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Abstract

Extracellular vesicles (EVs) in plants have emerged as key players in cell-to-cell communication 

and cross-kingdom RNAi between plants and pathogens by facilitating the exchange of RNA, 

proteins, and other molecules. In addition to their role in intercellular communication, plant 

EVs also show promise as potential therapeutics and indicators of plant health. However, 

plant EVs exhibit significant heterogeneity regarding their protein markers, size, and biogenesis 

pathways that strongly influence their composition and functionality. While mammalian EVs 

can be generally classified as exosomes that are derived from multivesicular bodies (MVBs), 

microvesicles that are shed from the plasma membrane, or as apoptotic bodies that originate 

from cells undergoing apoptosis, plant EVs remain poorly studied in comparison. At least 

three subclasses of EVs have been identified in Arabidopsis leaves to date including Tetraspanin-

positive exosomes derived from MVBs, Penetration 1 (PEN1)-positive EVs, and EVs derived 

from exocyst-positive organelle (EXPO). Differences in plant starting material and isolation 

techniques though have resulted in different purities, quality and compositions of the resulting 

EVs, complicating efforts to better understand the role of these EVs in plants. We performed 

a comparative analysis on commonly used plant EV isolation methods and have identified an 

effective protocol for extracting clean apoplastic washing fluid (AWF) and isolating high quality 

intact and pure EVs of Arabidopsis thaliana. These EVs can then be used for various applications 

or to assess the cargos and functionality of these EVs in plants. Furthermore, this process can be 

easily adopted to other plant species of interest.
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INTRODUCTION:

Plant extracellular vesicles (EVs) are small, lipid bilayer-enclosed vesicles that are released 

into the extracellular space and contain RNA, proteins, lipids, and other molecules that 

have been shown to facilitate cell-to-cell communication and cross-kingdom RNAi between 

plants and microbes (Columbo et al., 2014; Cai et al., 2021). Similar to mammalian EVs, 

plant EVs can be classified into multiple sub-classes based on their biogenesis pathways 

resulting in extreme diversity in protein markers, vesicle size, and potential function 

(Rutter and Innes, 2017; Cai et al., 2018; Wang et al., 2010; He, Hamby, and Jin 2021). 

As such, many different techniques including polymer-based precipitation, size exclusion 

chromatography, and ultracentrifugation have been used to isolate EVs from biological 

fluids with varying advantages and disadvantages (Brennan et al., 2020; Liangsupree et 

al., 2021). However, differential ultracentrifugation remains the most popular and widely 

used method for collecting EVs, especially small EVs like exosomes (Thery et al., 2006; 

Liangsupree et al., 2021). To date, EVs have been isolated from the apoplastic washing 

fluid (AWF) of several plant tissues ranging from Arabidopsis leaves (Rutter and Innes, 

2017; Cai et al., 2018), to Nicotiana benthamia leaves (Movahed et al., 2019), sunflower 

seeds (Regente et al., 2009), and olive pollen grains (Prado et al., 2014), demonstrating their 

ubiquitous nature across plant species. Differences in centrifugation speeds and how the 

apoplastic washing fluid (AWF) is collected though have led to a lack of standardization for 

plant EV isolation, impeding efforts to further characterize and investigate the biological 

functions of these EVs. In this protocol, we describe a recommended method for the 

isolation of EVs from the AWF of Arabidopsis thaliana, with an emphasis on the 

collection of exosome-like EVs, by using differential ultracentrifugation, density gradient 

fractionation and immuno-isolation (Huang et al., 2021). We first detail collection of 

clean AWF from Arabidopsis leaves and the use of differential ultracentrifugation with 

a final speed of 100,000xg for isolation of EVs (Fig. 1). Density gradient fractionation 

using sucrose gradients is then described to further separate the EVs based upon their 

flotation density. Immuno-isolation, which is the most advanced EV purification method and 

enables collection of a specific subclass of EVs through antibodies targeting specific protein 

markers, is also described using an Arabidopsis tetraspanin-8 (TET8) antibody. Through this 

process, pure and intact EVs can be collected and used to address fundamental questions 

regarding their functions in plants or for various applications like drug delivery.

BASIC PROTOCOL 1:

Isolation of EVs from the apoplastic washing fluid of Arabidopsis thaliana

In this protocol, we describe a recommended process for collecting the AWF from 

Arabidopsis leaves and isolating EVs using differential ultracentrifugation. The AWF is 

first extracted using an established infiltration-centrifugation method (Wang et al., 2005; 

Hatsugai et al., 2009; O’Leary et al., 2014). EVs are then isolated from the AWF using 

differential ultracentrifugation with initial, low speed steps (2,000xg and 10,000xg) to 

remove cellular debris and large vesicles, and finally, high speed centrifugation at 100,000xg 

to pellet the small exosome-like EVs.
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Materials:

Arabidopsis thaliana plants—Milli-Q H2O

Infiltration buffer (see recipe in Reagents and Solutions)

Razor blade/scissors

Paper towels

200 mL syringe (BD Biosciences with Luer-Lok)

Parafilm

Clear tape

1 mL syringe (BD Biosciences with Luer-Lok)

50 mL conical tubes (Falcon brand)

Refrigerated centrifuge

15 mL conical tubes (Falcon brand)

0.45 μm Nylon filter (VWR brand)

Ultracentrifuge tubes (Beckman Coulter)

Ultracentrifuge (Beckman Coulter XPN-100)

Isolation of apoplastic washing fluid (AWF) using infiltration-centrifugation

1. Isolate the distal (blade) zone of the leaves by cutting each leaf at the base of the 

blade to remove the petiole and place cut leaves in a container of Milli-Q water 

until all leaves have been harvested (Fig. 2A).

Usually at least 100 four-week old Arabidopsis thaliana plants for each 

genotype/treatment of interest are required for EV isolation. Plants should be 

grown under short day conditions (8 hrs light/16 hrs dark). Do not collect leaves 

that are cut or damaged. It is important to perform the following steps (1–9) as 

quickly as possible to reduce the effect of wounding on the leaves or to work as a 

team with other people to reduce the processing time.

2. Wash the leaves 3 times with Milli-Q water and place on a paper towel to remove 

excess water.

3. Fill a 200 mL needleless syringe with leaves to the 50 mL mark and lightly 

tap the syringe on the benchtop to settle the leaves before adding 90 mLs of 

infiltration buffer.

Do not pack the leaves into the syringe as this may damage them and lead to 

contamination of the AWF.
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4. Gently push the syringe plunger in until all air has been removed from the 

syringe, leaving only leaves and infiltration buffer. Seal the syringe opening by 

pressing a piece of 4x folded parafilm onto the opening to create an airtight seal.

5. Infiltrate the leaves by pulling the syringe plunger towards yourself as far as 

possible without breaking the vacuum seal, pausing 5 seconds in the fully 

extended position, and then slowly allowing the plunger to be pulled back into 

the syringe. Repeat this step 2–3 times as needed until all leaves are infiltrated 

with the infiltration buffer.

In this step, you are fighting against the vacuum so it will take some strength to 

pull the plunger towards yourself. It is best to tightly hold the syringe with one 

hand and pull the plunger towards yourself with the other. When the leaves are 

infiltrated with buffer, they become darker in color and translucent.

6. When all leaves are infiltrated in the syringe, gently pull out the plunger and pour 

out the excess infiltration buffer without losing any leaves. Tap the syringe onto a 

paper towel to collect the infiltrated leaves.

7. Repeat steps 3–6 until all leaves have infiltrated and gently pat leaves dry with a 

paper towel to remove any residual infiltration buffer on the leaves.

8. Place a ~12 inch piece of scotch tape sticky side up and wrap one end around 

an empty, needleless 1mL syringe right below the larger end of the syringe. 

Carefully layer ~50 infiltrated leaves in multiple layers onto the sticky side of the 

tape with the base of their blades aligned towards the bottom of the syringe and 

the leaf tip towards the top of the syringe for collection (Fig. 2B).

Not all the leaves need to be touching the tape if it is secured properly so 

multiple layers of leaves on one piece of tape will help protect the leaves from 

damage. It is very important to align the leaves in the same direction with the 

base of blade facing one end and towards the bottom of the collecting tube so 

that the apoplastic washing fluid is easily collected by centrifugation.

9. Secure the leaves to the syringe by wrapping the tape bound leaves around the 

syringe. Tape across the top of the bundle twice with additional scotch tape to 

firmly secure the leaves and place the wrapped syringe into a 50 mL collecting 

Falcon tube with the cut end of the leaf blades and the bottom of the syringe 

facing the bottom of the collecting Falcon tube (Fig 2C).

Do not tape the leaves too tightly though or leaf damage may occur and result in 

broken cells contaminating the apoplast washing fluid.

10. Centrifuge the sample at 4°C for 10 mins at 900xg to collect the apoplast 

washing fluid (AWF). The resulting AWF should be clear and transparent. Place 

the AWF in a new 15 mL conical tube or tubes as needed and store on ice. 

Repeat steps 8–10 until the AWF of all the infiltrated leaves have been collected.

A fixed rotor attachment should be used for this step to prevent damage to the 

leaves, which would result in contamination of the AWF by cells and cellular 

components. As such, the AWF should not be green or light green in color, 
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which would indicate contamination by cells and the presence of chloroplasts/

chlorophyll. This contamination should be avoided or minimized by properly 

following the above steps. If the sample is too contaminated, it will be best to 

just restart to avoid inaccurate results.

Isolation of EVs from AWF using differential centrifugation

11. Centrifuge the AWF at 4°C for 20 mins at 2,000xg using a swing bucket 

attachment to remove large cellular debris. Discard the pellet and syringe filter 

the supernatant using a 0.45 μm Nylon filter to remove large vesicles.

12. Transfer the supernatant to new centrifuge tubes and centrifuge at 10,000xg for 

30 mins at 4°C to further remove cellular debris and large vesicles and to collect 

the cleaned AWF.

13. Place the cleaned AWF in 17 mL ultracentrifuge tubes and centrifuge for 1 hr at 

100,000xg at 4°C. Wash the pellet by resuspending the pellet with ~ 16 mLs of 

infiltration buffer and centrifuge again at 100,000xg for 1 hr at 4°C.

Spinning at 100,000xg promotes sedimentation of small vesicles like exosomes 

compared to lower speeds and washing helps to removes non-EV proteins by 

resuspending them in the buffer.

14. Resuspend the pellet in infiltration buffer (10–50 μL) and use immediately 

or store at 4°C (short-term storage) or −80°C (long-term storage, not 

recommended) for further experiments.

The pellet will not be visible so it is important to gently scrape the bottom of the 

tube with your pipet tip as you resuspend the pellet to assist in the resuspension 

process. Be confident though that the EVs are there in the pellet and adjust the 

volume of infiltration buffer used for resuspension as needed to concentrate the 

EVs.

BASIC PROTOCOL 2:

Density gradient fractionation of EVs using sucrose gradients

While Basic Protocol 1 results in the collection of relatively pure and intact EVs from 

the AWF of Arabidopsis, it may be necessary to further purify the sample for certain 

applications as ultracentrifugation results in the sedimentation of a mixture of heterogenous 

classes of vesicles from the AWF. As such, high speed density gradient fractionation is a 

traditional technique for separating vesicle populations based upon their equilibrium density 

and flotation speed. Here, we describe the use of sucrose gradients for the isolation of 

specific EV subpopulations based on their densities. Iodixanol (OptiPrep) gradients can also 

be used in place of sucrose gradients.

Materials:

Sucrose

Infiltration buffer (See Reagents and Solutions)
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Isolated EVs from Basic Protocol 1

Scale

15 or 50 mL conical tubes (Falcon brand)

Waterbath at 60°C

Ultracentrifuge tubes (Beckman Coulter)

Ultracentrifuge (Beckman Coulter XPN-100)

1. Prepare 10–90% sucrose stocks (w/v) with compositions of 10%, 16%, 22%, 

28%, 34%, 40%, 46%, 52%, 58%, 64%, 70%, and 90% in conical tubes using 

infiltration buffer.

Preparation of the 70% and 90% sucrose stocks requires heating at 60°C to 

solubilize all the sucrose.

2. Prepare a discontinuous gradient by carefully layering 1 mL of each solution 

in a 15 mL ultracentrifuge tube. The most concentrated stocks should be at the 

bottom so the 90% stock should be added first. Do not add the 10% sucrose layer 

yet.

In order to avoid disrupting the different sucrose layers, slowly pipet the 1 mL of 

each solution onto the top of the previous layer without the pipet tip penetrating 

into the previous layer.

3. Mix 100 μL of EVs in infiltration buffer with the 1 mL of 10% sucrose and then 

pipet this final layer on the top of the discontinuous gradient.

4. Centrifuge the samples using an ultracentrifuge with a swinging bucket rotor for 

16 hrs at 100,000xg and 4°C.

5. Collect 6 fractions of 2 mL each for every sample by carefully pipetting from the 

top and transfer the collected fractions to new 17 mL ultracentrifuge tubes.

6. Resuspend the collected fractions in ~ 16 mLs of infiltration buffer and 

centrifuge for 1 hr at 100,000xg and 4°C to obtain a pellet for each fraction.

7. Remove the supernatant, resuspend each pellet in 20 μL infiltration buffer, 

and use immediately or store at 4°C (short-term storage) or −20°C (long-term 

storage) for further experiments.

Similar to Basic Protocol 1, the pellets will not be visible after 

ultracentrifugation, so it is important to gently scrape the bottom of the tube with 

your pipet tip as you resuspend the pellet to assist in the resuspension process. 

Be confident though that the EVs are there in the pellet and adjust the volume 

of infiltration buffer used for resuspension as needed to concentrate the EVs. 

Resuspension of the pellet in 10 μL of infiltration buffer can be used to generate 

more concentrated samples.
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BASIC PROTOCOL 3:

Immuno-isolation of EVs using Arabidopsis tetraspanin 8 (TET8) antibody

Basic Protocol 2 enables separation and purification of EVs based on their density; however, 

to separate a specific subclass of EVs, immuno-isolation is one of the most powerful and 

advanced methods. This method isolates a specific subclass of EVs using beads coated with 

an antibody that recognizes the specific protein marker exposed on EV membranes (such as 

exosome marker CD63 in mammalian cells and TET8 in Arabidopsis). Use of this method 

can further prevent cytoplasmic protein or RNA from contaminating isolated EVs.

Materials:

Arabidopsis TET8 antibody (Lab made) (He et al., 2021)

Rabbit immunoglobulin G (Thermo Fisher)

Protein A beads (Roche)

Bovine serum albumin (Sigma)

Immunoprecipitation buffer (See Reagents and Solutions)

Isolated EVs from Basic Protocol 1

Rotator

200 μL and 1.7 ml tubes (Eppendorf)

Microcentrifuge (Eppendorf)

1. Wash 50 μL of protein A beads three times with immunoprecipitation buffer 

using a 1.7 mL tube.

2. Combine protein A beads with 5 μL of either TET8 antibody or Rabbit 

immunoglobulin G as a negative control and incubate in 500 μL of 

immunoprecipitation buffer for 3 hrs at 4 °C.

3. Wash tagged beads three times with immunoprecipitation buffer and collect the 

washed beads by centrifuging at 300xg for 5 mins at 4 °C.

4. Resuspend isolated plant EVs in 100 μL of immunoprecipitation buffer and add 

to the antibody-coupled beads in a 200 μL tube.

200 μL tubes are used to increase the binding efficiency between EVs and 

antibody-coupled beads.

5. Incubate the EVs and beads together overnight at 4 °C using a rotator.

6. Wash the bead-bound EVs three times with immunoprecipitation buffer and 

collect the bead-bound EVs by centrifuging at 300xg for 5 mins at 4 °C.

Bead-bound EVs can then be directly used for RNA extraction or to detect 

proteins.
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REAGENTS AND SOLUTIONS:

Infiltration buffer (pH 6.0)

20 mM MES hydrate

2 mM calcium chloride

0.1 M sodium chloride

900 mL Milli-Q water

Adjust pH to 6.0 with NaOH

Bring up to 1 liter with Milli-Q water

Store at room temperature for up to 6 months

Immunoprecipitation buffer (pH 7.5)

20 mM MES hydrate

2 mM calcium chloride

0.1 M sodium chloride

0.3% Bovine serum albumin

Adjust pH to 7.5 with NaOH

Bring up to 1 liter with Milli-Q water

Use immediately

COMMENTARY:

Background Information:

EVs were first observed in plants in the 1960s through transmission electron microscopy 

images of carrot cells (Halperin 1967). However, efforts focused on understanding these 

lipid bilayer-enclosed vesicles and their functions in plants have only recently progressed 

compared to the field of mammalian EVs. Following the example of mammalian EVs, 

ultracentrifugation-based isolation methods were developed that utilized low initial speeds to 

remove cellular debris and organelles and then high speeds to pellet plant EVs based upon 

their density (Théry et al., 2006). Although ultracentrifugation enables the sedimentation of 

intact EVs and removal of most cellular contaminants, the diversity of EVs with regards to 

their intracellular origin, molecular composition, and heterogeneity often requires the use 

of multiple isolation methods in tandem. Commonly, techniques such as density gradient 

fractionation or immunoaffinity capture are utilized to enable further purification of specific 

subclasses of EVs by separating them based on floatation density or the presence of EV-

specific markers (Konoshenko et al., 2018). While density gradient fractionation can provide 
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fairly pure EV samples, it can be challenging to distinguish between EVs with similar 

densities. However, the use of antibodies specific to EV surface markers, such as the plant 

exosome marker protein TET8, can enable purification of individual subclasses of EVs in 

plants if markers are known and available, making it a powerful technique for EV isolation 

(Liangsupree et al., 2021). In addition to considerations regarding which isolation method 

is ideal, plant EVs are unique from mammalian EVs in that collection of the AWF must 

also occur. Since EVs are primarily located in the apoplastic fluid of the extracellular space 

of plant cells, nanovesicles derived from damaged plant tissue or extracted plant juices 

that contain intracellular vesicles and vesicles formed from the fusion of damaged cellular 

membranes represent impure populations that should not be considered as EVs (Pinedo 

et al., 2021). As such, isolation of the AWF from detached plant leaves using infiltration-

centrifugation has been shown to be an effective and superior method for collecting clean 

AWF and purer EVs (Huang et al., 2021). Investigations utilizing these plant EVs have thus 

far enabled insights into the role of EVs in plant-microbe interactions like cross-kingdom 

communication, in defense response, and in growth and development (Cai et al., 2018; 

Roth et al., 2019; Regente et al., 2017). There is also growing interest in the potential 

application of these plant EVs in areas such as drug delivery or as biomarkers, which 

requires relatively pure and homogenous EV populations. Therefore, by standardizing a 

proper EV isolation technique across plant species, questions regarding plant EV biogenesis, 

their cargo, characterization of various EV subclasses, and their functional roles in plant 

immunity and signaling can continue to be addressed.

Critical Parameters and Troubleshooting:

There are several critical parameters and steps that should be considered in order to 

successfully isolate pure and intact EVs that can be used for characterization by nanoparticle 

tracking analysis and transmission electron microscopy or for Western blotting and other 

assays to investigate the composition and contents of the EVs. Most importantly, this 

protocol should be performed as quickly as possible to minimize the impact of wounding on 

the leaves, which would result in poor quality or contaminated EVs. As such, although this 

protocol can be performed by a single user, we recommend teamwork when processing the 

large number of leaves.

Collection of AWF from Arabidopsis leaves: It is critical that the apoplastic washing 

fluid is carefully collected to avoid contamination with other cellular factors. As such, we 

recommend using detached leaves, rather than the whole aerial plant, to avoid collection of 

cytoplasmic molecules like chlorophyll. Additionally, it is important to wash the leaves after 

detachment to remove any cytoplasmic contaminants from damaged cells and ensure that the 

infiltrated leaves are all oriented with the cut site towards the bottom of the 50 mL conical 

tube to avoid cell damage during centrifugation. If the AWF is carefully collected, it should 

be quite clear in color. A slight or obvious yellow or greenish color indicates potential 

contamination by broken cells and the presence of chlorophyll.

Amount of starting material: The yield of EVs is heavily dependent upon the amount 

of starting material used to perform the isolation. While we recommend at least 100 plants 

per genotype/treatment, this amount is only enough to perform one assay such as a Western 
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blot or one characterization such as confocal microscopy or nanoparticle tracking analysis. 

As such, the amount of starting material should be scaled to reflect the number of assays and 

characterizations planned for the isolated EVs. The concentration can also be adjusted by 

altering the volume of infiltration buffer used to resuspend the pellet.

Time Considerations:

For isolation of EVs from AWF, it can take up to 5 hrs depending on how many plants are 

being used. The most time-consuming step is cutting each leaf and infiltrating them with 

the infiltration buffer. Separating the EVs using density gradient fractionation requires 17 

hrs total of ultracentrifugation and an additional 1 hr to make the sucrose gradients and add 

the EVs. Immuno-isolation using antibodies requires a 3 hr and an overnight incubation, 

but the actual time at the bench is less than 1 hr. It is best to use EVs the same day after 

isolation or as quickly as possible if the purpose is to characterize the morphology using 

nanoparticle tracking analysis (NTA) NTA or transmission electron microscopy (TEM). If 

needed, storage at 4°C appears to be fine for 1–2 days without significant aggregation 

or other effects on the morphology. If EVs are to be used for western blotting or other 

assays interrogating the composition or contents of EVs where the morphology is not of 

importance, it is fine to store EVs at −20°C.

Understanding Results:

If these protocols are correctly performed, the user will have collected pure and intact EVs 

from Arabidopsis. To assess the purity and intactness of collected EVs, we recommend 

the use of techniques such as TEM to look at the morphology and Western blotting for 

cellular contaminants such as Rubisco. Additionally, the yield of EVs from 72 4-week old 

plants after resuspension of the pellet in 50 μL was approximately 1.91 ×108 particles/mL as 

determined by NTA. As a benchmark, the user can also refer to Huang et al., 2021 for what 

the AWF should look like after centrifugation at 900xg and for an example of transmission 

electron microscopy images of the EVs. The user can also use nanoparticle tracking analysis 

to confirm the presence of EVs and their size distribution in a sample before use in other 

assays. An average size of ~90–100 nm has been observed for EVs collected following 

Basic Protocol 1.
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Figure 1. 
Overview of the EV isolation process from Arabidopsis. (A) Initial steps to isolate 

apoplastic washing fluid (AWF) from the detached leaves of Arabidopsis. Rosette leaves 

were collected from Arabidopsis and the leaf blades were isolated using a razor blade. 

The leaves were placed into a syringe and carefully vacuum infiltrated with infiltration 

buffer before being arranged on a piece of clear tape and wrapped around a syringe. 

The taped leaves were then placed into a 50 mL conical tube and the AWF was 

collected after centrifugation at 900xg. (B) EVs are collected from AWF using differential 

ultracentrifugation. Cellular debris and large vesicles are removed through 2,000xg, 0.45 μm 

filtration, and 10,000xg steps to produce the clean AWF. The clean AWF is then centrifuged 

at 100,000xg to obtain the isolated EVs.
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Figure 2. 
Diagrams of critical steps for EV isolation from Arabidopsis. (A) Diagram of where A. 
thaliana leaves should be cut to isolate the leaf blade and completely remove the petiole. 

(B) Diagram of how infiltrated leaves should be arranged on the tape strip. All leaves are 

oriented in the same way such that the leaf tips are at the top of the syringe and the base 

of the leaf blade is at the bottom of the syringe. The green arrow indicates the direction of 

the leaves on the tape. (C) Flowchart of how the taped leaves should be wrapped around the 

syringe, taped at the top, and the placed into 50 mL Falcon tubes for centrifugation.
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