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SUMMARY: 19 
Mycobacterium tuberculosis shows increased production and release of extracellular vesicles in 20 
response to low iron conditions. This work details a protocol for generating low iron conditions 21 
and methods for the purification and characterization of mycobacterial extracellular vesicles 22 
released in response to iron deficiency. 23 
 24 
ABSTRACT: 25 
Mycobacteria, including Mycobacterium tuberculosis (Mtb), the causative agent of human 26 
tuberculosis, naturally release extracellular vesicles (EVs) containing immunologically active 27 
molecules. Knowledge regarding the molecular mechanisms of vesicle biogenesis, the content of 28 
the vesicles, and their functions at the pathogen-host interface is very limited. Addressing these 29 
questions requires rigorous procedures for isolation, purification, and validation of EVs. 30 
Previously, vesicle production was found to be enhanced when M. tuberculosis was exposed to 31 
iron restriction, a condition encountered by Mtb in the host environment. Presented here is a 32 
complete and detailed protocol to isolate and purify EVs from iron-deficient mycobacteria. 33 
Quantitative and qualitative methods are applied to validate purified EVs.  34 
 35 
INTRODUCTION: 36 
Mycobacterial extracellular vesicles (MEVs) are membrane-bound nanoparticles, 60−300 nm in 37 
size, naturally released by fast- and slow-growing mycobacteria1. MEVs released by pathogenic 38 
mycobacteria constitute a mechanism to interact with the host via immunologically active 39 
proteins, lipids, and glycolipids secreted in a concentrated and protected manner2-4. To 40 
characterize MEVs and understand their biogenesis and functions, strict and efficient methods of 41 
vesicle purification and validation are crucial. Thus far, MEVs have been isolated from the culture 42 
filtrates of mycobacteria grown in an iron-rich medium1,5-8.  43 
 44 
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However, previous work demonstrated that iron limitation greatly stimulates vesicle release in 45 
Mtb, possibly to capture iron via mycobactin, a siderophore secreted in MEVs9. Although 46 
procedures for MEVs isolation from Mtb cultured in high iron medium have been described, an 47 
efficient methodology to obtain MEVs from low iron cultures has not been reported. Therefore, 48 
the goal of this method is to isolate, purify, and quantify MEVs obtained from low iron cultures 49 
so that they can be used for biochemical and functional assays and for the analysis of genetic 50 
determinants of vesicle production in mycobacteria. 51 
 52 
PROTOCOL: 53 
 54 
1. Preparation of iron-depleted defined medium 55 
 56 
1.1. Prepare 1 L of minimal medium (MM) by dissolving 5 g of KH2PO4, 5 g of L-asparagine, 20 mL 57 
of glycerol, and 2 g of dextrose in 900 mL of deionized water in a plastic container. Avoid glass to 58 
prevent iron contamination. Adjust the pH to 6.8 with 5 N NaOH and the volume to 1 L with 59 
water.  60 
 61 
1.2. Add 50 g of metal chelating resin (MCR) and gently agitate using a magnetic stir bar for 24 h 62 
at 4 °C. Sterilize and remove the MCR by filtration through a 0.22 µm filter unit with a plastic 63 
receiver. To accelerate filtration and prevent filter clogging, let the resin sediment for about 30 64 
min before filtration.  65 
 66 
NOTE: This medium contains less than 2 µM residual iron, as determined by atomic absorption 67 
spectroscopy. 68 
 69 
1.3. Supplement MM with 0.5 mg/L of ZnCl2, 40 mg/L of MgSO4, and 0.1 mg/L of MnSO4. 70 
Separately, prepare concentrated stocks (1,000x) of each of the metal supplements in deionized 71 
water and sterilize by filtration before MM supplementation. Iron-depleted, metal supplemented 72 
MM will be referred here as low iron MM (LIMM).  73 
 74 
1.4. From a 50 mM stock of FeCl3 dissolved in 10 mM HCl, add 1 mL to 1 L of LIMM (50 µM final 75 
concentration) to prepare high iron MM (HIMM).  76 
 77 
2. Growing mycobacteria in iron-limited conditions  78 
 79 
2.1. Thaw out 50 µL of a frozen 15% glycerol stock of Mtb and streak an agar plate supplemented 80 
with 10% ADN enrichment (5 g/L albumin, 2 g/L dextrose, and 0.85 g/L sodium chloride, 0.2% 81 
glycerol and 0.05% Tween-80)10. Incubate the plate at 37 ˚C until colonies are visible. 82 
 83 
2.2. Inoculate a single colony of Mtb10 in 2 mL of mycobacterial broth medium (Table of 84 
Materials) supplemented with ADN enrichment. Incubate with agitation at 37 °C.  85 
 86 
2.3. Let the Mtb culture grow to the late logarithmic phase (OD540 ~0.8). To check this, measure 87 
the OD540 using a spectrophotometer. 88 
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 89 
2.4. Spread 200 μL of the late logarithmic culture onto the mycobacterial agar plates (Table of 90 
Materials) supplemented with 0.2% glycerol, 0.05% Tween-80, and ADN. Inoculate at least 5 91 
plates. Incubate the plates at 37 ˚C until bacterial growth is visible as a confluent layer. This takes 92 
~1 week for Mtb.  93 
 94 
2.5. Wet a sterile cotton swab in LIMM. Use this swab to collect bacteria from the agar plates and 95 
inoculate 100 mL of LIMM to prepare a concentrated bacterial suspension with an OD540 of ~1.0.  96 
 97 
2.6. Dilute this suspension 10 times to 1 L with LIMM and divide it into two, 2 L sterile plastic 98 
bottles, each one containing 500 mL of culture.  99 
 100 
2.7. Take out 2 mL of culture and transfer it to a 5 mL culture tube. Add 10 µL of 10% vol/vol 101 
tyloxapol. 102 
 103 
2.8. Incubate the cultures at 37 °C standing for 14 days.  104 
 105 
3. Collection of MEVs 106 
 107 
3.1. Measure the OD540 of the 2 mL culture at the time of collection. Make 1:10 serial dilutions of 108 
the culture and plate 100 µl of each dilution on agar plates with ADN and 0.05% Tween-80. 109 
 110 
3.2. Transfer the culture to five 225 mL conical centrifuge tubes and centrifuge at 2,850 x g for 7 111 
min at 20 °C.  112 
 113 
3.3. Collect the culture supernatant with a 50 mL pipette and filter sterilize it through a 0.22 µm 114 
filter unit. 115 
 116 
4. Isolation of MEVs 117 
 118 
4.1. Transfer the culture filtrate into a stirred cell ultrafiltration system placed at 4 °C and filter 119 
the concentrate at <50 psi through a 100 kDa cutoff membrane to ~50 mL. 120 
 121 
4.2. Centrifuge the concentrated culture filtrate at 15,000 x g for 15 min at 4 °C and collect the 122 
supernatant. 123 
 124 
4.3. Centrifuge the culture filtrate in polycarbonate ultracentrifugation tubes at 100,000 x g for 125 
2 h at 4 °C. 126 
 127 
4.4. Resuspend the membranous pellets in a total of 1 mL of sterile phosphate buffered saline 128 
(PBS) by gentle pipetting. 129 
 130 
4.5. Mix 0.5 mL of the pellet suspension obtained in step 4.4 with 1.5 mL of 60% iodixanol 131 
solution, yielding a final iodixanol concentration of 45% wt/vol. Dispense this mix at the bottom 132 
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of a 13 mm x 51 mm polypropylene thin-walled ultracentrifuge tube.  133 
 134 
4.6. Overlay the MEV-iodixanol 45% suspension with 1 mL of 40%, 35%, 30%, 25%, and 20% 135 
(vol/vol in PBS) iodixanol solutions and 1 mL of PBS at the top. 136 
 137 
4.7. Centrifuge at 100,000 x g for 18 h at 4 ˚C.  138 
 139 
4.8. Collect the 1 mL density gradient fractions starting from the top using a 1 mL Hamilton 140 
syringe. 141 
 142 
4.9. Dilute each collected fraction to 20 mL with PBS and centrifuge at 100,000 x g for 2 h at 4 ˚C.  143 
 144 
4.10. Remove the supernatant and suspend the pellet in 0.5 mL of PBS. Store this pellet at 4 ˚C.  145 
 146 
5. Quantification of MEVs 147 
 148 
5.1. Measure the protein concentration in each fraction by a Bradford assay (Table of Materials), 149 
following the manufacturer's guidelines. 150 
 151 
5.2. Perform membrane lipid analysis. 152 
 153 
5.2.1. Incubate 10 µL of each gradient fraction with the fluorescent membrane probe 1-(4-154 
Trimethylammoniumphenyl)-6-Phenyl-1,3,5-Hexatriene p-Toluenesulfonate (TMA-DPH) at a 155 
final concentration of 1 µg/mL in a final 50 µL volume of PBS in 96 well black plates. 156 
 157 
5.2.2. Incubate the plates at 33 ˚C for 20 min. 158 
 159 
5.2.3. Measure the fluorescence at 360 nm excitation and 430 nm emission.  160 
 161 
6. Qualitative analysis of MEVs 162 
 163 
6.1 Perform protein electrophoresis. 164 
 165 
6.1.1. Mix approximately 1 µg of MEV samples in 16 µL with 4 µL of 5x sample loading buffer (10% 166 
w/v SDS, 10 mM dithiothreitol, 20% v/v glycerol 0.2 M Tris-HCl, pH 6.8 0.05% w/v bromophenol 167 
blue) and heat the samples in sample buffer at 85 ˚C for 5 min.  168 
 169 
6.1.2. Load in a 10% Tris/Glycine SDS-polyacrylamide gel11 and run at 10 V/cm in running buffer 170 
(25 mM Tris base, 190 mM glycine, 0.1% SDS) until the blue dye front reaches the bottom of the 171 
gel. 172 
 173 
6.1.3. Stain the gel with an ultrasensitive protein staining solution (Table of Materials).  174 
 175 
6.2. Perform the dot blot. 176 
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 177 
6.2.1. Load 2 µL of a MEVs suspension with a concentration of approximately 0.5 µg/µL, and 178 
twofold serial dilutions on a nitrocellulose membrane and process for a dot blot according to the 179 
manufacturer's instructions.  180 
 181 
6.2.2. Use an antiserum raised in mice against a preparation of MEVs at a dilution of 1:5,000 as 182 
the primary antibody and a goat anti-mouse coupled to horseradish peroxidase (HRP) at a 183 
1:10,000 dilution as the secondary antibody. Detect antigen-antibody complexes with an 184 
appropriate HRP substrate Blotting Detection Reagent and an imaging system. 185 
 186 
6.3. Perform negative staining and electron microscopy. 187 
 188 
6.3.1. Fix 250 µL of MEVs with 2% glutaraldehyde in 0.1 M cacodylate at room temperature for 2 189 
h and incubate overnight in 4% formaldehyde, 1% glutaraldehyde, and 0.1% PBS.  190 
 191 
6.3.2. Stain the fixed samples with 2% osmium tetroxide for 90 min. 192 
 193 
6.3.3. Serially dehydrate the sample in ethanol and embed in Spurr's epoxy resin.  194 
 195 
6.3.4. Observe the MEVs under a transmission electron microscope. 196 
 197 
REPRESENTATIVE RESULTS:  198 
MEVs were purified by differential sedimentation in a density gradient (Figure 1, Figure 2). Under 199 
the conditions described, MEVs separated mostly in gradient fraction 3 (F3), which corresponds 200 
to 25% iodixanol. This conclusion is based on the detection of protein, membrane lipid, 201 
microscopic visualization of intact MEVs, nanoparticle size distribution, and positive reactivity 202 
with an antivesicle antiserum (Figure 2, Figure 3). Protein and lipid concentration normalized to 203 
colony-forming units (CFUs) showed an approximately eightfold increase of MEV yield in low iron 204 
relative to high iron conditions (50 µM FeCl3) (Figure 3). Although the results of one 205 
representative experiment is presented, this is a highly reproducible result based on multiple 206 
(>10) isolations of MEVs. The pure MEV yield obtained from a 1 L low iron culture by this method 207 
was approximately 500 µg of protein.  208 
 209 
FIGURE AND TABLE LEGENDS: 210 
Figure 1: Diagrammatic representation of the methodology used for MEV purification and 211 
quantification. Mycobacteria grown in agar plates were used to inoculate iron-depleted minimal 212 
medium and grow Mtb for EV isolation. MEVs were purified by a discontinuous density gradient 213 
from the cell-free culture filtrate. A combination of membrane lipid and vesicle protein 214 
determination, microscopy, and nanoparticle analysis was implemented to characterize purified 215 
MEVs.  216 
 217 
Figure 2: Characterization of purified MEVs. (A) Shown are photographs of an actual density 218 
gradient separation of crude MEVs and the pellet of purified MEVs collected by 219 
ultracentrifugation of gradient fraction 3 (F3). (B) SDS-gel stained showing the protein profile of 220 
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the various density gradient fractions. (C) Dot blot analysis showing vesicle-associated proteins 221 
concentrated in F3. (D) MEVs present in F3 observed by negative staining. (E) MEV size 222 
distribution according to nanoparticle analysis (NTA). 223 
 224 
Figure 3: Comparative analysis of MEV yield in low and high iron cultures. A representative 225 
result of (A) protein and lipid quantification and (B) dot blot analysis of purified MEVs isolated 226 
from iron-limited and iron sufficient Mtb cultures.  227 
 228 
DISCUSSION:  229 
Multiple methods to purify eukaryotic cell-derived exosomes have been developed12. In contrast, 230 
there is limited information on effective methods to purify bacteria-derived EVs7. Efficient 231 
isolation of Mtb-derived EVs needs to consider the intrinsic difficulties in growing this pathogenic 232 
mycobacterium. Mtb has a long division time (~24 h) and should be handled in biosafety level 233 
three (BSL-3) conditions. Therefore, it is important to optimize the efficiency of MEV isolation 234 
methods. Because mycobacteria release glycolipids and other hydrophobic molecules that 235 
aggregate and easily contaminate crude MEV preparations into the medium, it is important to 236 
purify and validate MEVs before conducting biochemical and functional studies. Based on 237 
previous observations that demonstrated that Mtb enhances the release of MEVs under 238 
conditions of iron limitation, a protocol was established for EV purification from iron-limited 239 
mycobacteria. It has also been confirmed that non-virulent M. smegmatis also increases release 240 
of EVs in response to low iron conditions (data not shown). Therefore, the same protocol could 241 
be used to purify EVs from this bacterium in BSL-2 conditions.  242 
 243 
A critical step of this procedure is the preparation of the low iron medium. This medium should 244 
be prepared as described here and stored in a plastic container, not in glass, to prevent iron 245 
contamination. Supplements commonly used in Mtb growth medium to stimulate bacterial 246 
growth and prevent characteristic mycobacterial clumping, such as bovine serum albumin, 247 
Tween-80, or tyloxapol, must be avoided. These additives lead to lipoprotein complex artifacts 248 
that copurify with vesicles and reduce vesicle yield. For CFU determination, a small culture in 249 
medium supplemented with detergent (Tween-80 or tyloxapol) can be set in parallel to the 250 
detergent-free large culture. MEVs in the culture filtrate are stable at 4 °C for several days. 251 
Therefore, if not processed immediately, the culture filtrate can be stored refrigerated.  252 
 253 
The total yield of purified MEV from 1 L of culture was around 500 µg/L protein, which is sufficient 254 
to conduct multiple analyses such as proteomics, lipidomics, and functional assays. Depending 255 
on the type of assay, sufficient MEVs can be isolated from smaller volumes (i.e., 250 mL). This 256 
facilitates comparative analysis of conditions and factors influencing MEV release. 257 
 258 
This is an effective method to purify MEVs, but it has limitations. It is a long procedure with 259 
multiple ultracentrifugation steps. In the future, this method will be compared to gel filtration 260 
chromatography, and as molecular markers of MEVs are discovered, affinity capture methods 261 
could be implemented. The host environment is iron-limited, therefore MEVs produced by Mtb 262 
in a low iron medium are probably more closely related to MEVs produced during infection and 263 
could provide relevant insights about the role of MEVs in tuberculosis pathogenesis. 264 
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Name 

Amicon stirred cell Model 108 

BD Polypropilene 225 ml conical tubes

Biomax 100-kDa cut-off ultrafiltration membrane

Chelex-100 resin 

Middlebrook 7H10 Agar

Middlebrook 7H9 Broth

Nitro cellulose blotting membrane

Optiprep

Polycarbonate ultra centrifugation tubes 25 x 89 mm

Polypropylene thin walled centrifuge tube 13x15 mm

Protein Assay dye

SYPRO Ruby

TMA-DPH

Vacuum filtration flasks
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Company Catalog Number

EMD Milipore UFSC40001

Fisher 05-538-61

EMD Milipore PBHK07610

Bio-Rad 142-2842

BD Difco 262710

BD Difco 271310

GE Healthcare 10600001

Sigma D1556

Beckman Coulter 355618

Beckman Coulter 344059

BioRad 5000006

Molecular Probes S12000

Molecular Probes T204

CellPro V50022



Comments 

Cell Ultrafiltration system

Conical centrifuge tubes

Ultrafiltration membrane

Metal chelating resin

Mycobacterial Agar plates

Mycobacterial broth medium

Blotting Membrane

Iodixanol

 Polycarbonate ultra centrifugation tubes 25 x 89 mm

 Polypropylene thin walled centrifuge tube 13x15 mm

Bradford Protein Staining

Ultrasensitive  protein stain

1-(4-Trimethylammoniumphenyl)-6-Phenyl-1,3,5-Hexatriene p -Toluenesulfonate 

Filter Unit



Editorial comments 

1. References have been removed from the abstract 

 

2. The introduction has been expanded to include (in italics)  

 

a) ) A clear statement of the overall goal of this method:  

"the goal of this method is to isolate, purify and quantify low iron MEVs that can be used  for 

biochemical and functional assays". 

 

b) The rationale behind the development and/or use of this technique:   

 

" To characterize MEVs and understand their biogenesis and functions, strict and efficient 

methods of vesicle purification and validation are crucial. MEVs have been isolated from the 

culture filtrate of mycobacteria grown in an iron-rich medium1. However, our previous work 

demonstrated that iron limitation greatly stimulates vesicle release in Mtb possibly to capture 

iron via mycobactin, a siderophore secreted in MEVs6. Although, procedures for MEVs isolation 

from Mtb cultured in high iron medium have been described an efficient methodology to obtain 

MEVs from low iron cultures has not been reported". 

 

c) The advantages over alternative techniques with applicable references to previous studies: " 

our previous work demonstrated that iron limitation greatly stimulates vesicle release. 

 

 Although, procedures for MEVs isolation from Mtb cultured in high iron medium have been 

described an efficient methodology to obtain MEVs from low iron cultures has not been reported 

 

d) A description of the context of the technique in the wider body of literature. 

 

Although, procedures for MEVs isolation from Mtb cultured in high iron medium have been 

described an efficient methodology to obtain MEVs from low iron cultures has not been 

reported.   

 

e) Information to help readers to determine whether the method is appropriate for their 

application. 

 

Therefore, the goal of this method is to isolate, purify and quantify low iron MEVs that can be 

used  for biochemical and functional assays, and for analysis of genetic determinants of vesicle 

production in mycobacteria. 

 

 More citations have been included. 

 

3. A citation for plating for single colonies is included. 

 

4. We do not check the O.D of the culture before collecting since there is no detergent in the 

medium mycobacteria aggregates in clumps and O.D measurements are not accurate. We have a 
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added a step that indicates measure the O.D of a sample culture supplemented with detergent. 

this culture is also used for CFU counting. (step 3.1) 

 

5. Gel conditions and a reference for preparing SDS-PAGE was included. 

 

6. The concentration of the vesicles added in the blot is included. 

 

7. Citations in the discussion have been included. 

 

8. We are now citing more that 10 references. 
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