1183 
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 1232 
Figure S4: Pmbfl insertion into cell membranes. Representative histograms and dot plots 1233 
display Pmbfl and rcsA-gfp fluorescence signals analyzed by flow cytometry. Subpopulations 1234 
of live cells (wt or wt pPrrcsA-gfp) either exposed or not exposed to Pmbfl (0.5x MIC) for 30 1235 
min, were identified and gated for membrane fluorescence analysis with a PE laser (560 nm) 1236 
(A-B-C-D) and for envelop stress response analysis using a FITC laser (488nm) (C-D). 1237 
Forward scatter (FSC) signal analysis provided information on cell size (total population). 1238 
Refer to the “Methods” section in the main text for further detailed methodology.  1239 
 1240 
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Figure S5: Growth curves and survival of wt and ompA strains in the presence or the 1275 
absence of Pmb. When cultured in plain LB (no Pmb), the wt and ompA strains showed no 1276 
significant differences in growth rate (A and B) or survival (C). The hypervesiculated ompA 1277 
strain exhibits a growth (A) and survival (D) advantage (orange frame area) over the wt shortly 1278 
after the addition of sub-MIC Pmb (0.5x MIC). However, this advantage is gone following 1279 
prolonged treatment (24h) with sub-MIC Pmb (0.5x MIC) (D) or upon exposure to higher 1280 
concentrations of Pmb (1x MIC) (B). 1281 
 1282 
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 1285 
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 1288 
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Figure S6: EV uptake efficacy varies with the type of antibiotic. Representative 1332 
histograms and dot plots showing EV uptake signals at cell membranes analyzed by flow 1333 
cytometry. Subpopulations of live wt cells exposed to either no drug treatment (A and B) or 1334 
treated with Pmb (0.5x MIC; 30 min) (C and D), Ciprofloxacin (0.5x MIC; 30 min) (E and F), 1335 



 31 

Colistin (0.6x MIC; 30 min) (G and H). After these treatments, pure EVGreen (concentration of 1336 
~1x10+10 EVs; ~72 EVs/cell) were added for 10 min. Subpopulations were identified and gated 1337 
for membrane fluorescence analysis (EV uptake) using a FITC laser 488 nm. Forward scatter 1338 
(FSC) analysis provides information about the size of cells (total population). See the 1339 
“Methods” section in the main text for further details on the methodology.  1340 
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Figure S7: Visualization and quantification of EV production in the presence or absence 1392 
of Pmb. A. Snapshots fluorescence images of purified EVs labeled with green lipophilic dye 1393 
(FM143) and immobilized on agarose pads mounted on a glass slide. EVs were purified from 1394 
wt donor cells cultured in LB with or without Pmb 0.5x MIC for 20 hours. An increase in EV 1395 
particles is detected in the presence of Pmb. B. Cryo-electron image of an EV (here an outer 1396 
membrane vesicle OMV) produced by wt cells cultured in LB without Pmb. The cytoplasm (C), 1397 
inner (IM) and outer (OM) membranes, and the peptidoglycan (PG) mesh are indicated. C. 1398 
Size distribution of EVs (in nm). EV samples were purified from wt cells, cultured to the 1399 
exponential phase (OD=0.5) (t = 0)  then challenged for 4 hours with Pmb 0.5x MIC. The mean 1400 
EV size and standard deviation are indicated. Data were obtained with a nanoflow cytometer 1401 
(NanoFCM Technology). 1402 
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 1450 
Figure S8: EV uptake occurs with EVs of different origins and fluorescent probes. 1451 
Representative histograms and dot plots of EV uptake signals at cell membranes analyzed by 1452 
flow cytometry. Subpopulations of live cells were exposed to either no drug treatment (A, C 1453 
and E) or Pmb (0.5x MIC; 30 min) (B, D and F), followed by the addition of pure antibiotic-1454 
loaded EVs such as EVPmbfl  (EVs purified from ompA cells grown with Pmbfl 0.16x MIC for 20 1455 
hours) (A and B) or EVPmbGreen (purified from ompA cells grown with Pmb 0.25x MIC for 20 1456 
hours)(C and D) and regular EVs stained with Fm464 (EVRed ) (E and F). All EVs were added 1457 
to a concentration of ~1x10+10 EVs; ~72 EVs/cell. These subpopulations were identified and 1458 
gated for membrane fluorescence analysis using FITC 488 nm or PE (560 nm) lasers. Forward 1459 
scatter (FSC) analysis provided information on cell size(total population). See the “Methods” 1460 
section in the main text for detailed methodology.  1461 
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Figure S9: Cryo-electron images highlighting EV uptake at the membranes of E. coli 1487 
cells challenged with Pmb (Refer to the Methods section in the main text for detailed 1488 
methodology). Scale bar is indicated. The bacterial cell bodies (BCB) are indicated along with 1489 
the outer (OM) and inner (IM) membranes of the cell, the intermembrane peptidoglycan (PG) 1490 
mesh, and the EVs in proximity to- (white arrow), adhering (yellow arrow) or fused (red arrow) 1491 
to the outer membrane.  1492 
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Figure S10: Cell sorting of EV-patched cells for growth recovery. Wild-type pPrrcsA-gfp 1521 
cells were grown for 30 minutes in the presence of Pmb at 0.5× MIC. Pure EVRed was then 1522 
added to a final concentration of approximately 1 × 10¹⁰ EVs (~72 EVs per cell) for 10 minutes 1523 
(see Methods: “Sample preparation for EV uptake analysis”). Cells were sorted based on 1524 
fluorescence intensity using the following gating criteria: FITC for rcsA-gfp positive cells 1525 
(‘stressed’ cells), PE for EVRed-positive cells (‘patched’ cells), FITC + PE for EVRed + rcsA-gfp 1526 
positive cells (‘patched stressed’ cells), and unstained (non-fluorescent) cells. The number of 1527 
sorted cells (N) in each gate is indicated. Fluorescence and phase-contrast microscopy 1528 
images of the gated subpopulations after sorting are provided. Scale bar: 2 µm. 1529 
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4 movies 1542 
 1543 
Movie S1:  vesiculation in wt cells promotes clearance of Pmbfl-damaged membrane. Scale 1544 
bar is 2 microns.  1545 
 1546 
 1547 
 1548 
 1549 
 1550 
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 1560 
Movie S2 : vesiculation in ompA cells promotes clearance of Pmbfl-damaged. Scale bar is 2 1561 
microns.  1562 
 1563 
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Movie 3: 3D Reconstructed tomogram of EV interaction with E. coli cell membrane in the 1579 
absence of Pmb treatment. (see Figure 4C for corresponding  image) 1580 
 1581 
Movie 4: 3D Reconstructed tomogram of EV interaction with E. coli cell membrane in the 1582 
absence of Pmb treatment. (see Figure 4D for corresponding  image) 1583 
 1584 
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