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Abstract: Extracellular vesicles (EVs) are enclosed by a lipid-bilayer membrane and secreted by all types of the
cells under various physiological conditions. EVs play important roles in intercellular communication and
crosstalk between tissues in the body. They are classified into three groups, such as apoptotic bodies,
microvesicles, and exosomes. Exosomes were isolated from biofluids including blood, urine, milk, and cell
culture media. Exosomes have significant potential for drug delivery and diagnosis. However, the method of
isolation affects the physical and biological properties of exosomes. Several methods based on different
principles have been developed for exosome isolation. These include ultrafiltration, precipitation,
ultracentrifugation, size-exclusion chromatography, and microfluidics. In this study, we applied three common
methods, such as ultrafiltration, precipitation, and ultracentrifugation, to isolate exosomes from the cell culture
medium and investigated the effects of these different isolation methods on the size distribution and quality of
the isolated exosomes. Field emission scanning electron microscopy (FESEM) images, size distribution, total
protein content, and the effect of exosomes on the viability of hypoxic cells were analyzed in this study. The
analysis revealed that compared to other methods, the ultracentrifugation method can isolate exosomes with
smaller diameter (ranging from 20 to 80 nm), lower total protein content (50 pig/ml), and causing the increased
viability of the hypoxic cells. The precipitation method does not require special equipment and is inexpensive,
if the quality and purity of this method are solved, and it can be used as the best method for exosome isolation.
This study can serve as a guide for choosing the best exosome isolation method for applications in medicine
according to the needs, time, cost, and equipment.

Keywords: exosomes; extracellular vesicles; isolation methods; ultrafiltration; precipitation;
ultracentrifugation

1. Introduction

Exosomes are a subtype of the extracellular vesicles (EVs), which also include apoptotic bodies
and microvesicles. EVs are enclosed by a lipid-bilayer membrane and are secreted by the cells into
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the extracellular space [1-3]. The EVs were grouped into these three subtypes based on their origin,
size distribution, and surface markers. Apoptotic bodies arise from the outward blabbing of an
apoptotic cell membrane and range in size from 500 to 5000 nm. Microvesicles, which are 100-1000
nm in size, originate as particles shed from the plasma membrane. Exosomes are secreted in the
extracellular media under all physiological conditions and can be found in amniotic fluid, bile, blood,
breast milk, bronchial fluid, cell culture media, cerebral spinal fluid (CSF), gastric acid, lymph,
plasma, saliva, semen, serum, synovial fluid, tears, and urine [3-6]. Being a class of cell-derived EVs
of endosomal origin, exosomes are released into the extracellular media upon the fusion of the
multivesicular bodies to the cell membrane. The size of exosomes ranges from 30 to 150 nm, and their
specific markers are CD9, CD63, CD81, ALIX (apoptosis-linked gene 2-interacting protein X), Ras-
related protein GTPase Rab, annexin, flotillin, ceramide, and TSG101. Exosomes contain DNA
fragments, miRNAs, siRNA, mRNA, proteins, lipids, and other metabolites [7,8]. These compositions
are affected by the cells and environment. Exosome secretion has been shown to increase in response
to inflammation [9], hypoxia [10], and acidic microenvironment [11].

Exosomes play an important role in intercellular communication and are critical mediators of
organ crosstalk. Exosomes can alter the behavior of target cells through autocrine and paracrine
signaling. They show therapeutic potential for detection of pathological conditions and can be used
for drug delivery. In fact, targeted drug delivery using exosomes has been developed especially in
drug delivery to tumor cells and heart tissues. Tumor cells can change their microenvironment by
using exosome communication between cells and the immune system [12-15]. Acquired exosomes
from liquid biopsies are not invasive and therefore have potential for the development of genomic
and proteomic research for disease diagnosis and prognosis monitoring. Exosomes are used for
treatment of heart after myocardial infarction, which is caused mostly by atherosclerosis. Statins like
lovastatin attenuate atherosclerosis and reduce the risk of cardiovascular disease previous studies
show optimization parameters for lovastatin production [16-19].

Exosomes have emerged as a promising source of biomarkers, which can be isolated from small
volumes of samples and illustrate tissue-specific molecules representing disease-specific and disease-
status biomarkers for various chronic and acute diseases such as CPNE3 in colorectal cancer EVs [20],
miR-451a in non-small cell lung cancer EVs [21], and miR-451a in pancreatic ductal adenocarcinoma
EVs [22].

With the increased use of exosomes in clinical practice, the best methods for maximizing the
quality and yield of these EVs are needed. The efficient separation of exosomes from protein and
other extracellular vesicles in the media or body fluids is critically important for biomarker discovery
and validation. Although ultracentrifugation represents a common method for exosome isolation
[23], several commercial exosome methods such as ultrafiltration, microfluidics, precipitation, size
exclusion chromatography, and affinity purification based on magnetic beads were elaborated as well
[24,25].

The ultrafiltration method used one or more filters, mostly an Amicon filter with 100 kDa MW,
to separate particles larger than 30 nm. There are several different base precipitation methods for
exosome isolation, including neutral charge and polymer-bases precipitation methods. Polyethylene
glycol (PEG) is primarily used to reduce the solubility of exosomes. These were subsequently isolated
using low-speed centrifugation. The classical method is ultracentrifugation, which uses centrifugal
force to separate exosomes at a very high speed to move them across the length of the tube in
approximately 70 min. To increase the purity and reduce the amount of non-extracellular vesicles,
the pellet was dissolved in PBS and centrifuged again for 70 min. ultracentrifugation further
exosomes isolation used to separation and collect other nanoparticles such as zinc oxide, copper, iron
and noisome [26-28]. The goal of this study was to compare three common methods exosome
isolation from the cell culture medium, such as ultrafiltration, precipitation, and ultracentrifugation.
We hope that this work will serve as a guide for choosing the best exosome isolation methods for
downstream therapeutic applications for industrialization according to time, scalability and costs.
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2. Materials and Methods

2.1. Cell culture

HO9c2 cells were purchased from the Institut Pasteur of Iran. Cells were grown in 105/T 75 flask
DMEM supplemented with 15% FBS (Biosera, Iran) and 1% penicillin-streptomycin (Biosera, Iran),
and incubated at 37 °C with 5% CO2 [29,30].

2.2. Ischemic Preconditioning

To simulate ischemic conditions in vitro and investigate the effect of exosomes on cell viability,
we used ischemic preconditioning. After 80% confluency, cells were washed three times with PBS,
and the medium was changed to media containing 15% free-exosome FBS. To induce ischemic
preconditioning, cells were subjected to repeated cycles of anoxia O2 less than 0.1 mmHg in a hypoxic
chamber for 30 min with further reoxygenation (10 min) in a convenient incubator for three cycles.
After inducing ischemic preconditioning, cells were returned to incubator for further two days to
produce exosomes [31].

2.3. Exosome isolation methods

After 80% confluency, the medium of cells was changed to free-exosome FBS media. Two days
after incubation with free-exosome media, the culture supernatant was collected for exosome
isolation.

2.4. Ultrafiltration

In this method, the supernatant of the media was collected in a 15 ml falcon tube, followed by
centrifugation at 300 g for 10 min at 4 °C to remove dead cells. The supernatants were centrifuged at
3,000 g for 30 min at 4 °C to eliminate cellular debris and large microvesicles, then the conditioned
supernatant media was filtered through a 0.22 um sterilization filter to remove any cell particulates
or apoptotic bodies, the media concentrated and buffer exchanged to PBS using a 100 kDa MWCO
ultrafiltration column (Millipore) and stored at —80 °C till use. [32].

2.5. Precipitation

To isolate exosomes using the precipitation method, cell culture supernatants were processed
according to the manufacturer’s protocol. Briefly, the cell culture supernatants were centrifuged at
300 g for 10 min at 4 °C to remove dead cells. The supernatants were centrifuged at 3,000 g for 30 min
at 4 °C to eliminate cellular debris and large microvesicles, and the conditioned supernatant media
were filtered through a 0.22 um sterilization filter to remove any cell particulates or apoptotic bodies,
then transferred to a sterile vessel, and an appropriate volume of exosome precipitation solution was
added, followed by refrigeration overnight (16 h). After refrigeration, the exosome
precipitation/supernatant mixture was centrifuged at 1500 g for 30 min, the supernatant was
aspirated and the tube was spun down again to remove residual exosome precipitation solution by
centrifugation at 1500 g for 5 min [33].

2.6. Ultracentrifugation

The exosomes were also isolated by ultracentrifugation. For ultracentrifugation, cell culture
supernatants were collected after two days of culture, followed by centrifugation at 300 g for 10 min
at 4 °C to remove dead cells. The supernatants were first centrifuged at 3,000 g for 30 min at 4 °C to
eliminate cellular debris and large macrovesicles and then additionally centrifuged at 100,000 g for
70 min at 4 °C. The sediment was resuspended in PBS, and the mixture was centrifuged at 100,000 g
for 70 min to obtain relatively pure exosomes and stored at —80 °C till use [34].
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2.7. Exosome characterization

2.7.1. Field emission scanning electron microscopy (FESEM)

To investigate the morphology of exosomes isolated using three methods mentioned above, we
used field emission electron microscopy with a gold coating to increase contrast (JEM-2000EX TEM,

Japan).

2.7.2. Dynamic Light Scattering (DLS)

10 pl of 10 pg/ml isolated exosomes for each method dilutes 100 fold with PBS. The size and
polydispersity index (PI) of each sample were measured using dynamic light scattering. The
polydispersity index served as a measure of the homogeneity of the exosome isolation methods. Less
than 0.3 indicates homogenous and more than 0.3 indicates heterogeneity.

2.7.3. Viability analysis (alamarBlue assay)

AalamarBlue assay-based analysis was performed as a cell viability indicator. The blue color of
alamarBlue changes to red if the cells are viable. In this analysis, after inducing hypoxic conditions
we utilized exosomes isolated by different methods to increase viability, after which 10% (v/v)
alamarBlue was added to each well and incubated for 6 h in an incubator then use 570-600 nm for
detection [35].

2.7.4. Flow cytometry

To confirm the results of alamarBlue after inducing hypoxic conditions, we used flow cytometry
(annexin-PI) to show the effects of different exosome isolation methods on cell viability. In this
analysis, the percentage of live cells, apoptosis, and necrosis are shown in plot [36].

2.7.5. Total protein content of exosome isolation

To investigate the protein content of each exosome isolation method, we used 100 uL of
exosomes isolated from 1 million cells after 2 days of incubation with free-exosome medium.
Bradford assay analysis was used to show total content of protein. Each protein content group was
calculated at 595 nm and compared with the standard curve for 1-1000 pg/ml BSA to report the results
of the analysis.

2.8. Statistical Analysis

Data are represented as the mean SEM. The significance of differences between two groups was
tested by Student’s t-test and multiple groups by ANOVA. Differences were considered statistically
significant at p < 0.05. *P < 0.05, **P < 0.01, **P < 0.001, and ***P < 0.0001. All experiments were
repeated at least three times.

3. Results and Discussion

As previous reports show that exosomes have variety of sizes and forms, ranging from round to
ellipsoid shape [37-39]. Our FESEM image results (Figure 1) show that exosomes isolated using the
ultrafiltration method have more variety in shape, from rounded to ellipsoid, but exosomes isolated
by precipitation and ultracentrifugation methods have less variety in shape and mostly have rounded
and uniform shapes (scale bare, 100 nm). Dynamic light scattering (DLS) analysis confirmed that the
exosome isolation methods have an impact on the size distribution of the isolated exosomes.
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Figure 1. Representative FESEM image of different exosome isolation methods. Left image show
Ultrafiltration methods which show more variety in the shape and size of exosomes. Middle image
show precipitation methods with polyethylene glycol, show rounded shape exosomes. Right image
show Ultracentrifugation methods which show less variety in the size and uniform exosomes with
rounded shape. (Scale bar=100 nm).

The results showed a distribution range for the ultrafiltration method of 40-320 nm with a mean
diameter of 122 nm. For precipitation methods with polyethylene glycol (PEG), the distribution
ranges from 30 to 220 nm with a mean diameter of 83 nm. For the ultracentrifugation methods, the
distribution ranges from 30 to 180 nm with a mean diameter of 60 nm (Figure 2). Polydispersity (PI)
index for all experiments was less than 0.3, which indicates the homogeneity of samples prepared by
all methods of the exosome isolation.
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Figure 2. Dynamic light scattering (DLS) analysis for different exosome isolation methods. Left plot
show Ultrafiltration methods which show range isolation from 40 to 320 nm with mean 122 nm in
diameter. Middle plot show precipitation methods with polyethylene glycol, show isolation from 30
to 220 nm with the mean 89.3 nm in diameter. Right plot show Ultracentrifugation methods which
show isolation range from 30 to 180 nm with the mean 60.5 nm in diameter. Poly dispersity (PI) index
for all experiment is less than 0.3 which show homogeneity of exosomes.

As noted above, exosomes contain many metabolites and various types of genetic content such
as short fragments of DNA, microRNA, siRNA, and mRNA, which increase the viability and change
the performance of the cells or organs with respect to their source. To investigate the effect of isolation
methods on the purity and quality of exosomes, we used the alamarBlue assay to determine cell
viability. In these methods, if cells are viable, blue color from alamarBlue changes to red color. We
applied ischemic preconditioning protocol in order to simulate ischemia in H9c2 cells and
investigated the effect of exosomes obtained by different isolation methods on the cell viability. As
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shown in (Figure 3A), the viability levels for hypoxic H9c2 cells treated by exosomes obtained by
different isolation methods were 45.3+3.1%, 49+3% and 56.3+1.5% for the ultrafiltration, precipitation,
and ultracentrifugation methods respectively. The percentage viability in control group was
34.0+2.6%. All groups treated with exosomes showed significantly increased viability compared to
that of the control group. Ultracentrifugation had the greatest effect on the viability of the hypoxic
HOc2 cells. Although the mean viability of the precipitation method was higher than that of the
ultrafiltration method, the difference in terms of viability was not significant. To confirm the viability
assay, we used flow cytometry (annexin-PI) to show the effect of exosomes obtained by different
isolation methods on the viable cells under the hypoxic conditions (Figure 3B). This analysis showed
the significant increase in viable cells to 52.33+2.08%, 55.66+2.08% and 63.33+1.52% for ultrafiltration,
precipitation, and ultracentrifugation, respectively, as compared to 43+2% viable cells observed in
the control group. The ultracentrifugation method resulted in a significant increase in the viable cells
compared to the other methods. In this analysis, there was no significant difference between the
ultrafiltration and precipitation methods. A previous study showed that exosomes increased the
viability of cells under the same stress conditions, such as increasing H20O2 [40].
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Figure 3. Viability assay analysis after hypoxic condition to increase viability for different exosome
isolation methods. A, Show quantitative alamarBlue results show significant increase viability
according to 45+2.64%, 49+3.05% and 56+3% for Ultrafiltration, precipitation and Ultracentrifugation
respectively compare to control group with 34+1.52% viability. B, Show quantitative flow cytometry
(annexin-PI) results show significant increase in viable cells according to 52.33+2.08%, 55.66+2.08%
and 63.33+1.52% for Ultrafiltration, precipitation and Ultracentrifugation respectively compare to
control group with 43+2% viability.

A set of representative flow cytometry plots for evaluating the effect of exosomes obtained by
different methods is shown in (Figure 4), which shows that the percentage of viable cells increased in
all exosome-treated groups compared to the control group. In addition, the percentage of apoptotic
cells were reduced in all methods, especially when we used exosomes obtained by precipitation and
ultracentrifugation methods. All results of the viability analysis showed that ultracentrifugation
isolation method significantly increased the viability compared to other methods, showing that
exosomes obtained by this method have better quality than those obtained by the other two methods.
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Figure 4. Representative flow cytometry (annexin-PI) to show percentage of viable cells, early
apoptosis, late apoptosis and necrosis.

Exosomes contain various types of proteins both inside and on their surface. Therefore, the
protein content can be used to determine the amount of exosomes isolated from the media. In this
study, we used total protein content by the Bradford method to show the protein content of exosomes
obtained by different methods. As shown in (Figure 5) total protein content of exososme isolated by
the ultrafiltration method was 82.33+10.01 pg/ml, whereas for exososmes isolated by
ultracentrifugation method this amount was 43.33+7.5 ug/ml. In the exosomes isolated by the
precipitation method, the total protein content was 157+12 ug/ml, which was significantly higher
than that in other two methods. The difference in the protein content of samples isolated by
ultrafiltration and ultracentrifugation is likely due to the presence of residual microvesicles and
apoptotic bodies, which cannot be separated from exosomes by ultrafiltration because their size is
larger than the pore size of the filter.
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Figure 5. Total protein content after exosome isolation methods by different methods. Results show
that total protein content of ultrafilteration and Ultracentrifugation are similar but significant
difference, these amount are 82.33+10.01 and 43.33+7.5 ug/ml respectively. In precipitation method
total protein content amount is 157+12 pg/ml which significantly increase compare with two other
methods.

The ratio of total protein content to viability was considered as a measure of protein
contamination (Figure 6). Previous reports have shown that the protein content can be used to
investigate impurities in exosome isolation methods. Ratio of total protein content to viability were
1.82+0.32%, 3.2+0.19% and 0.767+0.11 for ultrafiltration, precipitation and ultracentrifugation
respectively. The results show that contamination with protein in the precipitation method is higher
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and that in ultracentrifugation is lower than in other two methods. Previous reports have shown that
PEG precipitation methods also result in high protein contamination due to the precipitation of some
other proteins.

Protein contamination
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Figure 6. Protein contamination by different methods after exosome isolation methods. The ratio of
total protein content to viability is considered as protein contamination. Results show that protein
contamination for ultrafiltration is 1.82+0.32% this amount for precipitation method increase to
3.2+0.19%, for ultracentrifugation method this amount reduce to 0.767+0.11%.

In the ultrafiltration methods, all particles larger than 30 nm, such as protein aggregates and
other EVs, are separated from exosomes; therefore, the quality and purity of these methods are
reduced. This method requires an Amicon filter, which makes this method expensive. The sample
volume and scalability of this method are very restricted. The required time for this method is very
short 0.5-1 h, which favors the isolation of exosomes [41]. The main problem with these methods is
related to the scalability and cost of the Amicon filters. In precipitation methods, similar proteins and
particles, which range in the size of exosomes, isolated from media; quality and purity in this method
are low compared to other methods, but the sample volume and scalability are high. This method
does not require special equipment and its cost is very low [42]. If problems of quality and purity
were solved due to other advantages, this method can be used most widely in laboratories as the best
method for the isolation of exosomes; the time required for this method is 12-16 h. Ultracentrifugation
is the classical method for exosome isolation. This process reduces particle yield but increase the
purity and quality of exosomes. This method requires ultracentrifugation, the sample volume is
restricted, scalability is low and cost is relatively high, and the time required for this method is 3-4 h
[43]. A summary of the different exosome isolation methods is presented in (Table 1) for a better
comparison of different base exosome isolation methods related to time, cost, scalability, and
commercialization potential.
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Table 1. Summary table of different exosome isolation methods.

. Time . Functionality Sample
P 1 P
rinciple Required urity of EVs volume

Specialized

Scalability  Cost .
equipment

Based on
filtration and
Ultrafiltration sizeunder 0.5-1h Medium Medium Low No High No
centrifugal
force
Differential
solubility
based
precipitation
Based on
density and
Ultracentrifuge size under 3-4h High High Medium No Medium Yes
centrifugal
force

Precipitation 12-16 h Low Medium High Yes Low No

4. Conclusions

Exosomes have become increasingly important in medicine for drug delivery in heart, kidney,
and tumor therapies, as well as for diagnosis and prognosis of diseases. Their isolation methods have
a significant impact on quality, purity, sample volume, scalability, and cost. There are several
different methods for exosome isolation, each with its advantages and disadvantages, such as
ultracentrifugation, precipitation, ultrafiltration, size exclusion chromatography, affinity isolation,
and microfluidic techniques.

The ultrafiltration method typically uses a 100 kDa MW Amicon filter to isolate exosomes.
However, this method also separates all particles larger than 30 nm, including protein aggregates
and other extracellular vesicles, which reduces the quality and purity of the exosomes. Although this
method is relatively expensive, it requires only an Amicon filter. The sample volume and scalability
of this method are limited, but it could be improved if cost and scalability issues were addressed.

In the precipitation method, proteins and particles similar in size to exosomes are isolated from
the media, resulting in lower quality and purity, but higher sample volume and scalability. This
method is inexpensive and does not require special equipment. If the quality and purity issues can
be resolved, it could become the most widely used method for exosome isolation in laboratories.

The classical method for exosome isolation is ultracentrifugation, which reduces particle yield
but increases the purity and quality of exosomes. However, this method requires an ultracentrifuge,
and the sample volume and scalability are limited. The cost is also relatively high for research and
analysis that involve multiple stages and manipulation of exosomes. Therefore, we suggest
combining two methods, such as isolating exosomes by ultracentrifugation and using ultrafiltration
in subsequent processes, to save time and obtain purified exosomes.
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