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Isolation and characterization of 
Lactobacillus-derived membrane 
vesicles
Scott N. Dean1, Dagmar H. Leary2, Claretta J. Sullivan3, Eunkeu Oh4 & Scott A. Walper2

Bacterial membrane vesicles have been implicated in a broad range of functions in microbial 
communities from pathogenesis to gene transfer. Though first thought to be a phenomenon associated 
with Gram-negative bacteria, vesicle production in Staphylococcus aureus, Lactobacillus plantarum, and 
other Gram-positives has recently been described. Given that many Lactobacillus species are Generally 
Regarded as Safe and often employed as probiotics, the engineering of Lactobacillus membrane vesicles 
presents a new avenue for the development of therapeutics and vaccines. Here we characterize and 
compare the membrane vesicles (MVs) from three different Lactobacillus species (L. acidophilus ATCC 
53544, L. casei ATCC 393, and L. reuteri ATCC 23272), with the aim of developing future strategies 
for vesicle engineering. We characterize the vesicles from each Lactobacillus species comparing the 
physiochemical properties and protein composition of each. More than 80 protein components from 
Lactobacillus-derived MVs were identified, including some that were enriched in the vesicles themselves 
suggesting vesicles as a vehicle for antimicrobial delivery. Additionally, for each species vesicular 
proteins were categorized based on biological pathway and examined for subcellular localization signals 
in an effort to identify possible sorting mechanisms for MV proteins.

Bacterial outer membrane vesicles (OMVs), proteoliposomes shed from the outermost membrane of 
Gram-negative bacteria, were observed in some of the earliest electron microscopy images of Gram-negative 
bacteria but were not believed to have a functional role at that time1,2. Years later interest in these structures 
sparked an ever-growing field of science that has been enabled, in part, by the development of technologies that 
allow interrogation of nanoscale structures in solution3. Continued efforts in vesicle research have indicated that 
these biological nanoparticles have a critical role in cellular function and community interaction. These obser-
vations are not limited to any specific bacterial species rather, membrane vesicles from Gram-positive bacteria 
(MVs), exosomes from eukaryotic cells, and OMVs have been shown to have an impressive range of extracellular 
function4. The OMVs of Gram-negative bacteria, which have been the most extensively studied vesicles thus 
far, have been shown to carry a wide range of cargo including virulence factors, nucleic acids, quorum sensing 
signals, toxins, immunomodulatory factors, adhesins, chelating molecules, and nutrient scavenging factors5–7. 
As an extension of the cargo they carry, OMVs have been associated with cytotoxicity, the invasion of host cells, 
membrane fusion, the production of biofilms, and the delivery of varied complex and simple biomolecules8,9. This 
diversity of composition and function suggests that OMVs and other vesicles have the potential to play a major 
role in the microbiomes in which they are produced5,10.

Gram-positive and Gram-negative bacteria differ significantly in the organization of their membrane and 
peptidoglycan layers which has contributed to the theories pertaining to membrane vesicle production. In 
Gram-negative bacteria, OMVs form on the outer membrane, drawing in components of the periplasm either 
passively or through some yet to be explained mechanism before being released into the surrounding environ-
ment11. Historically, Gram-positive bacteria were believed to not produce membrane vesicles due to their thick 
cell wall, seen as a potentially insurmountable barrier for vesicle release. Early skepticism was dispelled, however, 
when Lee et al. purified and characterized MVs isolated from Staphylococcus aureus12. Similar to the OMVs of 
Gram-negative bacteria, the MVs of S. aureus ranged in size from 20–100 nm and were shown to contain many 
proteins critical to the survival and pathogenesis of the bacterium. Subsequent to these studies, MVs have been 
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isolated from several other Gram-positive bacteria, including Streptomyces lividans13, Listeria monocytogenes14, 
Bacillus subtilis15, Lactobacillus plantarum16 and Lactobacillus reuteri DSM 1793817.

Most lactobacilli are considered non-pathogenic and Generally Regarded as Safe (GRAS). Combined with 
their ability to grow aerobically or anaerobically, and lactic acid fermenting form of metabolism, these bacteria 
and others of their genus have been exploited for fermentation and food production for decades18. Additionally, 
the beneficial and probiotic effects of lactobacilli have been under investigation in both laboratory and clinical 
studies, with some studies finding a significant impact on human health19. Given their intriguing properties, 
MVs, and especially those produced by probiotic bacteria, may be an interesting avenue for various applications, 
from vaccines to therapeutic delivery10,20. In this study, we provide a detailed initial characterization of MVs from 
L. acidophilus ATCC 53544, L. casei ATCC 393, and L. reuteri ATCC 23272, with specific attention to the phys-
icochemical and proteomic characterization with a goal of identifying characteristics or components that may 
subsequently prove useful for the engineering of the MVs themselves. This study will serve as a foundation for 
future efforts to understand the behavior of probiotic organisms, the role of bacterial MVs, and the potential for 
bacterially-derived, engineered therapeutics.

Results
Physicochemical characterization of MVs produced by Lactobacillus species. We first inves-
tigated whether Lactobacillus species under investigation in this study shed MVs. Recent reports have shown 
that both L. plantarum WCFS116 and L. reuteri DSM 1793817 produce membrane vesicles, but it is currently 
unknown whether this is a widely conserved phenomenon within the genus. Here we examined each of the three 
Lactobacillus species at a late log stage of growth (60 hours) as determined by growth curve for each samples (data 
not shown). While earlier time points that corresponded to early and mid-log (20 and 40 hour, respectively) were 
also examined, these samples did not yield sufficient MVs for consistent proteomic analysis. Therefore, all analysis 
reported herein pertains to the 60 hour time point only.

Images of the parental bacteria and both the nascent and released MVs were captured using atomic force 
microscopy (AFM). This method of imaging was chosen to minimize changes in cellular structures and the ves-
icles themselves. The facile sample preparation for AFM, which does not require vacuum conditions or gold 
coating as necessary for scanning electron microscopy (SEM), was determined to be the best method of imaging 
since the MVs would lack the peptidoglycan layer that lends rigidity to the parental cells. In all instances, spher-
ical particles proximal to bacteria were observed (Figs 1, S1 and S2). The vesicles produced appear to be closed 
membrane structures, ranging in size from 10–300 nm (Fig. S3). These measurements were consistent for each of 
the three species and comparable to the MV/OMVs from other characterized Gram-negative and Gram-positive 
bacteria described in the literature12.

To further characterize the vesicles, we next purified MVs from each Lactobacillus species according to meth-
ods for purification of OMVs from Gram-negative species21,22. Purified samples were analyzed using NanoSight 
particle tracking instrumentation and software to obtain relative size distribution and approximate MV concen-
tration. Using this protocol, MV concentrations typically ranged from 3 × 109 to 1 × 1010 MVs/mL, approximately 
10 to 100-fold less than what is typically seen in E. coli22. Analysis showed the mean sizes were 142 ± 64 nm, 
143 ± 52 nm, and 143 ± 55 nm (all n ≥ 10000) with a right-skewed unimodal distribution, for L. acidophilus 
ATCC 53544, L. casei ATCC 393, and L. reuteri ATCC 23272, respectively (Fig. 2A). Analysis of AFM captures 
indicated a significant population of particles ranging from 25–50 nm in diameter, dimensions considered too 
small for accurate quantitation using NanoSight instrumentation. Secondary sample analysis using dynamic light 
scattering (DLS) was performed to better capture the population of smaller proteoliposomes. Interestingly, DLS 
analysis of the samples showed a bimodal distribution for each species, with a population of MVs sized between 
20 and 100 nm, distinct from the MVs sized between 100 and 500 nm (Fig. 2C). The results are largely in agree-
ment with the sizing analysis performed by Grande et al. who found L. reuteri DSM 17938 MVs were multimodal 
by DLS but unimodally distributed using NanoSight17. When paired with the lower enumeration of particles than 
what is normally seen in E. coli, the difference in sizing result obtained by the two methods may be caused by the 
NanoSight’s high minimum particle size of approximately 50 nm. However, we cannot exclude the possibility of 
contaminating cellular debris. Additional data from the NanoSight analysis including volume and surface area 
for each species is included in supplemental materials (Fig. S4), which further supports the conclusion that MVs 
produced by Lactobacillus species are polydisperse, in contrast to what the concentration distribution output by 
NanoSight suggests. Finally, Zeta-potential measurements and electrophoretic mobility data were acquired to fur-
ther characterize the physiochemical properties of the Lactobacillus MVs. The MVs for all three species showed a 
net negative charge and corresponding electrophoretic mobility (Figs 2 and S5). These values are consistent with 
those previously reported for Gram-negative OMVs and Gram-positive MVs, including Bacillus subtilis and L. 
reuteri15,17, and consistent with the net negative charge of the bacterial cell surface23. However, between species 
significant differences in Zeta-potential and electrophoretic mobility were seen (p < 0.01), with no significant 
difference in conductivity (ranging between 2.3 and 2.8 mS/cm) (Fig. S5).

Proteomic analysis of Lactobacillus-derived MVs. In many instances, the composition and payload 
of membrane vesicles provides some insight as to their role or function. While limited to laboratory conditions, 
the protein composition of both intact bacterium and the purified MVs for each of the three bacterial species was 
determined using a combination of qualitative biochemical analysis and more definitively via mass spectrometry. 
Purified MVs from all three bacterial species were first examined via SDS-PAGE. Analysis showed species-specific 
banding, with L. acidophilus ATCC 53544 and L. casei ATCC 393 both displaying two prominent though dissim-
ilar bands. In contrast, no prominent bands were observed within the L. reuteri ATCC 23272 lane (Figs 3A and 
S6). Efforts were made to ensure uniform loading of samples based on the measured MV concentration (MV/
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mL). Elevated concentrations of some membrane proteins is not uncommon and has been observed with other 
bacterial species, less common is the lack of definitive bands as was seen with L. reuteri ATCC 23272.

Protein composition of Lactobacillus-derived MVs and the corresponding cell pellets was more definitively 
assayed via shotgun proteomics. For these studies, all samples were prepared from three biological replicates. 
Proteins identified by at least 2 peptides were considered; see Materials and Methods for more details. A total 
of 395 proteins from L. acidophilus ATCC 53544 (of which 26 were vesicular proteins), 201 proteins for L. casei 
ATCC 393 (43 vesicular proteins), and 378 proteins for L. reuteri ATCC 23272 (17 vesicular proteins) were iden-
tified. The low number of vesicular proteins identified for the L. reuteri ATCC 23272 sample is consistent with 
the absence of bands visualized via SDS-PAGE. Venn diagrams in Fig. 3B show the overlap between proteins 
identified in the pellet and the MVs for the three species. Principal component analysis performed on normal-
ized weighted spectral counts show clear separation between MV and pellet samples with low variance between 
biological replicates within each group (Fig. S8). Protein identification information for all proteins is presented in 
Table S1 of the Supporting Information.

Quantitative analysis was performed on normalized weighted spectra to compare protein composition of the 
analyzed samples. Proteins were sorted by fold difference in weighted spectra (MV/pellet) for each of the sample 
examined, Table 1. Among the L. acidophilus ATCC 53544 MV proteins with the highest spectral count were 
Mucus binding protein (Mub), putative bacteriocin LBA1805, surface protein FmtB, inducing peptide IP1800, 
and surface layer protein SlpX. For L. casei ATCC 393, a putative family 14 glucoamylase, cell-wall associated 
hydrolase, and two proteins annotated as lysozyme were the proteins with the highest counts in the MVs. For L. 
reuteri ATCC 23272, which contained notably fewer proteins, NAD kinase NadK and metabolic proteins were 
higher in purified MVs. One commonality between all three Lactobacillus species was the identification of elon-
gation factor Tu (EF-Tu) as the protein with the highest spectral count in the pellet, while none was present in 
their corresponding MVs (Tables S1–3). For comparison, Lee et al. found that EF-Tu was the most abundant 
vesicular protein in MVs purified from S. aureus12. The notable lack of EF-Tu in Lactobacillus MVs also contrasts 
with the presence of the protein in OMVs of several pathogenic Gram-negatives, including E. coli isolates from 
hospital patients24, Burkholderia pseudomallei25, and Acinetobacter baumannii26, where it has been implicated in 
the pathogenesis of bacterial infection through its ability to adhere with host cells and its immunomodulatory 
effects. Interestingly, EF-Tu in some Lactobacillus species has been shown to be cell membrane associated where it 
plays a role in the attachment of the bacterium to the human intestinal epithelium27. The lack of EF-Tu in the MVs 
suggests that EF-Tu in these species may not be membrane associated and could contribute to the allochthonous 

Figure 1. Representative atomic force microscopy (AFM) amplitude images of Lactobacilli and their associated 
membrane vesicles. (A–C) 10 micron scans of (A) L. acidophilus, (B) L. casei, (C) L. reuteri. In addition to 
having fewer cell-to-cell associations, the morphology of L. acidophilus varies considerably with respect to cell 
length and surface roughness when compared to L. casei and L. reuteri. (D–F) Six micron scans of the respective 
insets in (A–C) showing that vesicles are either associated with or proximal to the cells (black arrows). Given 
that peptidoglycan is cylindrical and the rigid part of the cell, it contributes to cell height in AFM images. These 
Lactobacillus species routinely have an additional material surrounding them (blue arrows). Although likely 
obscured by neighboring cells, the material is clearly visible in isolated or perimeter cells.
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nature of each of these bacterial species. Finally, in a recent study by Li et al., EF-Tu was also found to be absent 
in MVs purified from L. plantarum WCFS1; despite this, the group did observe upregulated expression of host 
defense genes which provide protective benefits to the host when exposed to L. plantarum MVs16, suggesting that 
Lactobacillus MVs may interact with the host differently, relative to previously studied MVs and OMVs produced 
by pathogenic bacteria.

Figure 2. (A) MV size distribution was assessed on a NanoSight LM10 particle tracking system. (B) 
Representative frame from one of the L. acidophilus NanoSight videos is shown. Purified MVs were diluted in 
1:100 or 1:1000 in PBS. (C,D) DLS was used to assess the (C) MV size distribution and (D) Zeta-potential of 
the Lactobacillus MVs in solution. Purified MVs were diluted in 0.1 × PBS. Measurements were performed in 
triplicate.

Figure 3. Protein composition of Lactobacillus MVs. (A) Gel-Code Blue-stained SDS-PAGE of purified L. 
acidophilus (LA), L. casei (LC), and L. reuteri (LR). MVs with equal number of MVs loaded. For the sake of 
clarity the Escherichia coli OMVs that were run in parallel were removed from this image. A complete gel image 
can be found in the Supplemental Material. (B) Venn diagrams of the identified proteins that are unique or in 
common between the MVs and pellets of each Lactobacillus species.
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Subcellular localization of membrane vesicle proteins. Most secreted, surface, and periplasmic pro-
teins are known to have a signal peptide sequence in their N-termini marking them for localization to the appro-
priate cellular location. For the three species in the study, the signal peptide predictor SignalP 4.1 was used to 
categorize the proteins identified in the MVs and cell pellet based on the presence of a signal peptide. In each of 
the species examined a higher proportion of vesicular proteins contained signal peptides than in the cell pellet. In 
L. acidophilus ATCC 53544, 9 (35% of the total) vesicle proteins contained a signal peptide; 13 (30%) and 3 (18%) 
for L. casei ATCC 393 and L. reuteri ATCC 23272, respectively (Table 2). Conversely, the proteins identified in 
the cell pellet largely did not contain signal peptides, where between 93 and 98% of the proteins in those samples 
were predicted to have no signal peptide.

For more detailed localization analysis, we annotated a total of 974 proteins based on LAB-SecretomeDB 
annotation, a database that provides subcellular localization for 26 sequenced lactic acid bacteria genomes28. 
Proteins were broadly grouped into intracellular and membrane/cell-wall associated. As the focus of these 
efforts is to identify and characterize the proteins of the MVs, the membrane/cell wall-associated was further 
sub-divided into categories that provide additional insight as to the mechanism of protein anchoring to the exte-
rior of the bacterium. The percentage of proteins in each category, both for MV and cell pellet samples is reported 
in Table 2. In all three Lactobacillus species examined, proteins of the cell pellet were largely categorized as intra-
cellular, as between 91 and 96% were categorized as intracellular. Examined broadly, the categorization of the 
proteins largely matches the categorization by SignalP, where the percentage labeled “intracellular” and “no signal 
peptide” are similar.

While to date there is not extensive characterization of the MVs of Gram-positive bacteria, it was expected that 
a significant proportion of the protein composition would be cytoplasmic proteins that are passively packaged 
into the MV during formation. Differences in cell wall structure between Gram-negatives and Gram-positives 
would lead one to expect sequestration of distinct proximal cellular components. Specifically, OMVs would more 

Description UniProt ID Gene MW
Fold 
change

MV 
average

Pellet 
average p-value

L. acidophilus

      Mucus binding protein Mub Q5FJA7_LACAC LBA1392 466 kDa 608.89 182.67 0.30 0.08

      Putative uncharacterized protein Q5FI65_LACAC LBA1805 6 kDa 513.33 154.00 0.30 0.01

      Surface protein fmtB Q5FIP8_LACAC LBA1611 268 kDa 51.44 15.43 0.30 0.12

      Cell division protein DivIB Q5FKV1_LACAC LBA0810 32 kDa 40.67 12.20 0.30 0.37

      Putative uncharacterized protein Q5FIG. 5_LACAC LBA1697 37 kDa 40.67 12.20 0.30 0.37

      Glutamine ABC transporter permease protein glnP Q5FMN9_LACAC LBA0134 54 kDa 40.67 12.20 0.30 0.37

      ABC transporter ATP-binding and membrane spanning protein Q5FHZ8_LACAC LBA1876 59 kDa 40.67 12.20 0.30 0.37

      Signal peptide IP_1800 Q5FI70_LACAC LBA1800 5 kDa 31.47 73.43 2.33 0.13

      Surface layer protein X SlpX Q5FLN0_LACAC LBA0512 54 kDa 28.92 115.67 4.00 0.01

      Maltose ABC transporter permease protein Q5FI08_LACAC LBA1866 44 kDa 27.33 8.20 0.30 0.37

L. casei

      putative family 15 glucoamylase S6CK93_LACCA 101 kDa 431.11 129.33 0.30 0.04

      putative major head protein S6C5N2_LACCA 42 kDa 420.00 126.00 0.30 0.01

      putative cell wall-associated hydrolase Q03CD1_LACP3 48 kDa 176.51 741.33 4.20 0.00

      conserved hypothetical protein Q03BH5_LACP3 32 kDa 117.00 35.10 0.30 0.22

      ATP synthase gamma chain ATPG_LACP3 atpG 34 kDa 93.33 28.00 0.30 0.01

      Translation initiation factor IF-2 infB IF2_LACP3 infB 103 kDa 64.44 19.33 0.30 0.02

      lysozyme M1 (1,4-beta-N-acetylmuramidase) Q03CH3_LACP3 75 kDa 60.67 18.20 0.30 0.37

      capsid protein S6C5N2_LACCA 42 kDa 59.56 17.87 0.30 0.37

      N-acetylmuramoyl-L-alanine amidase Q038R1_LACP3 47 kDa 58.11 17.43 0.30 0.17

      putative lysozyme Q03CH3_LACP3 74 kDa 45.15 155.00 3.43 0.02

L. reuteri

      NAD kinase nadK NADK_LACRD Lreu_0573 31 kDa 76.22 22.87 0.30 0.37

      Uncharacterized protein A5VIP4_LACRD Lreu_0450 50 kDa 67.33 20.20 0.30 0.37

      Cobalamin biosynthesis protein CobD A5VM86_LACRD Lreu_1721 36 kDa 38.44 11.53 0.30 0.37

      PTS system IIA component, Glc A5VKG9_LACRD Lreu_1086 70 kDa 35.89 10.77 0.30 0.12

      RNA binding S1 domain protein A5VI82_LACRD Lreu_0286 82 kDa 29.56 8.87 0.30 0.37

      Phage tape measure protein A5VKJ0_LACRD Lreu_1107 143 kDa 19.56 5.87 0.30 0.37

      ABC transporter related A5VLR9_LACRD Lreu_1548 35 kDa 19.56 5.87 0.30 0.37

      Mannosyl-glycoprotein endo-beta-N-acetylglucosamidase A5VML7_LACRD Lreu_1853 60 kDa 11.71 82.00 7.00 0.05

      Carbamate kinase A5VIM1_LACRD Lreu_0426 33 kDa 5.75 226.00 39.33 0.02

      Signal recognition particle protein ffh A5VKN8_LACRD Lreu_1155 54 kDa 3.32 5.87 1.77 0.51

Table 1. List of top proteins identified in Lactobacillus MVs, sorted by fold difference in weighted spectral 
counts (MV/pellet).
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likely contain periplasmic constituents whereas MV constituents would likely originate from the cytoplasm. 
Indeed previous studies of OMVs and supportive29,30. In our analysis of Lactobacillus MVs, between 62 and 82% 
of identified proteins are categorized as intracellular, non-membrane associated proteins, consistent with the 
theory of passive periplasmic loading of MVs. Additionally, for each of the Lactobacillus species, the identified 
vesicular proteins showed a varied distribution into the secreted or membrane and cell wall-associated categories. 
Therefore, a significant proportion of the MVs protein composition was categorized as secretory or released pro-
teins. In fact, proteins within these categories were several-fold higher than what was found in the pellet, suggest-
ing that secreted proteins can either be contained within or associated with the membrane of the MVs. These data 
are consistent with other proteomic analyses of Gram-positive MVs that saw an increased proportion of proteins 
containing Sec and Tat signal peptides12,13 suggesting that the location of MV formation may correlate with higher 
levels of secretion machinery or proteins prior to release from the cell, analogous to the increased presence of 
periplasmic proteins reported in Gram-negative OMVs. Overall, however, despite the elevated protein levels for 
secreted, cell wall-associated, and membrane categorized proteins; these results suggest that at the time point and 
conditions used in this study, there does not appear to be a packaging mechanism by which proteins are specifi-
cally exported via or concentrated within Lactobacillus MVs.

Functional classification of membrane vesicle proteins. Previous proteomic analyses have found that 
MVs can contain enzymes and complete, active metabolic pathways which may enable functions external to the 
cell31. In this study, the functions of >150 proteins identified from MV and pellet samples from each species were 
categorized according to KEGG pathways32. Proteins were selected following calculation of the fold difference 
in normalized weighted spectral count between MVs and pellet of the same species. Additionally, based on the 
analysis of the proteomic data, we added the category “Bacteriocin pathway” in order to categorize a subset of 
proteins thought to be associated with this microbial pathway. These proteins were then compared to previously 
reported bacteriocins and signaling peptides of Lactobacillus33,34.

There was little consistency between the protein compositions of the MVs from each of the Lactobacillus 
species examined. In L. acidophilus ATCC 53544, components of the bacteriocin pathway, including putative 
bacteriocin LBA1805 and inducer peptide IP1800, were significantly enriched when compared to the protein 
composition of remaining cell pellet. On average, the bacteriocin and auto-inducer peptide were 182-fold higher 
in the MVs than the pellet (discussed in greater detail below). As expected, proteins from most other pathways 
were substantially less likely to be identified within the MVs. Those proteins and enzymes most closely associated 
with metabolic pathways were down 2-fold, RNA degrading proteins were down 5-fold, and ribosomal proteins 
were approximately 25-fold lower. Boxplots for fold difference of each KEGG pathway are shown in Figs 4 and S7.

Proteomic analysis of L. casei ATCC 393 and L. reuteri ATCC 23272 did not suggest an enrichment of any par-
ticular protein or components of a specific metabolic pathway. To the contrary, certain proteins were significantly 
less likely to be found in the MVs. Though further studies would be necessary, these findings suggest that most of 
the MV-associated proteins as passively packed during MV formation.

Bacteriocin pathway proteins in MVs of L. acidophilus. An interesting group of proteins identified 
in the MVs of L. acidophilus ATCC 53544 are involved in bacteriocin production and signaling. Bacteriocins 
are small antimicrobial peptides produced widely in lactic acid bacteria35. Proteins identified with the highest 
probability and spectral count in L. acidophilus ATCC 53544 MVs were LBA1805 and LBA1800. In L. acidophilus 
NCFM, the ~10-kb region that makes up the lab operon contains several ORFs encoding components respon-
sible for regulation, production, and export of bacteriocin and signaling peptides33,36, where LBA1805 encodes 
for a putative bacteriocin and LBA1800 encodes for the inducer peptide, IP180034,37. IP1800 was very low and 
LBA1805 was not detected in the corresponding L. acidophilus ATCC 53544 bacterial pellet, resulting in a fold 
difference of 31 and 513, respectively (Table 1). Though our shotgun proteomics approach was sufficient for a 
broad survey of MV-associated proteins, further analysis of the data was required to determine of the presence 
of IP1800 in MV sample 2. We found that the 460.25 Da peptide had slightly different elution time in MV sample 
2. This inhibited detection in some samples and excluded the peptide from MS/MS analysis (Fig. S9). This com-
plication likely skewed the calculated value of a 31-fold increase in abundance of IP1800 in L. acidophilus ATCC 

LA MVs LA pellet LC MVs LC pellet LR MVs LR pellet

SignalP

       signal peptide 0.35 0.07 0.30 0.06 0.18 0.02

       no signal peptide 0.65 0.93 0.70 0.94 0.82 0.98

LAB-SecretomeDB

       Intracellular 0.62 0.91 0.65 0.94 0.82 0.96

       Lipid anchored 0.12 0.02 0.12 0.03 0.00 0.01

       N-terminally anchored (No CS) 0.04 0.02 0.05 0.00 0.06 0.02

       N-terminally anchored (with CS) 0.04 0.01 0.02 0.01 0.12 0.01

       Secretory(released) (with CS) 0.12 0.03 0.14 0.02 0.00 0.01

       LPxTG Cell-wall anchored 0.08 0.00 0.02 0.00 0.00 0.00

Table 2. Proportion localization of proteins from each sample in the study using SignalP46 and LAB-Secretome 
Database28. Cleavage site = CS.
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53544 MVs which may be higher than reported here. Interestingly, neither L. casei ATCC 393 nor L. reuteri ATCC 
23272 MVs and pellets contained detectible bacteriocin or signaling peptides. Consistent with other findings, L. 
casei ATCC 393 may not produce bacteriocin, due to an interrupted ABC transporter38, however, since L. reuteri 
ATCC 23272 has been used as a positive control for bacteriocin production and is a clear producer of the bacte-
riocin reuterin39 its absence may indicate differing protein or peptide packaging between Lactobacillus species.

The identification of IP1800 and a putative bacteriocin in L. acidophilus ATCC 53544 may have interesting 
implications for signaling and community control in Lactobacillus. It has been reported that OMVs can facilitate 

Figure 4. Functional (KEGG) categorization of normalized weighted spectral counts for (A) L. acidophilus, 
(B) L. casei, and (C) L. reuteri. All proteins were categorized into KEGG categories, and the fold-changes (count 
in MVs/count in pellet) from the proteomics analysis are plotted. Weighted spectral counts used are averages 
from three separate experiments. The full proteomics tables are provided in Tables S1–S3 in the supplemental 
material. CoA, coenzyme.
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the intercellular trafficking of diffusible quorum sensing signals through their packaging into vesicles many 
prokaryotes40,41, however, this has not been previously shown in Gram-positive bacteria. The dearth of literature 
on the trafficking of signals via MVs in bacteria may be due to the relatively recent acknowledgment of MV pro-
duction in Gram-positives. For L. acidophilus ATCC 53544, this finding suggests that the diffusion of IP1800 and 
bacteriocin, known to influence the local microbial ecology33,37, may be facilitated by MVs. These findings may 
aid in the understanding of intra-/inter- cellular communication and material transfer in Lactobacillus as well as 
the role these signals and the vehicles that carry them play in larger microbial communities such as those of the 
gut.

Discussion
This study provides a detailed characterization of the MVs from three species of Lactobacilli; L. acidophilus, L. 
casei, and L. reuteri; focusing primarily on physicochemical and proteomic characterization. The MVs of both 
commensal and pathogenic bacteria have been shown to the carry a wide range of cargo including virulence fac-
tors, quorum sensing signals, toxins, immunomodulatory factors, adhesins, and other factors, implicating MVs 
in the functions ranging from cytotoxicity to production of biofilms. Additionally, with growing evidence for 
interaction between gut microbial communities and the host, there is significant need to characterize not only the 
bacteria themselves but the MVs that are shed during the bacterial lifecycle.

Here we confirm the production of MVs by three Lactobacillus species (L. acidophilus ATCC 53544, L. casei 
ATCC 393, and L. reuteri ATCC 23272), characterizing some of their physiochemical properties including size 
distribution, charge, and protein composition. Under the growth conditions used here and at the late-log growth 
stage (60 hours) all three species produced MVs that ranged in size from 20–400 nm in size though the vast 
majority of these particles fell within a range of 20–50 nm and 100–150 nm following a bimodal distribution of 
particle size. This is consistent with the size distribution observed for other Gram-positive bacteria described in 
the literature. The relative number of MVs produced (concentration) and their charge was also consistent with 
those described in the literature for both Gram-negative and positive bacteria.

Though no specific MV packaging was identified, analysis of MV proteins and the presence and absence of 
signal peptides does suggest that these cellular signals do contribute to an improved probability of MV loading. 
While the majority of MV protein composition was intracellular proteins, each strain also showed a localization 
of proteins that possessed signal peptides that target proteins to the secretory pathway. This would need to be con-
firmed through molecular studies and recombinant expression of tractable proteins, however, these observations 
may serve as starting point for the engineering of Lactobacillus MVs.

Of significant interest to these and future studies was the elevated concentration of the antimicrobial bacteri-
ocin in the MVs of L. acidophilus ATCC 53544. It has been postulated that MVs may serve as delivery vehicles for 
antimicrobial compounds13, affording protection to cargo proteins and possible mechanisms of targeted delivery. 
The significantly increased concentration of putative bacteriocins suggests a possible packaging mechanism is in 
play, though not identified here. Further characterization of the lab operon and the signal sequences preceding 
putative bacteriocin peptides may allow for the development of MV loading strategies that could include other 
antimicrobials or other proteins and peptides that could find a role in community regulation.

The three bacteria described here are all Generally Regarded as Safe and have been incorporated into a range 
of probiotic products with little understanding of their role in gut microbial communities. While this study was 
conducted with pure cultures under laboratory conditions, evidence for the species specific packaging of proteins 
and peptides to the MVs alludes to the bacterial utilization of these nanoscale proteoliposomes for community 
interaction. The findings presented here may stimulate future research into Lactobacillus MVs, MV-associated 
signaling and bacteriocin secretion in L. acidophilus, and serve as a foundation for future studies investigating the 
natural function of Lactobacillus MV or their potential applications as delivery vehicles.

Materials and Methods
Cell culture and purification of MVs. Lactobacillus acidophilus (ATCC 53544), Lactobacillus casei (ATCC 
393), and Lactobacillus reuteri (ATCC 23272) were grown in de Man, Rogosa, Sharpe (MRS) broth under anaer-
obic conditions. Anaerobic conditions were maintained using AnaeroGen anaerobic atmosphere generation bags 
(Fluka, St. Louis, MO, USA) in AnaeroJar jars (Fisher, Hampton, NH, USA). Oxygen level (<1%) was moni-
tored using anaerobic indicator strips (Fisher, Hampton, NH, USA). The procedure for purification of MVs from 
Lactobacillus culture supernatants was similar to methods previously described for OMV purification from E. 
coli21, with some modifications. Briefly, three 200 mL cultures were grown statically at 37 °C and collected at time 
points of 20, 40, and 60 hours for each Lactobacillus species. Cells were pelleted via centrifugation at 5000 x g and 
the supernatant decanted to a clean centrifuge bottle. Centrifugation was repeated two additional times after there 
was no visible pellet on the bottle walls, typically 4–6 cycles. The supernatant fraction was then passed through 
a 0.45 µm using a vacuum apparatus to ensure there were no residual cells in the supernatant fraction. A 36 mL 
volume of the filtrate was then ultracentrifuged at 129,000 × g for 1.5 h in a Sorvall WX Ultra 90 centrifuge using 
an AH-629 rotor (Thermo Scientific, Rockford, IL). The supernatant was decanted and the MV pellet, which is 
often invisible, was incubated overnight at 4 °C in PBS to resuspend the MVs. Subsequent to all purification steps, 
MVs were considered concentrated 36-fold compared to original culture medium.

AFM. Bacteria used for atomic force microscopy (AFM) were grown to 60 h and fixed for 10 min with 0.25% 
glutaraldehyde. The samples were then pelleted and washed four times with water. To prepare samples for imag-
ing, 1 µl of the glutaraldehyde-fixed suspension was diluted with 4 µl of water, applied to freshly cleaved mica, 
and allowed to dry. AFM was performed using a Bruker Dimension 3100 in tapping mode under ambient condi-
tions. For imaging, silicon cantilevers (Nanosensors PPP-NCHR) having nominal spring constants and resonance 
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frequencies of ~42 N/m and 330 kHz, respectively were used. Scan rates ranged from 0.5 Hz to 1.0 Hz with 512 
data points per line. Image data scales were adjusted using Bruker’s Nanoscope analysis software.

NanoSight. Vesicle count as well as size, volume, and surface area distributions were obtained on a NanoSight 
LM10 system (Malvern Instruments Ltd, Worcestershire, UK) using NTA 2.3 Nanoparticle Tracking and Analysis 
software. Samples were diluted 1:100 or 1:1000 in pH 7.4 PBS with camera shutter and gain optimized for data 
collection. Videos (90 s) were taken and frame sequences were analyzed under auto particle detection and track-
ing parameters: detection threshold, pixel blur, minimum track length, and minimum expected particle size. All 
samples were run at RT and allowed to equilibrate prior to analysis.

Dynamic Light Scattering and Zeta-Potential. Dynamic light scattering (DLS) measurements were 
carried out using ZetaSizer NanoSeries equipped with a HeNe laser source (λ = 633 nm) (Malvern Instruments 
Ltd, Worcestershire, UK) and analyzed using Dispersion Technology Software (DTS, Malvern Instruments Ltd, 
Worcestershire, UK). MVs were loaded into disposable cells, and data were collected at 25 °C. All the samples 
were prepared in 0.1 x PBS buffer pH 7.4. For each sample, the autocorrelation function was the average of five 
runs of 10 seconds each and then repeated about three to six times. CONTIN analysis was then used to number 
versus hydrodynamic size profiles for the dispersions studied.

For Zeta-Potential (ζ-potential) measurement, Laser Doppler Velocimetry (LDV) measurements were per-
formed using a ZetaSizer NanoSeries equipped with a HeNe laser source (λ = 633 nm) (Malvern Instruments Ltd, 
Worcestershire, UK) and an avalanche photodiode for detection, controlled with DTS software. MVs were loaded 
into disposable cells, and data were collected at 25 °C. Three runs of the measurements were performed for each 
sample to achieve the zeta potential. All the samples were prepared in 0.1 × PBS buffer pH 7.4. For both DLS and 
zeta-potential, MVs were used at a 10-fold dilution from stock concentration.

SDS-PAGE. Equal numbers of purified MVs from each Lactobacillus species were analyzed with denaturing, 
polyacrylamide gel electrophoresis using a linear concentration gradient of polymer (4–15% Tris-glycine gel). 
Samples were denatured through boiling in the presence of a reducing agent (2-mercaptoethanol) prior to gel 
loading. The gel was subsequently stained with GelCode Blue Stain Reagent (Pierce, Rockford, IL).

Proteomics analysis. Triplicate biological samples of MVs and bacterial pellets from L. acidophilus, L. casei, 
and L. reuteri were harvested at 60 h. Pellets were lysed using OneShot (Constant Systems Ltd., Daventry, UK) at 
40 kpsi pressure in 10% n-propanol in 50 mM ammonium bicarbonate (ABC) in a 10 mL suspension. The instru-
ment was then washed with 10 mL ABC, the lysate and wash were combined, and then evaporated via speed-vac. 
Samples were normalized by total protein content to 100 µg prior digestion using the Pierce BCA Protein Assay 
Kit (Thermo Scientific, Rockford, IL). All samples were digested in solution with sequencing-grade modified 
trypsin (Promega, Madison, WI) at a 1:30 w/w enzyme to substrate ratio in a barocycler (Pressure Biosciences 
Inc., Easton, MA) for 90 min (90 cycles: 50 s on at 20 kpsi, 10 s off). Digested samples (150 µL) were evaporated via 
speed-vac. MVs were solubilized in 10% n-propanol, digested in solution and dried as described above for pellets. 
All dried samples were stored at −20 °C until they were analyzed by LC-MS/MS. Immediately prior to analysis, 
samples were solubilized in solvent A (0.1% formic acid (FA) in HPLC grade water) and 10 µL of sample (~50 µg 
of total protein) was injected into the LC-MS/MS system (Tempo-MDLC coupled to a TripleTOF 5600 mass 
spectrometer - Sciex, Foster City, CA). Peptides were loaded for 15 min in 5% solvent B ((0.1% FA in acetonitrile) 
and 95% solvent A, separated on two eksigent C18 Chrom XP columns (150 × 0.3 mm, 120A) connected in a row 
using a linear gradient of increasing mobile phase B in the rate of 0.52% per minute. The 180 min LC method also 
included 10 min column wash at 80% B and re-equilibration of the columns with the starting condition at 5% 
solvent B.

Protein identifications were accepted if they could be established at greater than 90.0% probability and con-
tained at least 2 identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm42. 
Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were 
grouped to satisfy the principles of parsimony. Quantitative analysis was done in Scaffold using weighted spec-
tra as an input. Only spectra satisfying the probability settings were considered for the analysis (lower scoring 
matches and probabilities < 5% were not included). More detailed methods for Proteomics analysis are provided 
in Supplemental Information.

In order to avoid divide-by-zero errors caused the absence of proteins in the MVs or pellet in fold difference 
calculations, we set missing values to 0.3, as previously described43. t-test, fold difference, and other calculations 
were performed on normalized weighted spectral counts using Scaffold44 and in-house R and Python scripts were 
used for principal component analysis, database mining, and annotation45.

Data Availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE 
partner repository with the dataset identifier PXD011278 and 10.6019/PXD011278.

References
 1. Chatterjee, S. N. & Das, J. Electron microscopic observations on the excretion of cell-wall material by Vibrio cholerae. J Gen 

Microbiol 49, 1–11, https://doi.org/10.1099/00221287-49-1-1 (1967).
 2. Devoe, I. W. & Gilchrist, J. E. Release of endotoxin in the form of cell wall blebs during in vitro growth of Neisseria meningitidis. J 

Exp Med 138, 1156–1167 (1973).
 3. Beveridge, T. J. Structures of gram-negative cell walls and their derived membrane vesicles. J Bacteriol 181, 4725–4733 (1999).
 4. Schwechheimer, C. & Kuehn, M. J. Outer-membrane vesicles from Gram-negative bacteria: biogenesis and functions. Nat Rev 

Microbiol 13, 605–619, https://doi.org/10.1038/nrmicro3525 (2015).



www.nature.com/scientificreports/

1 0SCiENtiFiC REPORTS |           (2019) 9:877  | DOI:10.1038/s41598-018-37120-6

 5. Jan, A. T. Outer membrane vesicles (OMVs) of Gram-negative bacteria: a perspective update. Front Microbiol 8, 1053, https://doi.
org/10.3389/fmicb.2017.01053 (2017).

 6. Macdonald, I. A. & Kuehn, M. J. Stress-induced outer membrane vesicle production by Pseudomonas aeruginosa. J Bacteriol 195, 
2971–2981, https://doi.org/10.1128/JB.02267-12 (2013).

 7. Kulp, A. & Kuehn, M. J. Biological functions and biogenesis of secreted bacterial outer membrane vesicles. Annu Rev Microbiol 64, 
163–184, https://doi.org/10.1146/annurev.micro.091208.073413 (2010).

 8. Avila-Calderon, E. D. et al. Roles of bacterial membrane vesicles. Arch Microbiol 197, 1–10, https://doi.org/10.1007/s00203-014-
1042-7 (2015).

 9. Wang, W., Chanda, W. & Zhong, M. The relationship between biofilm and outer membrane vesicles: a novel therapy overview. FEMS 
Microbiol Lett 362, fnv117, https://doi.org/10.1093/femsle/fnv117 (2015).

 10. Dean, S. N., Turner, K. B., Medintz, I. L. & Walper, S. A. Targeting and delivery of therapeutic enzymes. Ther Deliv 8, 577–595, 
https://doi.org/10.4155/tde-2017-0020 (2017).

 11. Schwechheimer, C., Sullivan, C. J. & Kuehn, M. J. Envelope control of outer membrane vesicle production in Gram-negative bacteria. 
Biochemistry 52, 3031–3040, https://doi.org/10.1021/bi400164t (2013).

 12. Lee, E. Y. et al. Gram-positive bacteria produce membrane vesicles: proteomics-based characterization of Staphylococcus aureus-
derived membrane vesicles. Proteomics 9, 5425–5436, https://doi.org/10.1002/pmic.200900338 (2009).

 13. Schrempf, H. & Merling, P. Extracellular Streptomyces lividans vesicles: composition, biogenesis and antimicrobial activity. Microb 
Biotechnol 8, 644–658, https://doi.org/10.1111/1751-7915.12274 (2015).

 14. Vdovikova, S. et al. A Novel Role of Listeria monocytogenes Membrane vesicles in inhibition of autophagy and cell death. Front Cell 
Infect Microbiol 7, 154, https://doi.org/10.3389/fcimb.2017.00154 (2017).

 15. Brown, L., Kessler, A., Cabezas-Sanchez, P., Luque-Garcia, J. L. & Casadevall, A. Extracellular vesicles produced by the Gram-
positive bacterium Bacillus subtilis are disrupted by the lipopeptide surfactin. Mol Microbiol 93, 183–198, https://doi.org/10.1111/
mmi.12650 (2014).

 16. Li, M. et al. Lactobacillus-derived extracellular vesicles enhance host immune responses against vancomycin-resistant enterococci. 
BMC Microbiol 17, 66, https://doi.org/10.1186/s12866-017-0977-7 (2017).

 17. Grande, R. et al. Detection and physicochemical characterization of membrane vesicles (MVs) of Lactobacillus reuteri DSM 17938. 
Front Microbiol 8, 1040, https://doi.org/10.3389/fmicb.2017.01040 (2017).

 18. Sanders, M. E. & Klaenhammer, T. R. Invited review: the scientific basis of Lactobacillus acidophilus NCFM functionality as a 
probiotic. J Dairy Sci 84, 319–331, https://doi.org/10.3168/jds.S0022-0302(01)74481-5 (2001).

 19. Panigrahi, P. et al. A randomized synbiotic trial to prevent sepsis among infants in rural India. Nature, https://doi.org/10.1038/
nature23480 (2017).

 20. van der Pol, L., Stork, M. & van der Ley, P. Outer membrane vesicles as platform vaccine technology. Biotechnol J 10, 1689–1706, 
https://doi.org/10.1002/biot.201400395 (2015).

 21. Alves, N. J. et al. Bacterial nanobioreactors - directing enzyme packaging into bacterial outer membrane vesicles. ACS Appl Mater 
Interfaces 7, 24963–24972, https://doi.org/10.1021/acsami.5b08811 (2015).

 22. Alves, N. J., Turner, K. B. & Walper, S. A. Directed protein packaging within outer membrane vesicles from Escherichia coli: design, 
production and purification. J Vis Exp, https://doi.org/10.3791/54458 (2016).

 23. Wilson, W. W., Wade, M. M., Holman, S. C. & Champlin, F. R. Status of methods for assessing bacterial cell surface charge properties 
based on zeta potential measurements. J Microbiol Methods 43, 153–164 (2001).

 24. Amimanan, P. et al. Elongation factor Tu on Escherichia coli isolated from urine of kidney stone patients promotes calcium oxalate 
crystal growth and aggregation. Sci Rep 7, 2953, https://doi.org/10.1038/s41598-017-03213-x (2017).

 25. Nieves, W. et al. Immunospecific responses to bacterial elongation factor Tu during Burkholderia infection and immunization. PLoS 
One 5, e14361, https://doi.org/10.1371/journal.pone.0014361 (2010).

 26. Dallo, S. F. et al. Association of Acinetobacter baumannii EF-Tu with cell surface, outer membrane vesicles, and fibronectin. 
ScientificWorldJournal 2012, 128705, https://doi.org/10.1100/2012/128705 (2012).

 27. Granato, D. et al. Cell surface-associated elongation factor Tu mediates the attachment of Lactobacillus johnsonii NCC533 (La1) to 
human intestinal cells and mucins. Infect Immun 72, 2160–2169 (2004).

 28. Zhou, M., Theunissen, D., Wels, M. & Siezen, R. J. LAB-Secretome: a genome-scale comparative analysis of the predicted 
extracellular and surface-associated proteins of Lactic Acid Bacteria. BMC Genomics 11, 651, https://doi.org/10.1186/1471-2164-11-
651 (2010).

 29. Lee, E.-Y. et al. Global proteomic profiling of native outer membrane vesiciles derived from Escherichia coli. Proteomics 7, 3143–3153 
(2007).

 30. Lee, E.-Y., Choi, D.-S., Kim, K.-P. & Gho, Y. S. Proteomics in gram-negative bacterial outer membrane vesicles. Mass Spectrometry 
Reviews 27, 535–555 (2008).

 31. Zakharzhevskaya, N. B. et al. Outer membrane vesicles secreted by pathogenic and nonpathogenic Bacteroides fragilis represent 
different metabolic activities. Sci Rep 7, 5008, https://doi.org/10.1038/s41598-017-05264-6 (2017).

 32. Kanehisa, M. & Goto, S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res 28, 27–30 (2000).
 33. Dobson, A. E., Sanozky-Dawes, R. B. & Klaenhammer, T. R. Identification of an operon and inducing peptide involved in the 

product ion of  lactacin B by Lactobaci l lus  acidophi lus .  J  Appl  Microbiol  103 ,  1766–1778,  https : //doi .
org/10.1111/j.1365-2672.2007.03417.x (2007).

 34. Kjos, M., Snipen, L., Salehian, Z., Nes, I. F. & Diep, D. B. The abi proteins and their involvement in bacteriocin self-immunity. J 
Bacteriol 192, 2068–2076, https://doi.org/10.1128/JB.01553-09 (2010).

 35. Zacharof, M. P. & Lovitt, R. W. Investigation of Shelf Life of Potency and Activity of the Lactobacilli Produced Bacteriocins Through 
Their Exposure to Various Physicochemical Stress Factors. Probiotics Antimicrob Proteins 4, 187–197, https://doi.org/10.1007/
s12602-012-9102-2 (2012).

 36. Altermann, E. et al. Complete genome sequence of the probiotic lactic acid bacterium Lactobacillus acidophilus NCFM. Proc Natl 
Acad Sci USA 102, 3906–3912, https://doi.org/10.1073/pnas.0409188102 (2005).

 37. Tabasco, R., Garcia-Cayuela, T., Pelaez, C. & Requena, T. Lactobacillus acidophilus La-5 increases lactacin B production when it 
senses live target bacteria. Int J Food Microbiol 132, 109–116, https://doi.org/10.1016/j.ijfoodmicro.2009.04.004 (2009).

 38. Toh, H. et al. Genomic adaptation of the Lactobacillus casei group. PLoS One 8, e75073, https://doi.org/10.1371/journal.
pone.0075073 (2013).

 39. Sulemankhil, I. et al. In vitro and in vivo characterization and strain safety of Lactobacillus reuteri NCIMB 30253 for probiotic 
applications. Can J Microbiol 58, 776–787, https://doi.org/10.1139/w2012-050 (2012).

 40. Mashburn, L. M. & Whiteley, M. Membrane vesicles traffic signals and facilitate group activities in a prokaryote. Nature 437, 
422–425, https://doi.org/10.1038/nature03925 (2005).

 41. Berleman, J. & Auer, M. The role of bacterial outer membrane vesicles for intra- and interspecies delivery. Environ Microbiol 15, 
347–354, https://doi.org/10.1111/1462-2920.12048 (2013).

 42. Nesvizhskii, A. I., Keller, A., Kolker, E. & Aebersold, R. A statistical model for identifying proteins by tandem mass spectrometry. 
Anal Chem 75, 4646–4658 (2003).

 43. Bible, A. N. et al. Metabolic adaptations of Azospirillum brasilense to oxygen stress by cell-to-cell clumping and flocculation. Appl 
Environ Microbiol 81, 8346–8357, https://doi.org/10.1128/AEM.02782-15 (2015).



www.nature.com/scientificreports/

1 1SCiENtiFiC REPORTS |           (2019) 9:877  | DOI:10.1038/s41598-018-37120-6

 44. Searle, B. C. Scaffold: a bioinformatic tool for validating MS/MS-based proteomic studies. Proteomics 10, 1265–1269, https://doi.
org/10.1002/pmic.200900437 (2010).

 45. Cock, P. J. et al. Biopython: freely available Python tools for computational molecular biology and bioinformatics. Bioinformatics 25, 
1422–1423, https://doi.org/10.1093/bioinformatics/btp163 (2009).

 46. Petersen, T. N., Brunak, S., von Heijne, G. & Nielsen, H. SignalP 4.0: discriminating signal peptides from transmembrane regions. 
Nat Methods 8, 785–786, https://doi.org/10.1038/nmeth.1701 (2011).

Acknowledgements
This work was supported by the Office of the Secretary of Defense through the Applied Research for Advancement 
of S&T Priorities (ARAP) program under the Synthetic Biology for Military Environments (SBME) project. Key 
personnel (SND, SAW, DHL) were also supported by Core funds provided to the Naval Research Laboratory 
through Office of Naval Research (WU# MA041–06–41). CJS also received support from the Air Force Research 
Laboratory/Materials and Manufacturing Directorate.

Author Contributions
All authors contributed to the preparation of this manuscript. S.N.D./S.A.W. preparation of Lactobacillus MVs, 
culture maintenance, etc.; D.H.L./S.N.D. proteomics and analysis; C.J.S. AFM imaging; E.O. DLS measurements 
and analysis.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37120-6.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019


