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Abstract
We have recently made the strikingly discovery that upon a muscle injury, Wnt7a is upregulated and secreted 
from new regenerating myofibers on the surface of exosomes to elicit its myogenerative response distally. 
Despite recent advances in extracellular vesicle (EVs) isolation from diverse tissues, there is still a lack of specific 
methodology to purify EVs from muscle tissue. To eliminate contamination with non-EV secreted proteins and 
cytoplasmic fragments, which are typically found when using classical methodology, such as ultracentrifugation, we 
adapted a protocol combining Tangential Flow Filtration (TFF) and Size Exclusion Chromatography (SEC). We found 
that this approach allows simultaneous purification of Wnt7a, bound to EVs (retentate fraction) and free non-EV 
Wnt7a (permeate fraction). Here we described this optimized protocol designed to specifically isolate EVs from hind 
limb muscle explants, without cross-contamination with other sources of non-EV bounded proteins. The first step 
of the protocol is to remove large EVs with sequential centrifugation. Extracellular vesicles are then concentrated 
and washed in exchange buffer by TFF. Lastly, SEC is performed to remove any soluble protein traces remaining 
after TFF. Overall, this procedure can be used to isolate EVs from conditioned media or biofluid that contains 
EVs derived from any cell type or tissue, improving reproducibility, efficiency, and purity of EVs preparations. Our 
purification protocol results in high purity EVs that maintain structural integrity and thus fully compatible with in 
vitro and in vivo bioactivity and analytic assays.
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Introduction
In the past decade, protein secretion mediated by 
extracellular vesicles (EVs), has emerged as a physio-
pathological relevant process for distal intercellular 
communication [1]. Exosomes represent a population 
of small EVs of endocytic origin involved in intercel-
lular interaction through the transport of essential car-
goes such DNA, RNA, or proteins to distal places [2]. 
Numerous studies have shown the potential of EVs-based 
therapies as nanocarriers to treat different pathologies 
[3, 4]. Accordingly different techniques have emerged 
as standardized protocols to isolate EVs from differ-
ent cell- derived conditioned media or biofluids [5–7] 
in agreement with the Minimal Information for Stud-
ies of Extracellular Vesicles (MISEV) [8, 9]. Recently, 
tissue-derived EVs have been recognized as powerful 
role players in physiopathological process compared to 
biofluid-derived EVs, given the information enrichment 
from the tissue microenvironment [10, 11]. Despite the 
extensive research in the field, the clinical implementa-
tion of these findings is still far from being translated, 
mainly due to the technical complexity of EVs isolation 
and administration for reproducible and reliable experi-
mentation [12, 13].

Particularly, there is an overwhelming evidence for 
the therapeutic use of EVs in muscle related pathologies 
[14–21]. In line with this, Wnt proteins, a conserved fam-
ily of secreted glycoproteins that govern essential devel-
opmental, growth and regenerative stem cell processes, 
are a representative example of long-distance signaling 
and myoregenerative potential [22]. We have shown how 
Wnt7a/Frizzled signaling axis plays an essential role on 
myogenesis and muscle stem cell homeostasis at different 
levels [23–27]. Deciphering how Wnt7a release mecha-
nisms are regulated in muscle is key for the therapeutic 
translation of all those discoveries and the implemen-
tation of standardized protocols for muscle research. 
Intriguingly, despite the relative hydrophobicity due to 
palmitoylation [28], in addition to acting in endocrine 
and paracrine signaling, Wnt proteins also have been 
suggested to activate signaling distally through several 
potential mechanisms such as lipoproteins, cytonemes, 
and association with soluble Wnt-binding proteins [29]. 
Recently, several studies have found that Wnt proteins 
act distally after secretion on EVs [30–32]. Indeed, we 
have recently discovered that upon an injury Wnt7a is 
secreted on the surface of EVs. More specifically, we have 
elucidated the Wnt7a structural motif that is required to 
direct Wnt7a onto EVs for long-range signaling, and its 
relevance in the myoregenerative response [33].

We identified the molecular sequence, within the 
Wnt7a structure, required for EV secretion, which we 
term the Exosome Binding Peptide (EBP). Mutation 
of EBP causes a disruption on long-range Wnt7a-EV 

secretion and a shift towards Non-EV bound Wnt7a 
secretion. This unprecedented mechanism is mediated 
by interaction with Coatomer proteins and independent 
of palmitoylation [33, 34]. Notably, a single intravenously 
injection of myotube-derived EVs bearing Wnt7a [34] 
rescued muscle regeneration in Wnt7a-deficient dystro-
phic mdx mice.

To date, previous isolation protocols for muscle-
derived EVs were designed for EV isolation from con-
ditioned media from myogenic cells [35, 36], or EVs 
derived from tissue after enzymatic digestion [37]. Here, 
we describe a detailed protocol to isolate small EVs 
secreted from regenerating muscle tissue explants com-
bining Tangential Flow Filtration (TFF) and Size Exclu-
sion Chromatography (SEC). TFF is an ultrafiltration 
technique that allows the separation of EVs based on size 
[38, 39]. SEC provides a final purification step to separate 
free-protein cross-contaminants [40]. Combination these 
two techniques allow purification of EVs free of soluble 
proteins while maintaining structural integrity of EVs for 
downstream applications with an overall improved yield 
efficiency.

Results
Tangential Flow Filtration purifies high-efficient EVs 
without soluble protein cross-contamination in cell-
derived conditioned media
Conditioned media from Wnt7a-transfected HEK293T 
cells has shown that Wnt7a proteins are secreted on EVs 
surface, but also as non-EV bound free protein [33]. Here 
we compared the suitability of the golden-standard pro-
cedure for EVs purification, ultracentrifugation [41], with 
TFF to isolate Wnt7a-EVs from HEK293T cells. Ultracen-
trifugation purification of Wnt7a-transfected HEK293T 
conditioned media results in non-EV bound Wnt7a pellet 
down with EVs, producing a cross contamination diffi-
cult to discriminate (Fig. 1A). Conversely, TFF allows the 
physical separation of Wnt7a non-EV bound free protein 
that filtrates through the pores of the 500KDa cartridge 
and is collected in the permeate fraction, while Wnt7a-
EVs are retained inside the cartridge as the retentate frac-
tion (Fig. 1B). Note that samples were all run in the same 
gel, and have the same time exposure. Indeed, the double 
lipid membrane was not affected upon isolation using 
TFF (Fig.  1C), compared to ultracentrifugation that can 
easily disrupt and burst the fragile EVs (Fig.  1D). Over-
all, the use of TFF results in increased yields with cleaner 
intact EVs compared to ultracentrifugation (Fig. 1E-F).

Muscle injury triggers release of muscle-derived 
extracellular vesicles
Transmission Electron Microscopy (TEM) revealed that 
96  h following injury, induced by cardiotoxin injection, 
new muscle regenerating myofibers release high numbers 
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of multivesicular bodies (MBVs) that are filled with EVs 
destined for secretion. Likewise, the surrounding inter-
sttium in the injured muscle is fully infiltrated with the 
secreted EVs. Conversely, in uninjured healthy muscle, 
infiltration of EVs cannot be detected (Fig. 2A). Inmmu-
nogold labeling of new regenerating myofibers showed 
how Wnt7a is secreted on EVs surface from new regen-
erating myofibers that produce MVBs containing those 
Wnt7a-expressing Intra luminal vesicles (Fig. 2B). Impor-
tantly, the same type of Wnt7a-expressing EVs were 

found in the surrounding injured tissue (Fig.  2C). This 
data suggests that new regenerating myofibers released 
Wnt7a on EVs to trigger a distal regenerative response. 
Here we present a specific protocol to isolate those 
released muscle-tissue derived EVs combining centrifu-
gation, Tangential Flow Filtration (TFF) and Size Exclu-
sion Chromatography (SEC) (Fig. 2D).

Fig. 1 Tangential Flow Filtration allows purification of small EVs free of non-EV bound components. A iTEM of anti-HA immunogold labeling after ultra-
centrifugation protocol from Wnt7a-HA transfected HEK293T cells conditioned media showing isolation of non-EV bound Wnt7a cross-contamination 
(arrows) with Wnt7a-EVs (arrow heads). B Immunoblot analysis for Wnt7a showing separation of non-EV bound Wnt7a (filtrate) vs. Wnt7a-EVs (retentate) 
after TFF protocol. Samples were run all in the same gel and have the same time expousure. C iTEM of anti-HA immunogold labeling after TFF protocol 
from Wnt7a-HA transfected HEK293T cells conditioned media showing the absence of Wnt7a non-EV bound cross-contamination. Membrane bilayer 
indicated with arrows. D Comparative TEM of EVs isolated with ultracentrifugation and TFF. E Immunoblot analysis comparing EVs isolation efficiency with 
ultracentrifugation and TFF. F Comparative size distribution analysis of EVs samples after TFF protocol (blue bars) versus classical ultracentrifugation (grey 
bars). Scale bar 100 nm. Empty plasmid (CTR), Tangential Flow Filtration (TFF), Transmission Electron Microscopy (TEM). (n = 3, mean ± s.e.m., *p < 0.05)
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Fig. 2 Wnt7a is secreted on the surface of EVs upon a muscle injury. A Representative TEM image of a muscle transversal projection showing EVs secre-
tion 96 h post injury. Uninjured muscle (1) containing quiescent satellite cells (2), does not secrete or uptake EVs. Conversely, new regenerating myofibers 
secrete EVs (3) presumably targeting and infiltrating distal injured muscle to exert a myoregenerative response (4). B Representative anti-Wnt7a iTEM 
labeling of a new regenerative myofiber transversal projection showing MVBs containing Wnt7a-expressing ILVs 96 h post injury. C Representative anti-
Wnt7a iTEM labeling of an injured myofiber showing Wnt7a-expressing EVs infiltration 96 h post injury. Transmission Electron Microscopy (TEM), Extracel-
lular Vesicles (EVs), Multi Vesicular Body (MVB), Intra Luminal Vesicles (ILV). D Workflow protocol of small EVs isolation derived from muscle injured tissue 
explants
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EV purification protocol
No pre-acquired expertise is needed more than being 
qualified to work with animals to obtained the tissue 
explants. All the other expertise required for this proto-
col could be easily achieved by a single person familiar-
ized with bench work in a research lab by following this 
protocol. The entire procedure should be performed 
under sterile conditions, autoclaving all the non-dispos-
able material but cartridges and pressure sensors could 
be damaged by the high temperatures. Given that this 
last material cannot be autoclaved is highly recommend-
able to install the TFF machine inside of a tissue culture 
hood to minimize contamination due to the high content 
of biomaterial and the porous nature of the cartridges 
where impurities can lead to contamination easily. Also, 
the required rotors for pre-clarification and last pellet 
down steps can be difficult to find when there are not 
several different rotors available. However, in the present 
protocol, several options have been exposed to make it 
easier for the researcher.

Mice
This protocol has been standardized for muscle derived-
EVs isolation with mice from different backgrounds, 
C57BL6 and C57BL/10ScSN. In our particular case, we 
have not found differences in terms of yield with differ-
ent strains for these backgrounds. However, we cannot 
anticipate that changes in mouse strain could lead to dif-
ferences in isolation yield. We recommend using mice 
aged 8–12 weeks independently of their sex, given that 
very young or old mice could have differences in EVs 
secretion.

Reagents
All reagents were prepared and stored according to the 
manufacturer’s instructions.

The use of alternative reagents from other companies 
may not guarantee the anticipated results.

  • Chlorohexidine, 2%.
  • Eye lubricator.
  • PBS without calcium and magnesium, pH 7.4 

(Wisent, cat. no. 811-012-FL).
  • FBS (Wisent, cat. no.098–150).
  • Penicilyn/Streptomycin (Wisent, cat. no. 450-201-

EL).
  • DMEM media (Wisent, cat. no. 319-016-EL).
  • Cardiotoxin, citotoxin I (Latoxan, cat. no. L81 02).
  • NaOH (Fisher Scientific, cat. No. S318-500).
  • Sodium Chloride, 0.9% (Baxter, cat. no. JB1301).
  • MilliQ water.
  • Ice.

Equipment

  • Anesthesia equipment.
  • Fur trimmer.
  • Insulin syringe, sterile 28 gauge (Fisher, cat. no. 

36-104-1352).
  • 3mL syringe (Plastipak; BD, cat. no. 309657).
  • 22G × 1 1/2 needles, 0.7 mm × 40 mm (BD, cat. no. 

305156).
  • Fine scissors (Fine Science Tools, cat. no. 14060-11).
  • Dissecting scissors (Fisherbrand, cat. no. 08-951-20).
  • Spring scissors (Kent scientific, cat. no. INS600127).
  • Forceps (Fisherbrand, cat. no. 10–270).
  • Micro forceps.
  • Aluminum foil.
  • Styrofoam rack.
  • Water bath (Fisherbrand, model FSGPD05).
  • 150 mm sterile petri dishes.
  • Cell incubator.
  • TC hood.
  • Pipettes 50mL (Sarstedt, cat. no. 86.1685.001) and 

25mL (Sarstedt, cat. no. 86.1689.001).
  • 50-mL conical centrifuge tubes (Falcon, cat. no. 

1495949 A).
  • 15-mL conical centrifuge tubes (Fisher, cat. no. 

12565269).
  • Thermo Scientific™ Sorvall™ Legend™ XT/XF 

Centrifuge with rotor (Fisher, cat. no. 75-333-839).
  • Ultracentrifuge Optima L-90 K (Beckman Coulter, 

cat. no. SKU 8043-30-1191).
  • Rotor 45Ti (Beckman Coulter, cat. no. 339160).
  • Polycarbonate bottle assembly, 70mL 38 × 102 mm 

(Beckman Coulter, cat. no. 355622).
  • Rotor JA-25.50 (Beckman Coulter, cat. no. 363058).
  • Polycarbonate bottle with screw-on cap, 50mL 

29 × 104 mm (Beckman Coulter, cat. no. 357002).
  • KrosFlo Research 2i TFF System (Repligen, cat. no. 

SYR2-U20, ACSC-20 K-0908 and ACJR-U10).
  • Pressure sensors (Repligen, cat. no. ACPM-799–

01 N).
  • Hollow Fiber Cartdrige 500MWCO (Cytiva, cat. no 

UFP-500-E-H42LA).
  • Tubing 14´´diameter (SpectrumLabs, cat. no. 

ACTU-E14-25 N).
  • 1 L Pyrex bottle.
  • Corning™ GL45 Three-Hole Delivery Cap (Fisher, cat. 

no. 10-462-474).
  • Flexyboy with EVA Tubes & Luer Lock- 50mL 

(Satorius Stedim North America, INC, cat. no 
FFB207567).

  • pH paper strips (Fisher, cat. no. M10953330001).
  • Becnhtop ultracentrifuge Optima Max 130 000.
  • Rotor TLA-100.3 (Beckman Coulter, cat. no. 

349490).
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  • Open-top thickwall polycarbonate tube, 3,2mL 
13 × 56 mm tubes for TLA100.3 rotor (Beckman 
Coulter, cat. no. 362305).

  • Delrin Tube Adaptors 11 mm diameter for TLA.110 
(Beckman Coulter, cat. no. 355919).

  • Polypropylene tube with snap-on cap, 1.5mL, 
11 × 39 mm (Beckman Coulter, cat. no. 357448).

  • qEVoriginal column 35 mm (Izon, cat. no. ICO-35).
  • Automatic Fraction Collector V2 (Izon, cat. no. AFC-

V2).
  • NTA equipment NanoSight LM10 (Malvern).
  • Stericup, 0.22-uM polyethersulfone (Millipore, cat. 

no. S2GPU11RE).
  • Metal stand.

Reagent setup
Cardiotoxin
Resuspend under sterile conditions the cardiotoxin pow-
der to have a stock solution 100 µM. Dilute 1 mg in 1.47 
mL of in 0.9% Sodium Chloride. Aliquot and freeze sam-
ples at -20 °C. Working solution is 10 µM in 0.9% Sodium 
Chloride. Working solution needs to be prepared freshly 
on a TC hood and unused solution should be discarded 
appropriately. Cardiotoxin is amyotoxin and should be 
handled with care. Protect the eyes and skin by wearing 
gloves and working in a biosafety hood.

FBS EVs-depleted for coating
Centrifuge FBS under sterile conditions at 100,000 g 
for 90  min using Beckman Coulter Optima L-100XP 
Ultracentrifuge, Rotor 45Ti (Beckman Coulter, cat. no. 
339160) and tubes (Beckman Coulter, cat. no. 355622). 
Upon centrifugation carefully transfer the EVs-depleted 
FBS and make 50 mL aliquots. Storage them until use at 
-20  °C. Note, FBS for use in conditioned media supple-
mentation should be centrifuged at 120,000 g for 18 h.

PBS microparticles-depleted
Centrifuge PBS 1x at 100,000 g for 90 min using Beckman 
Coulter Optima L-100XP Ultracentrifuge, Rotor 45Ti 
(Beckman Coulter, cat. no. 339160) and tubes (Beckman 
Coulter, cat. no. 355622). Upon centrifugation filter the 
PBS using a Stericup under sterile conditions and storage 
it 1 L sterile glass bottles.

NaOH
Prepare NaOH 0.5  M in MilliQ water. Filter the NaOH 
under under sterile conditions using a Stericup and stor-
age it 1 L sterile glass bottles.

Equipment setup
Tubing circuit setup

1 Introduce a piece of tubing in the cap of each wash 
bottle and add plugs to the other three holes of 
the cup (Fig. 3A). We highly recommend doing 
separate tubing for each washing bottle to prevent 
cross contamination. Transparent tubing is used for 
regular setups and white tubing reserved it only for 
tubing used with the pump.

2 Plug white tubing using female and male ports 
connecting the cap of the washing bottle with the 
auxiliary pump (Fig. 3A-B).

3 Connect the end of the washing tubing port that 
comes from the auxiliary pump to a T-valve (Fig. 3B).

4 Remove red caps from the cartridge and plug the 
three pressure sensors (Fig. 3C).

5 Screw female cap into the bottom auxiliary port of 
the cartridge (Fig. 3C).

6 Plug a piece of white tubing, using female and male 
ports connected to the feed and retentate pressure 
sensors respectively (Fig. 3D-E).

7 Connect the T-valve to the white tubing coming 
from the retentate fraction (Fig. 3D-E).

8 Connect the last third port of the T-valve to the 
Flexboy bag and its clamps (Fig. 3D-E).

9 Connect the second port of the Flexboy bag to the 
white tubbing coming from the feed flow (Fig. 3D-E).

10 Connect a transparent tubing to the permeate 
pressure sensor and a Flexboy bag if we want to 
collect the permeate fraction containing the fraction 
that is smaller than 500KDa, for further applications. 
Otherwise, connect a waste container (Fig. 3D-E).

New cartridge rinsing and sanitation procedure
Cartridges need to be rinsed before use as they are stored 
in glycerol. It is recommendable to perform the cartridge 
activation the day before the purification due to long 
duration of the procedure.

1 Warm up sterile MilliQ water up to 50 °C using 
one of the below approaches. Control temperature 
closely because if the temperature is above 50 °C it 
can damage the cartridge.

 A) A heating magnetic stirrer placed beside the 
auxiliary pump.

B) A microwave or water bath at the beginning of the 
procedure. However, using this procedure water 
temperature will not be maintained along the 
entire cleaning process.
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Fig. 3 Tangential Flow Filtration setup. A Buffer exchange bottle showing female/male ports of the tubing circuit. B Auxiliary pump connected to the 
exchange/washing buffer showing special white tubing for the pump. C Hollow Fiber Cartridge with 500 MWCO connected to the Retentate/Permeate 
and Feed pressure sensors. D Entire TFF set up containing the machine and the circulation circuit with all the necessary components. E Representative 
schematic set-up of the TFF circuit. F Representative picture of the recording display measuring the different parameters along the purification TFF pro-
cess. G Representative picture of the pre-settings pump control for the purification TFF process
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2 Connect the circuit set up to the TFF machine 
(see Fig. 3). Ensure clamps on the Flexboy bag are 
open and everything is properly connected to avoid 
damaging filter or sample loss due to high pressure 
(Fig. 3D-E).

3 Connect the sterile warmed MilliQ water bottle to 
the auxiliary pump washing port (Fig. 3D-E).

4 Switch on the TFF machine, the auxiliary pump, 
and the monitor. All pressure (feed, permeate and 
retentate) should be 0.0 psi in the display of the main 
pump.

5 Login in into the software. Spectrum Labs KR2i 
Data Collection. Set up the machine on the display 
to work counterclockwise and the main pump on M 
mode (manual).

6 Introduce all the cartridge information in the display 
before starting the procedure. Consider that by 
default the TFF software is pre-setup with Repligen´s 
cartridges details and we are using a cartridge from 
Cytiva. Thus, we have to introduce Cytiva´s technical 
information manually, so the machine can register 
properly the cartridge in use and record all the 
technical details during the procedure accordingly. 
Fiber count: 2, Fiber ID: 1, Fiber length: 110, Area: 
73cm2 (see Fig. 3F).

7 Disconnect retentate flow from the continued circuit 
and connect retentate and permeate fluxes in the 
waste. Screw a plastic cap on the T-valve to cover the 
open end of the retentate port.

8 Set up the flow rate of the auxiliary pump at 20mL/
min, to flush the warmed MilliQ water bottle, and 
the feed flow of the main pump at 20mL/min with 
the back pressure valve and T-valve open (see 
Fig. 3G).

9 Start the auxiliary pump and the main pump flows. 
Hold these settings for 5 min aprox. until pressure is 
stable and there is no bubble in the tubing.

10 Stop the flow. Remove the plastic cap on the T-valve 
and connect retentate flow for recirculation, back to 
the continued circuit.

11 Set up flow rate of the auxiliary pump at 3mL/min 
and feed flow speed to 10mL/min and initiate the 
flow. Pressure should be Pf ~2–4 psi, Pr ~1.2–1.5 psi 
and Pp 0 psi. Keep these settings until 500mL are 
permeated (see Fig. 3F-G).

Critical step. Set up a permeate scale alarm in the set-
tings panel to automatically stop the flow when a perme-
ate volume of 500 mL is reached. Make sure to tare the 
scale before starting the procedure (Fig. 3D).

Critical step. Verify there is no leaking in the tubing 
or port connectors and adjust TMP to 5psi in the dis-
play. Once 5psi TMP is reached flow to permeate should 
be 9mL/min and flow to retentate should be 1mL/min. 

Verify this by checking Q inlet (mL/min), Q permeate 
(mL/min) and Q retentate (mL/min).

Critical step. If volume in the Flexboy bag is not steady, 
please modify flow rate of the auxiliary pump. If it is too 
low, bubbles will appear in the circuit, then increase flow 
rate, up to 3mL/min maximum. If it is too high, decrease 
up to 0.5mL/min. Thus, the volume entering the Flexboy 
bag is equal to the volume that is flowing through the 
cartridge.

12 Stop the machine and interchange the water bottle 
with a bottle containing sterile NaOH 0.5 M to 
sanitize the circuit.

13 Set up the auxiliary pump at a flow rate of 1mL/
min and the main pump at 37mL/min with the back 
pressure valve open to facilitate longer recirculation 
of NaOH.

14 Flux up to 100 mL of NaOH to sanitize the entire 
circuit. Set up a permeate scale alarm in the settings 
panel to automatically stop the flow when you have a 
permeate volume of 100 mL is reached.

Critical step. Keep the volume in the Flexboy bag steady 
if not proceed as in step 11.

15 Stop the flow and connect retentate and permeate 
to waste. Screw a plastic cap on the T-valve to cover 
the open end of the retentate port. Connect the 
sterile PBS bottle to the auxiliary pump instead of the 
NaOH bottle. Open auxiliary pump and T-valve so 
circuit is open to PBS and tubing is not obstructed. 
Make sure that back pressure valve is opened and 
main pump is set up at 132 mL/min (see Fig. 3D-E).

Critical step. Given the high flux of the main pump (132 
mL/min), there is no need to use the auxiliary pump to 
inject the PBS into the feed flow. Leaving all the ports 
open, the inherent high flow of the main pump will be 
sufficient for the washing PBS to get to the circuit.

16 Wash with 50 mL of PBS at maximum speed, 132 
mL/min, to flux out remaining NaOH.

Stop the flow. Remove the plastic cap on the T-valve and 
connect retentate flow for recirculation. Initiate the flux 
with a speed rate of 37mL/min and TMP 3psi.

Critical step. Recirculate 50 mL of PBS and check with 
pH paper strips if permeate fraction pH decreased up to 
7, meaning non traces of NaOH remain inside the circuit 
that could damage the upcoming sample purification. 
Otherwise keep recirculating PBS until optimal neutral 
pH 7 has been reached.

17 Column is ready for use.
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Pause point. If sample filtration is going to be performed 
the following day, we can leave all the circuit set up 
already installed in the machine. Otherwise, remove it 
from the machine and store it in a safe place. The entire 
circuit including cartridge, tubing and pressure sensors 
can be stored all interconnected (see Fig. 3D-E).

Critical step. Never store the cartridge and sensors in 
NaOH 0.5 M, as the material can be damaged as well as 
difficult to disconnected upon prolonged exposures to 
NaOH.

Procedure
Sample preparation

1 Bring mice into the surgical room and inject 
analgesia accordingly to the animal procedure 
protocol of the institution (p.e. subcutaneous 0.1 mg/
kg buprenorphine 4 h prior to surgical procedure).

Critical step. Is not recommended to perform more than 
4 mice per experiment as it would be difficult to handle.

2 Anesthetize the mice with isoflurane (p.e. 1 L/
min, 2% isofluorane, or equivalent) for cardiotoxin 
intramuscular injection. Apply eye lubrication gel in 
the ocular area to avoid eye damage due to dryness, 
as anesthetized mice leave their eyes open. Inject 
1 mL of saline subcutaneous to avoid dehydration. 
Shave both lower hind limbs and wipe the area with 
chlorohexidine to clean the area.

Critical step. Do not proceed to step 3 until you verify 
there are no signs of reactivity upon gentle pressure on 
the toes with a surgical forceps.

3 Place the mouse in supine position and inject CTX 
solution intramuscularly using a sterile 28-gauge 
insulin syringe. Insert the needle with the bevel 
downward through the ankle parallel to the tibia 
until it reaches the knee (half of the needle length). 
Then inject the solution slowly and at the same time 
gradually remove the needle. On each leg inject 
50 µl of Cardiotoxin 10 μm per TA muscle. In a 
Gastrocnemius muscle, 40 µl in each lobule of the 
muscle for a more extensive damage (see Fig. 4A).

4 Allow mice to recover fully walking in a 37 °C room 
before you bring them back to the cage. Monitor 
and provide analgesia accordingly to the animal 
procedure protocol of the institution for 24 h.

Sample collection

5 Four days after injury euthanize mice, accordingly to 
the animal procedure protocol of the institution.

Critical step. Do not proceed to step 6 until there are no 
signs of reactivity upon gentle pressure on the toes with a 
surgical forceps.

6 Immobilized the euthanized mice over a Styrofoam 
lid using pins covered in aluminum foil.

7 Using operating scissors cut the skin perpendicular 
to the midline around the abdomen and de-glove the 
skin (see Fig. 4B).

8 Collect all hindlimb muscles from both legs using 
sterile surgical tools and place them on ice in a 
50 mL Falcon tube full of sterile cold PBS. See 
anatomical images to aid dissection in Fig. 4C.

Critical step. Each mouse should be treated as a separate 
single sample to minimize potential contaminations.

9 Transfer samples into the TC hood.
10 Collect the muscle tissue with a forceps and place all 

the muscles in a 150 mm petri dish.
11 With the help of surgical scissors and forceps 

remove all fat depots and tendons to avoid cross-
contamination with other sources of EVs.

Critical step. Ensure that the large fat pad within the gas-
trocnemius muscle is removed (Fig. 4D).

12 Once the muscle is clean, cut into small pieces of 
about 1 mm3 (Fig. 4E).

13 Add 50 mL of pre-warmed PBS and transfer the 
minced muscle with PBS into a 50 mL Falcon tube 
using a 50 mL pipette.

14 Centrifuge at 300 g for 5 min room temperature 
in a Benchtop centrifuge using a TX-1000 rotor. 
Alternatively, another rotor compatible with a 300 g 
centrifugation step can be used.

15 While tissue is centrifugating, rinse 150 mm Petri 
dishes, one per mouse, with pre-warmed 37 °C FBS 
EVs-free (to wet the dishes).

16 Aspirate the excess of FBS but do not let the dishes 
to fully dry.

Critical step. Removal of serum is crucial to allow attach-
ment of tissue fragments to culture dish.

17 Once the muscle is pellet down remove PBS carefully 
with a glass fine pipette connected to the aspirator to 
avoid muscle loss for aspiration.
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18 Rapidly resuspend explants with 10 mL of pre-
warmed 37 C°C FBS EVs-free.

19 Using a 1000 pipette connected to a tip, spot drops 
of this mixture on the surface of the wet dishes 
(Fig. 4F).

20 Lift the side of the dish to remove FBS in excess by 
with a glass fine pipette connected to the aspirator to 
avoid muscle loss for aspiration as in step 16.

21 Incubate the dishes on a cell incubator at 37 °C, 5% 
CO2 for 2 h to allow explants to adhere to the dish.

22 After 2 h, gently add 30 mL pre-warmed 37 °C 
DMEM medium containing antibiotics with a 25 mL 
pipette, covering all the muscle tissue.

23 Incubate the dishes on a cell incubator at 37 °C, 5% 
CO2 for 2 days.

24 After 2 days, collect medium with a 25 mL pipette 
into 50 mL Falcon tubes. Discard the muscle 
tissue into the corresponding biological disposable 
container.

Pause point. At this point, medium can be stored at 
-80 °C prior to proceeding with EV isolation. However, is 
optimal to continue with the isolation protocol to avoid 
any loss of samples.

EVs pre-clarification

25 Centrifuge conditioned medium, obtained in point 
24, in a 50 mL Falcon tube at 300 g for 10 min at 
room temperature to remove floating cells from 
the mixture. Use a benchtop centrifuge with a 
swing bucket rotor TX-1000 Thermo Scientific. 
Alternatively, another rotor compatible with a 300 
g centrifugation can be used. If media has been 
previously frozen, thaw in a water bath at 37 °C prior 
to centrifugation.

Fig. 4 Injured muscle explants preparation A Illustrative pictures of Tibialis Anterior and Gastrocnemius intramuscular injection of cardiotoxin injection. 
B Pre-injured hind limb muscles ready for muscle explants harvest. C Hind limb muscles harvested for explants model. D Muscle tissue fat and tendons 
pre-clearing. E Hind limb muscles tissue mincing. F Representative picture of dropwise muscle dissemination for explant secretion and EVs release

 



Page 11 of 18Gurriaran-Rodriguez et al. Skeletal Muscle           (2024) 14:22 

Critical step. After centrifugation, handle tubes gently 
to avoid pellet detachment and cross contamination with 
supernatant.

26 Using a 50 mL pipette, transfer supernatant carefully 
into a new 50 mL Falcon tube.

Critical step. Leave 3 mL of supernatant in the bottom of 
the Falcon tube to avoid potential aspiration of the pellet 
and consequent cross-contamination with cells fraction.

27 If pellet is not required as a control, avoid steps 
28–29 and go directly to point 30.

28 Resuspend pellet with PBS microparticles-free and 
spin it once again using same conditions than point 
25. This step does not need to be performed under 
sterile conditions.

29 Aspirate PBS and resuspend pellet in the appropriate 
buffer (p.e. RIPA buffer for immunoblot) and store 
accordingly. This step does not need to be performed 
under sterile conditions.

30 Centrifuge conditioned medium obtained in point 26 
at 2500 g for 10 min at room temperature to remove 
apoptotic bodies from the mixture. Use a benchtop 
centrifuge with a swing bucket rotor TX-1000 
Thermo Scientific. Alternatively, another rotor 
compatible with a 2500 g centrifugation step can be 
used.

31 Using a 25 mL pipette transfer supernatant into a 
sterile 50 mL polycarbonate tube.

32 If the pellet containing apoptotic bodies pellet is 
required, repeat steps 28–29 but using conditions 
from step 30. Otherwise continue with point 33.

Critical step. Leave 3 mL of supernatant in the bottom of 
the Falcon tube to avoid potential aspiration of the pel-
let and consequent cross-contamination with apoptotic 
bodies fraction.

Critical step. Ensure tubes are filled accordingly to 
manufacture´s instructions with the minimal and maxi-
mal volume recommended to avoid spills and damage to 
the tubes.

33 Centrifuge supernatant obtained in point 31 at 
20.000 g for 20 min at 4 °C to remove microparticles. 
For this step use a High-speed centrifuge. Different 
combinations of tubes rotors can be used depending 
on user availability:

 A) Rotor SS34 with Beckman Coulter cat. no. 344,058 
30 mL tubes.

B) Rotor JA25.50 with Beckman Coulter, cat. no. 
357,002 50 mL tubes. This is the best option in 

terms of volume capacity as 8 samples can be 
centrifuged in one step with bigger capacity tubes.

Critical step. Centrifugation conditions are calculated 
based on the JA25.50 rotor. If a different rotor is used, 
recalculate the pelleting time taking into account the K 
factor specific for each rotor [42]. Pelleting time depends 
on the k factor, a parameter that is specific for each rotor. 
K factor measures rotor pelleting efficiency at maximum 
speed. The lower the K factor the shorter running time 
is going to be at the same speed. Smaller rotors have a 
lower K factor, as the pathlength of the sample to be pel-
let down is smaller. This is a critical point as longer run-
ning times could compromise the integrity of the vesicle.

34 Using a 25 mL pipette transfer supernatant into a 50 
mL FlexyBoy bag (Fig. 3D).

35 If the pellet containing microparticles is required 
for control purposes, please repeat steps 28–29 but 
using conditions from step 33. Otherwise continue 
with point 36.

Pause point. At this point, medium can be frozen in the 
Flexboy bag at -80 °C prior to conducting the TFF proce-
dure. However, it is recommended to continue with the 
isolation protocol for optimal EV recovery.

Tangential Flow Filtration

36 Connect to the TFF machine the set up circuit 
(Fig. 3D), using the previously prepared cartridge.

37 Connect the sterile PBS bottle to the auxiliary pump 
washing port (Fig. 3A).

38 Repeat steps 4–6 from New cartridge rinsing and 
sanitation procedure.

39 Start main pump at 37 mL/min. Make sure there are 
no bubbles, and all pressures are stable, Pf ~4–6 psi 
and Pr ~1–2 psi. Run for about 5 min.

40 Once pressure is stable, start the automatic 
backpressure valve at 3 psi to get a TMP of 3 psi.

Critical step. Adjust the permeate tubing with a manual 
clamp (Fig. 3E), to get a positive permeate pressure ~ 0.2 
psi to dimmish loss of EV material through the cartridge 
pores due to the TMP.

41 Ensure that shear rate is ~ 3000 in the software 
display, based on the parameters previously setup in 
points 39–40.

42 Filter until approximately one inch of media remains 
in the Flexboy bag and stop the pump.

43 Start the step of washing isolated EVs sample in 
continuous mode as we did in point 11 of New 
cartridge rinsing and sanitation procedure. This 
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means that while washing with PBS, sample is 
permeating through the cartridge and the volume in 
the sample bag remains steady.

44 Open the auxiliary pump T-valve and started the 
auxiliary pump to run at 1.5 mL/min.

45 Re-start main pump at 37 mL/min with TMP valve 
at 3 psi.

Critical step. Maintain the volume in the bag low with-
out allowing it to empty. Flow rate may need to be 
adjusted (0.5 mL/min-3.0 mL/min depending on sample 
type). Continue to adjust so that volume is steady, mean-
ing same volume of PBS gets permeated than gets into 
the sample bag from the auxiliary pump. If the sample is 
getting too diluted, decrease the flow rate.

46 Tare volume on scale and set up an alarm with the 
desired amount of washing volume to permeate (use 
Perm HI STOP for pump to stop at certain volume).

Critical step. For muscle explant derived EVs, use dou-
ble the amount of the starting volume sample due to the 
high volume of undesired free proteins (e.g. if starting 
sample is 20 mL, use 40 mL of PBS). However, for Wnt7a 
HEK293T cell-derived EVs, the same volume of PBS as 
the sample volume is used to get wash out of the Wnt7a 
free protein. Adjust the PBS volume, depending on the 
origin and application of the EVs.

47 When washed volume is reached, stop the pumps, 
and close the T-valve.

48 Concentrate the sample by re-starting the main 
pump with a flow of 37 mL/min and permeate the 
entire volume of the Flexboy bag until bubbles 
appear in the sample loading tube.

Critical step. To have a better control of this step, do 
not restart the back-pressure valve to set up the TMP at 
3 when permeating the sample. The TMP generated by 
the main pump feed is enough to permeate the remain-
ing volume of the sample. Otherwise, it would be too fast, 
and sample can be lost.

49 Once all the volume in the Flexboy bag is permeated, 
stop the main pump, and clamp the Flexboy bag 
port attached to retentate (left side) using the clamp 
provided with the Flexboy bag. Then, disconnect the 
retentate tubing from the clamped Flexboy bag.

50 Take a 15 mL tube to drain the dead volume of the 
tubing set.

51 Place the retentate tubing into the new tube. Set the 
flow rate of main pump at the maximum flow, 132 
mL/min, and make sure the automatic backpressure 

valve is open and there is no clamp in the permeate 
tubing.

52 Start main pump and collect all the retentate fraction 
into the new tube. This fraction is the EVs fraction 
ready to use. Volume should be around 5–7 mL 
(Fig. 3E).

Pause point. At this point EVs can be frozen in a Falcon 
tube at -20 °C.

53 For cartridge cleaning, please proceed directly to 
point 59.

Size exclusion chromatography

54 Once the retentate fraction, that contains the 
purified EVs, is collected proceed to pellet it down 
by ultracentrifugation. To reduce the pelleting time 
is better to use a benchtop ultracentrifuge instead 
of a regular ultracentrifuge. Transfer the contents of 
the sample using 1mL pipette to an appropriate tube 
using:

A) Ultracentrifuge L:90 with rotor 70.1Ti and 10.4 mL 
polycarbonate bottles with cap (Beckman Coulter, 
cat. number tubes ref. 355603). Run for 70 min at 
100,000 g (32,900 rpm for 70.1Ti rotor) at 4 °C.

B) Bench ultracentrifuge with rotor TLA.110 and 3.2mL 
polycarbonate tubes (Beckman Coulter, cat. no. 
362305). Run for 30 min at 100,000 g (49,000 rpm for 
TLA.110 rotor) at 4 °C.

Critical step. If EVs are for in vivo or in vitro experi-
ments, is very important to maintain the sterility working 
in a laminar flow hood and with autoclaved material.

Critical step. Depending on the volume, use several 
smaller 1.5 mL eppendorf tubes with the adaptors instead 
of 3.2 mL open tubes. The pelleting time is the same.

55 Remove supernatant with a 1000 pipette. Resuspend 
the pellet in the minimal amount of buffer required 
to be load into the SEC column and proceed 
accordingly to manufacturer’s instructions.

56 Collect the different eluted fractions and proceed 
to quantification to verify the fraction or fractions 
that contain EVs of interest, based on the number 
of particles with a NTA equipment accordingly to 
manufacturer’s instructions (Fig. 5A).

57 Fractions of interest can be combined and pellet 
down as in point 54 or used directly. If they are 
required for in vivo or in vitro bioactivity assays is 
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Fig. 5 Purified muscle-derived EVs with Tangential Flow Filtration and SEC. AUpper panel. Quantification of EVs concentration on the different fractions 
collected upon SEC. Lower panel. EVs size distribution graphs for F3 to F7 upon SEC, showing how fraction F4 to F6 correlate with small EVs size (fraction of 
interest) and not before (F3) or after (F7). B Immunoblot analysis showing the expression enrichment of EVs markers on muscle-derived EVs. C Representa-
tive TEM pictures of isolated EVs derived from new regenerating hindlimb muscles using post-embedding techniques. Representative of 3 independent 
experiments. Size Exclusion Chromatography (SEC), Fraction (F), Transmission Electron Microscopy (TEM)
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better to filter them using a syringe microfilter of 
0.22 μm.

58 Analyze and quantify concentration following 
MISEV 2023 guidelines (Fig. 5):

A) Perform immunoblot analysis with different positive 
and negative EVs markers (Fig. 5B).

B) Perform Transmission Electron Microscopy 
(Fig. 5C).

Flush cartridge

59 Change the PBS bottle of the auxiliary pump for 
the sterile Milli-Q water bottle used in the previous 
cartridge activation. Screw a plastic cap on the 
T-valve to cover the open end of the retentate 
port. Change permeate collection for waste bucket 
and connect both permeate and retentate into 
this bucket. Open auxiliary pump and T-valve so 
circuit is open to Milli-Q water and tubing is not 
obstructed. Unclamp the retentate port of the 
Flexboy bag. Make sure that back pressure valve is 
still opened and main pump is set up at 132 mL/
min and there is no clamp in the permeate tubing 
(Fig. 3E).

60. Start main pump and flush 25 mL of MilliQ water 
through the system.

61. Stop the main pump. Close the auxiliary pump. 
Remove the plastic cap on the T-valve and reconnect 
retentate tubing to Flexboy bag port.

62. Start the auxiliary pump at flow rate of 10 mL/
min. Start the main pump at 132 mL/min and flush 
another 25 mL of MilliQ water with the backpressure 
valve opened.

63. Stop the pumps.
64. To purify another sample, proceed with step 36. 

Otherwise continue with point 65.
65. Upon complete of purifications, rinse with NaOH to 

sanitize the cartridge.
66. Change the auxiliary pump bottle for the 0.5 M 

NaOH used in the previous cartridge activation.
67. Set up the auxiliary pump for 1–2 mL/min to wash 

the cartridge in continuous washing mode as in steps 
43–46. Rinse with 0.5 M NaOH at main pump flow 
rate 37 mL/min and with backpressure valve opened. 
Keep settings until permeate 25–50 mL is complete.

Critical step. If media contains red phenol, make sure 
that the colorant is all washed off and the cartridge is not 
reddish anymore.

68. Stop the flow and connect retentate to waste. Screw 
a plastic cap on the T-valve to cover the open end 

of the retentate port. Connect the sterile PBS bottle 
to the auxiliary pump. Wash with 50 mL of PBS at 
maximum speed, 132 mL/min with the back pressure 
valve open, to flush the remaining NaOH.

69. Stop the flow. Remove the plastic cap on the T-valve 
and connect retentate flow for recirculation, back to 
the continued circuit. Initiate the flux with a speed 
rate of 37 mL/min and TMP 3psi.

Critical step. Recirculate 50 mL of PBS and check with 
pH paper strips that pH is 7 approximately, meaning non 
traces of NaOH remain inside the circuit that could dam-
age the upcoming sample purification. Otherwise keep 
recirculating PBS until optimal neutral pH 7 has been 
reached.

70. Column is ready for use again.

Critical step. Keep a record of the number of times the 
filter has been used and how much volume was filtered. 
Cartridges can be reused multiple times depending on 
the type of sample and how concentrated it is. With EVs 
from HEK293T cells, up to 1 L of filtrate can be prepared 
as long as the cartridge has been washed and stored 
properly. However, this volume can change depending on 
the origin of the conditioned media and the conditions of 
its use.

71. Save and close worksheet, choosing to “End 
Collection”. Clamp and detach sample bag from 
circuit, closing tubing ends with plastic caps. Detach 
other components (e.g. PBS tubing) and close off 
with plastic caps. It is better to storage the cartridge 
separately from the tubing and sensors in a plastic 
bag in a drawer protected from light and high 
temperatures.

Troubleshooting

  • If pressure is high when instrument is turned on. 
Turn it off and switch on again.

  • If sensors provide a wrong pressure, make the 
proper tubes have been connected. Color coding the 
tubes is helpful (e.g. red = permeate, blue = feed and 
green = retentate).

  • Secretion time needs to be optimized and may vary 
for each type of experiment.

If pressure remains high, the cartridge may be clogged 
and needs to be washed or changed.
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Discussion
Tissue-derived EVs have recently emerged as ponderable 
sources of information with a high relevance due to its 
clinical potential [10, 11, 37, 43]. However, standardized 
protocols to specifically obtain muscle tissue-derived EVs 
have not been implemented yet. The standard procedures 
for tissue-derived EVs are performed with enzymatic 
digestion procedures to retrieve the EVs within the tis-
sue [37]. Such an approach has the potential to degrade 
proteins located on the surface of EVs. Finally, EV isola-
tion protocols are typically based on sequential ultracen-
trifugation protocols [44]. This implies that large volumes 
cannot be processed, as the rotors have a limited volume 
specially for ultracentrifugation steps. Conversely, TFF is 
readily scalable using commercially available cartridges. 
Moreover, there are pre-setup tables that allow upscaling 
smaller pilot experiments to adapt to any volume, even 
for GMP applications [45].

TFF has emerged as a non-ending filtration technique 
that isolates EVs, retaining the vesicle inside the TFF car-
tridge within the retentate fraction, and non-EV bound 
free protein is filtrated through the pores of the cartridge 
and is collected in the filtrate fraction [38, 39]. This is a 
key point when working with proteins that are secreted in 
several different modes such as Wnt [29]. Otherwise, EVs 
products are cross-contaminated with non-EV bound 
free protein, that could lead to false-positive results.

Overall, using TFF for in vivo and in vitro down 
streaming applications is particularly highly recom-
mended. First, TFF is compatible with highly starting vol-
umes as these types of applications usually require large 
numbers of EVs. This is a very important point when the 
secreting cells or tissue that do not secrete high numbers 
of EVs and large volumes are required to achieve desired 
yields. Second, TFF allows exchange buffer, in this case 
PBS. Thus, the final product will be already in the actual 
buffer further required for bioactivity assays. Third, TFF 
is a gentler procedure, so the characteristic EV double 
lipid layer keeps intact. Thus, downstream bioactivity 
applications are not impacted by the loss of EVs morpho-
logical integrity.

Importantly, our EV isolation protocol could be used 
for other types of tissue explants experiments or for the 
isolation of cell-derived EVs from conditioned media. 
However, it would be necessary to adjust the secretion 
and timing conditions accordingly to the experiment. We 
have used injection of cardiotoxin into the TA muscle 
to stimulate Wnt7a expression and EV secretion. Other 
modes of injury or challenges can be contemplated 
including exercise, disease status, or hormone or drug 
treatment. Overall, this is a standardized and reproduc-
ible protocol to isolate secreted EVs from injured muscle 
in a timely and efficient manner.

Materials and methods
Cell culture
HEK293T cells were obtained from ATCC (CRL-3216) 
and verified to be free from mycoplasma contamination 
using the MycoSensor PCR Assay Kit (Agilent Technolo-
gies). Cells were cultured as in DMEM (Lonza) supple-
mented with 10% FBS, 100 U/mL penicillin, 100 U/mL 
streptomycin and maintained at 37  °C in a humidified 
incubator equilibrated with 5% CO2.

Conditioned media production for cell derived EVs
Equal numbers of HEK293T cells, 20 millions cells per 
150  mm dish, were seeded and pcDNA3_Wnt7a-HA 
plasmid was transfected with linear polyethylenimine 
(Polysciences), accordingly to manufacturer’s instruc-
tions. Later, transfected cells were cultured with 10% 
FBS EV-depleted [44] in DMEM (Gibco) and maintained 
at 37  °C in a humidified incubator equilibrated with 5% 
CO2. After 48 h of secretion conditioned media was col-
lected for EVs isolation and samples were purified follow-
ing the protocol described in this manuscript.

Pre-embedding immunogold labeling for EVs
TEM on EVs was performed following our previous pub-
lished protocol [33]. Briefly, EVs specimens were fixed 
in Karnovsky´s fixative for 2 weeks. Fixed EVs pellets 
were treated with 0.1% sodium borohydride in PBS. EVs 
were permeabilized with 0.1% Triton X-100 for 10  min. 
After, EVs were blocked in blocking buffer (10% donkey 
serum + 0.6% gelatin from cold water fish skin in PBS) for 
2 h. EVs were incubated with the primary anti-HA anti-
body (Benthly) for 48 h. Pellets were incubated overnight 
with the secondary antibody (Jackson ImmunoResearch). 
Immunogold-labelled EVs were fixed with 2% glutaral-
dehyde in 0.1 M sodium cacodylate buffer and enhance-
ment was performed with a silver enhancement kit on the 
immunogold-labelled cells. All samples were post-fixed 
with 1% osmium tetroxide in 0.1  M sodium cacodylate 
buffer. Then, samples were dehydrated in increasing con-
centration of ethanol and infiltrated in Spurr resin over-
night at 70  °C. Ultrathin transversal Sect.  (80  nm) were 
collected onto 200-mesh copper grids and counterstained 
with 2% aqueous uranyl acetate and with Reynold’s lead 
citrate. Finally, specimens were observed under a trans-
mission electron microscope (Hitachi 7100, Gatan digital 
camera). For our analysis, approximately 50 immuno-
electron micrographs were examined per sample at at 
100,000X and 150,000X magnifications. Importantly, the 
same protocol was applied to muscle-derived EVs but 
without immunolabeling in this case. For detailed infor-
mation about iTEM muscle-derived EVs please refer to 
[33].
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Immunoblot analysis
Immunoblot analysis was performed as described previ-
ously [46] with the following modifications. The lysates 
from EVs were not clarified by centrifugation. The 
immunoblot transferring was performed onto PVDF 
membranes.

Pre-embedding immunogold labeling for muscle-tissue 
iTEM
iTEM was performed following our previous published 
protocol [33]. Briefly, Tibialis Anterior specimens were 
fixed in Karnovsky´s fixative for 2 weeks. After fixation all 
segments were subsequently washed with 0.1 M sodium 
cacodylate, and treated with 0.1% sodium borohydride in 
PBS. Samples were permeabilized with 0.1% triton X-100 
and blocked with 10% donkey serum + 0.6% fish gelatin. 
TA samples were incubated with Wnt7a antibody (R&D). 
After 48 h incubation, segments were rinsed thoroughly 
with PBS and incubated overnight with the secondary 
antibody Ultra small (0.8  nm) Gold conjugated (EMS) 
in blocking buffer at RT. Later, samples were rinsed with 
0.1 M sodium cacodylate and post-fixed with 2% glutar-
aldehyde in 0.1  M sodium cacodylate. Pre-embedding 
enhancement was realized with silver enhancement kit 
(AURION R-Gent SE-EM, EMS) according to the manu-
facturer’s instructions. After enhancement, samples were 
secondly post-fixed with 1% osmium tetroxide in 0.1 M 
sodium cacodylate buffer. Then, samples were dehydrated 
in increasing concentration of ethanol and infiltrated in 
Spurr resin. Ultrathin transversal Sect. (80 nm) were col-
lected onto 200-mesh copper grids and counterstained 
with 2% aqueous uranyl acetate and with Reynold’s lead 
citrate. Finally, specimens were observed under a trans-
mission electron microscope (Hitachi 7100, Gatan digital 
camera). For our analysis, approximately 50 immunoelec-
tron micrographs were examined per muscle at different 
magnifications.

Nanoparticle tracking analysis equipment
Size distribution of EVs samples was defined measuring 
the Brownian motion with a NanoSight LM10 system 
equipped with a fast video capture and particle-tracking 
software (Malvern, UK). Each video was analyzed to 
acquire particle size and an estimate of the particle con-
centration. Each sample was acquired 3 times and aver-
age curve was calculated for each sample.

Size exclusion chromatography
Size exclusion chromatography (SEC) was performed 
with the centrifuged retentate fraction. The pellet was 
resuspended in 0.5 mL of filtered PBS and purified with 
a 35 mm column using Automatic Fraction Collector V2, 
following manufacturer’s instructions. Briefly, the col-
umn was pre-washed with 17 mL of filtered PBS and then 

the sample was loaded, followed by 12 mL of filtered PBS 
to allow the sample to flow gently through the column. 
From each SEC column, 12 eluted 800 µL fractions were 
collected sequentially. These EV samples were stored at 
− 80 °C until further characterization.

Construction of Wnt7a plasmid
Wnt7a construct was cloned in a pcDNA3 vector. Wnt7a 
was originated from a hWnt7a-HA plasmid that was pre-
viously designed in our lab and verified by sequencing.
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