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Abstract: It is becoming increasingly evident that nearly all living cells can generate and secrete various

categories of membrane-enclosed structures known as extracellular vesicles (EVs). Exosomes represent one of

the major subclasses of EVs and play crucial roles in many biological processes, such as intercellular

communication, tissue homeostasis, and the transfer of genetic material. Therefore, the development of

efficient, high-throughput, and cost-effective methods for isolating high-yield exosomes remains an active

area of scientific investigation. However, current isolation techniques face challenges related to purity, yield,

scalability, and cost-effectiveness. Among various enrichment strategies employed for exosomes, polyethylene

glycol (PEG)-based precipitation has gained significant acceptance from researchers due to its simplicity,

affordability, cost-effectiveness, and capacity for processing small and limited quantities of samples. PEG

precipitation demonstrates superior performance in exosome yield compared to commercial kits and other

commonly used isolation techniques. This review offers a comprehensive overview of various exosome

enrichment techniques, focusing on the underlying mechanism, method, advantages, and limitations of PEG

precipitation. The recent applications of PEG precipitation in exosome isolation from various biological

samples are revisited. Furthermore, efforts aimed at enhancing the efficiency of this method, emerging trends,

and future perspectives are reviewed. This review also offers a summary of the biogenesis, composition,

and function of exosomes to support a deeper understanding of the applications of PEG precipitation methods

in exosome research. 
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1. Introduction

Exosomes are a distinct subclass of EVs, typically

ranging from 30 to 200 nm in diameter, and play a

vital role in many biological processes and disease

pathogenesis.1,2 These vesicles can be found in different

biological fluids, including blood, saliva, urine, bile,

breast milk, tears, sweat, and others.3-8 They are secreted
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by almost all cell types and have been identified as a

novel mechanism of intercellular communication.1,9

By facilitating molecular exchange between cells,

exosomes contribute to numerous physiological and

pathological processes, such as immune regulation,

tissue repair, and tumor progression.10,11 Exosomes

contain a lipid bilayer membrane that encapsulates

various active biomolecules, including proteins, DNA,

RNA, lipids, and metabolites, which serve as molecular

cargos reflecting the profile of their cells of origin.12,13

In recent years, there has been a growing interest in

investigating these cargos, primarily due to their

potential as a biomarker source for liquid biopsy.

This is particularly important because the isolation of

these cargos from exosomes rather than whole body

fluids greatly reduces sample complexity, enhancing

detection sensitivity and specificity.12,14 Unlike solid

biopsies, which are often inaccessible or limited in

size, analyzing exosomal molecular cargo in biofluids

offers a key advantage since these samples can be

collected through rapid, minimally invasive procedures

that are suitable for clinical applications.15 Moreover,

exosome content more accurately reflects intratumor

heterogeneity and serves as a valuable source of

diagnostic and prognostic biomarkers, complementing

patient data obtained through conventional methods.15,16

To fully exploit the potential of exosomes in

biomedical research and clinical practice, robust and

efficient isolation techniques are essential. Despite

significant advancements in the exosome field over

the past decade, a clear consensus on the most effective

methods for their isolation and characterization has

yet to be established. Ultracentrifugation (UC) is widely

regarded as the gold standard for exosome isolation

and remains the most commonly used method,

implemented in numerous exosome studies.12,17 This

technique, often combined with sucrose density

gradients, enables the purification of high-quality

exosomes.18,19 However, it requires expensive and

specialized equipment, prolonged processing times (up

to 8 − 10 h), and multiple high-speed centrifugation

steps, thus limiting its practicality.12,20,21 Additionally,

concerns have been raised about its efficiency, as the

high shear forces involved may cause potential damage

to exosomes.22, 23 Alternative techniques can address

these limitations by isolating exosomes based on specific

surface markers, as seen in immunoaffinity-based

methods,24,25 or by size-based separation approaches,

including ultrafiltration, dialysis, microfluidics, and size

exclusion chromatography.26-32 These methods enhance

exosome purity and preserve membrane integrity;

however, they often result in lower yield and require

costly instrumentation, which may limit their

widespread application.26 These constraints have driven

the search for alternative methods that can provide

high efficiency, reproducibility, and cost-effecti-

veness. 

PEG-based precipitation has gained widespread

recognition among researchers due to its simplicity,

affordability, applicability to small sample volumes,

cost-effectiveness, and scalability, making it an attractive

choice for clinical research and large-scale appli-

cations.15,33 PEG is a synthetic polymer consisting

of repeated units of ethylene oxide and can offer

beneficial properties such as non-irritability, non-

toxicity, and high scalability.33 Originally developed

for early virus enrichment,34 the PEG precipitation

method has been used to isolate and purify exosomes

from various biological fluids, further demonstrating

its versatility.7,9,33-36 Unlike ultracentrifugation and

other specific techniques, PEG-based methods do not

require specialized equipment, making them an

attractive option for both basic research and clinical

applications. Despite its advantages, concerns regarding

the co-precipitation of contaminants and potential

effects on downstream analyses remain due to its

non-specific mechanism, thus highlighting the need

for further optimization and refinement. Multiple-cycle

PEG-based enrichment and hybrid/combined approaches

that integrate PEG precipitation with other exosome

enrichment techniques are being explored to enhance

the purity and specificity of exosome isolation.9,37-40

This review provides a comprehensive overview of

exosome enrichment strategies, with a particular

emphasis on the PEG-based precipitation technique.

It also discusses the biological principles underlying

PEG precipitation, its method, and related positive

aspects. Furthermore, recent applications and challenges
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of PEG-based exosome enrichment are summarized.

Finally, the review addresses emerging trends and

future directions in the field, offering valuable

insights into the advancing frontier of exosome

research.

Despite significant progress in exosome research,

several critical knowledge gaps remain that limit the

effective application of exosome enrichment methods

in both research and clinical practice. First, there is

no universally accepted standard for exosome isolation,

and commonly used techniques such as ultracentri-

fugation, immunoaffinity capture, and size-based

separation each present distinct trade-offs in terms of

purity, yield, scalability, and cost-effectiveness. This

lack of consensus complicates method selection and

hinders direct comparison across studies, which in

turn affects reproducibility and translational potential.

Furthermore, many isolation methods, including

PEG-based precipitation, are challenged by the co-

precipitation of contaminants such as proteins and

lipoproteins, which can interfere with downstream

analyses and functional studies. The scalability and

accessibility of conventional methods like ultracentrifu-

gation are also limited by the need for specialized

equipment and time-consuming protocols, making

them impractical for high-throughput or clinical

applications. Additionally, the effects of different

isolation methods on exosome integrity, molecular

cargo, and biological function are not fully understood,

raising concerns about the reliability of exosome-

based biomarkers and therapeutics. This review directly

addresses these knowledge gaps by providing a

comprehensive comparison of exosome enrichment

techniques, with a particular focus on the mechanisms,

advantages, and limitations of PEG-based precipitation.

It highlights recent advances and hybrid strategies

aimed at improving the purity and specificity of

PEG-based methods, and contextualizes method

selection for diverse downstream applications. By

explicitly linking these gaps to the review’s aims, the

coverage clarifies how the analysis advances the

field and supports the development of more robust,

reproducible, and clinically relevant exosome isolation

protocols.

2. The Biological Origin of 

Exosomes

Exosomes originate as intraluminal vesicles (ILVs)

inside multivesicular bodies (MVBs), which are

essential components of the endosomal system that

regulate the sorting and transport of cellular vesicles.41

Their release occurs when MVBs fuse with the

plasma membrane, as illustrated in Fig. 1. The process

begins with the inward budding of the plasma

membrane via endocytosis, forming a cup-shaped

pocket containing extracellular proteins and membrane

components.10 This leads to the formation of early

endosomes, which can merge with other endosomes

originating from organelles like mitochondria, the

endoplasmic reticulum, and the trans-Golgi network.

Early endosomes mature into late endosomes or MVBs,

where a second inward budding of the endosomal

membrane generates ILVs.42,43 Exo-  somes, typically

70 – 150 nm in size, are distinct from microvesicles,

which range from 100 to 1000 nm.44 Exosome

formation is largely regulated by the ESCRT

mechanism, comprising ESCRT-0, I, II, and III,

along with associated proteins like ALIX, TSG101,

VPS4, and VTA1, which function sequentially.10,45,46

ESCRT-0 recruits ubiquitinated cargo to the endosomal

membrane, while ESCRT-I and II drive membrane

budding and cargo sorting. ESCRT-III, disassembled

by Vps4 ATPase, enables vesicle detachment from

the cytoplasmic membrane. Exosome release is

mediated by Rab-GTPases (e.g., RAB2B, 5A, 7, 9A,

11, 27, 35) and possibly SNARE proteins (VAMP7,

YKT6). ALIX also contributes to membrane budding,

vesicle scission, and cargo selection by interacting with

syndecan and tetraspanins (CD9, CD81, CD63).46,47

3. Biological Composition and 

Functions of Exosomes

Exosomes serve as carriers of biologically active

molecules, thereby reflecting the molecular composition

of their parent cells.48,49 The structure and composition

of exosomes are shown in Fig. 1. They are enriched

with proteins that are involved in membrane transport,
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vesicle fusion, cell adhesion, biogenesis of multive-

sicular bodies (MVBs), and exosome release. Key

exosomal markers, such as tetraspanins (CD9, CD63,

and CD81), ALIX, and TSG101, help distinguish

them from other extracellular vesicles and facilitate

their isolation and detection.42,50,51 In addition to

proteins, exosomes contain a variety of lipids, including

cholesterol, sphingolipids, and phospholipids, which

contribute to their stability, biogenesis, and cellular

uptake.43,47 Lipids are essential for preserving exosome

structure, facilitating their biogenesis, and regulating

homeostasis in recipient cells.47 Exosomes also carry

genetic material, including mRNA, miRNA, and

noncoding RNAs, which play crucial roles in cell

signaling, gene regulation, and disease progression.52

These RNAs can be transferred to recipient cells, where

they influence cellular functions such as proliferation,

migration, and immune response.53,54 The ability of

exosomes to transport bioactive molecules across cells

and tissues highlights their significance in intercellular

communication and their potential as biomarkers for

disease diagnosis and therapeutic applications.13

Exosomes play a crucial role in intercellular

communication by transporting proteins, lipids, and

nucleic acids between cells.19,55,56 This exchange

influences various biological processes, including gene

regulation, immune responses, and disease progression.

The molecular content of exosomes reflects the

physiological or pathological state of their parent

cells. For instance, exosomes from virus-infected

cells may contain viral RNA, while those from cancer

cells carry distinct miRNA profiles that contribute to

tumor growth and metastasis.57 In the immune system,

exosomes can modulate immune responses by either

activating or suppressing immune cells. Dendritic

cell-derived exosomes enhance immune activity by

Fig. 1. Schematic representation of exosome biological origin, structural composition, and molecular content. Exosomes (30 – 150
nm) are generated within multivesicular bodies and released into the extracellular environment through fusion with the
plasma membrane. In contrast, larger extracellular vesicles such as microvesicles and apoptotic bodies (up to 1 µm)
originate from direct membrane budding. Exosomes are enriched with diverse biomolecules, including proteins, nucleic acids,
lipids, and metabolites. Created using BioRender.com.
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stimulating T cells, whereas cancer cell-derived

exosomes may aid in immune evasion.58 Additionally,

exosomes facilitate tumor progression by transporting

oncogenic factors, promoting angiogenesis, and

mediating drug resistance.43,59 They influence the tumor

microenvironment, supporting cancer cell survival

and dissemination. Beyond cancer, exosomes are

implicated in neurodegenerative diseases by spreading

misfolded proteins and inflammatory signals.60,61

They also contribute to tissue repair, as mesenchymal

stem cell-derived exosomes promote regeneration by

delivering growth factors and cytokines.55,56 Their

regenerative potential has been explored in treatments

for cardiovascular, neurological, and wound-healing

applications.62,63 Furthermore, exosomal RNAs play

a significant role in regulating gene expression in

recipient cells, affecting processes such as cell cycle

progression and histone modification. Their unique

RNA cargo makes them promising biomarkers for

disease diagnosis and prognosis.64 Furthermore,

exosomes participate in metabolic regulation by

transferring metabolic enzymes and substrates,

influencing cellular energy balance and disease

development.65 Their lipid composition also affects

membrane fluidity and signaling pathways, further

highlighting their diverse biological significance.66

4. Overview of Exosome 

Enrichment Methods

With the growing research on exosomes, their

potential applications are increasingly being explored.

Hence, reliable isolation and enrichment of exosomes

are essential for evaluating their biological functions

and possible applications. However, the heterogeneity

of exosomes in size, content, function, and origin

presents challenges for their isolation. Furthermore,

most existing isolation methods struggle to fully

separate exosomes from lipoproteins with similar

biophysical properties and EVs from non-endosomal

pathways, leading to low exosomal purity.11 Therefore,

developing efficient exosome enrichment methods

for accurate downstream analysis remains a key

challenge, as it directly influences the reliability of

biomarker discovery, functional studies, and therapeutic

applications. For different purposes and applications,

various enrichment methods have been established

to isolate and purify exosomes from biological

samples, such as blood, plasma, breast milk, saliva,

and cells.3,4,7,9,36 These methods include ultracentri-

Fig. 2. Common techniques used for exosome enrichment and purification, including (A) ultracentrifugation, (B) ultrafiltration,
(C) size exclusion chromatography, and (D) polymer-based precipitation. Among these, ultracentrifugation remains
the most widely studied method for exosome isolation.
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fugation, ultrafiltration, size exclusion chromatography,

immunoaffinity methods, microfluidics, and PEG

precipitation. Fig. 2 illustrates schematic representations

of the four widely utilized methods for exosome

enrichment. Each isolation method has unique

strengths and limitations that significantly influence

the characteristics of the final isolated products.12

However, the choice of a technique should align with

specific research goals and sample characteristics.

Table 1 summarizes common exosome enrichment

methods, including their advantages and limitations.

Table 2 presents a comparative analysis of isolation

techniques, highlighting typical yields, purity metrics,

and protein-to-vesicle ratios. These data emphasize

Table 1. Principles, advantages, and limitations of commonly available exosome isolation methods.

Method Isolation principle Advantages Limitations

Ultracentrifuga-

tion

High-speed centrifugation separates

and pellets exosomes based on size

and density. Multiple spins at increasing

speeds isolate exosomes, while other

smaller particles are eliminated in the

supernatant.

− The gold standard for exosome iso-

lation (most widely used).

− No chemical contamination.

− Suitable for large sample volumes.

− Ease of operation.

− Time-consuming and labor-inten-

sive.

− Requires expensive equipment.

− Requires large sample volumes.

− Potential loss of exosomes due to

pelleting.

− Co-precipitation of contaminants (e.g.,

protein aggregates, lipoproteins).

− May lead to exosomal rupture.

Ultrafiltration

Membrane filters with specific molecu-

lar weight cut-offs are employed to

separate exosomes from other compo-

nents based on size.

− Faster and simpler than ultracentrif-

ugation

− No need for specialized equipment

− Suitable for high-throughput pro-

cessing

− Can be very well combined with other

methods.

− Risk of membrane clogging.

− Loss of smaller exosomes.

− Shear stress may damage exosomes.

− Large starting sample volume.

− Protein contamination.

Size exclusion 

chromatography

Separation and enrichment of exosomes

using a porous gel matrix (stationary

phase) based on their size. Exosomes

elute rapidly due to their size, while

smaller molecules are retained within

the stationary phase.

− Preserves exosome integrity. 

− Minimal contamination from pro-

teins/lipoproteins.

− Ease-of-use.

− Potentially significant contamination

with non-EV particles (e.g., lipo-

proteins).

− Limited sample capacity. 

− Low exosome yield.

− No specificity.

− Specialized equipment requirement.

Immunoaffinity 

methods

Antibodies targeting exosome surface

protein markers (e.g., CD9, CD63,

CD81) are employed to capture exo-

somes selectively. 

− High specificity.

− Very pure exosome isolations.

− Suitable for biomarker discovery.

− Minimal contamination.

− Expensive (antibody costs)

− Low yield.

− Specialized equipment requirement.

− May miss subpopulations of exo-

somes (those without specific sur-

face markers).

Microfluidics

Exosomes are captured and isolated

based on their unique properties (size-

based filtration, density gradient sep-

aration, acoustic or electrophoretic sort-

ing, and immunoaffinity capture).

− High efficiency and speed.

− Minimal sample volume.

− Exosome isolation can be combined

with characterization tools.

− Exosome isolation can be performed

on small or limited sample quantities.

− Low throughput.

− Potential loss of exosome subtypes.

− Requires a specific level of exper-

tise.

− Not suitable for preparative purposes

(e.g., therapeutic applications).

PEG-based 

precipitation

PEG wraps abundant free exosomes and

induces their aggregation, followed

by low-speed centrifugation (1500 ×

g) for precipitation.

− Simple, cost-effective, and scalable.

− Preserves exosome integrity 

− Suitable for small or limited sample

quantities.

− High exosome yield.

− Many kits are commercially avail-

able.

− Possibility for clinical application.

− Co-precipitation of contaminants in

the final exosome pellet.

− Additional purification may be

required.
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the quantitative aspects discussed in the review and

support the overall evaluation of each method.

4.1. Ultracentrifugation

Ultracentrifugation is widely considered the gold

standard and the most commonly employed method

for exosome isolation.17 This method separates

vesicles based on size and density through sequential

centrifugation steps: low-speed centrifugation (300 × g

to 2000 × g) removes cells and debris, moderate-speed

centrifugation (10,000 × g) excludes larger vesicles,

and high-speed ultracentrifugation (>100,000 × g)

pellets the exosomes, which are resuspended in a

buffer for downstream applications.19,67 Fig. 2(A)

illustrates the ultracentrifugation method used for

exosome enrichment from biological samples. This

technique is particularly suitable for processing large

sample volumes and is relatively straightforward to

perform with appropriate equipment.68 However, this

method has some limitations, including being time-

consuming and labor-intensive, making it less practical

for high-throughput applications. Additionally, ultracen-

trifugation requires expensive instrumentation, which

may not be accessible to all laboratories. Another

drawback is the potential co-precipitation of conta-

minants such as protein aggregates and lipoproteins,

which can compromise sample purity.69,70 Furthermore,

the high centrifugal forces applied during the process

may lead to exosomal rupture, potentially affecting

the integrity and functionality of the isolated vesicles.

Techniques like density gradient ultracentrifugation

are often used for additional refinement.26 Lower-

speed centrifugation at 40,000 × g has also been

explored for its simplicity, reduced costs, and the

availability of suitable centrifuges.67

4.2. Ultrafiltration

Ultrafiltration uses membranes with specific

molecular weight cut-offs to isolate exosomes based

on size exclusion. Sequential filtration removes large

particles (1000 nm filter), free proteins (500 kDa cut-

off), and smaller vesicles (<200 nm filter), effectively

enriching exosomes.65 Fig. 2(B) presents a schematic

representation of the sequential ultrafiltration approach

used for exosome enrichment and isolation from

biological fluids. Key benefits include its rapid

processing of large sample volumes and scalability,

particularly in clinical applications requiring quick

isolation.71 However, issues such as membrane

clogging, vesicle adhesion, exosome damage due to

shear stress, and co-isolation of similarly sized particles

may reduce yield and purity.26,72 Combining ultrafil-

tration with methods like SEC, precipitation-based

enrichment, or ultracentrifugation often improves the

specificity of exosome enrichment.71,73-76

4.3. Size exclusion chromatography

Size exclusion chromatography (SEC) is a widely

Table 2. Summary of typical yields, purity measures, and protein-to-vesicle ratios for major exosome isolation methods

Method
Typical Yield

 (particles/mL)

Purity 

(protein-to-vesicle ratio)*
Key Features/Notes

Ultracentrifugation 10¹⁰–10¹¹ 1 – 10 µg protein/10⁹ vesicles

Gold standard; high purity but time-consum-

ing; may cause vesicle damage and lower

yield compared to precipitation methods.

Size Exclusion

Chromatography (SEC)
10⁹–10¹⁰ 0.5 – 2 µg protein/10⁹ vesicles

High purity; gentle on vesicles; lower yield;

scalable for clinical use.

Immunoaffinity Capture 10⁸–10⁹ <1 µg protein/10⁹ vesicles
Highest specificity and purity; very low yield;

expensive and limited to known markers.

PEG-based Precipitation 10¹¹ – 10¹² 10 – 50 µg protein/10⁹ vesicles
Highest yield; simple and scalable; lower purity

due to co-precipitation of contaminants.

Commercial Precipitation

Kits
10¹¹ – 10¹² 10 – 60 µg protein/10⁹ vesicles

Similar to PEG; convenient but costly; vari-

able purity and yield.

*Protein-to-vesicle ratio is a commonly used indicator of exosome preparation purity. Lower ratios indicate higher purity, as

less protein contamination is present per vesicle.
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employed technique for isolating and purifying

exosomes due to its ability to separate particles based

on their size, offering a gentle and non-denaturing

method.31,77 SEC uses a column packed with porous

materials that allow smaller molecules to enter the

pores, while larger particles, such as exosomes, elute

faster because they are excluded from the pores.78

The process of SCE is shown in Fig. 2(C). One of

the major advantages of SEC is its ability to separate

exosomes with minimal contamination from protein

aggregates, lipoproteins, and other extracellular

vesicles, improving the purity of the isolated exosomes.

Unlike other methods, SEC does not rely on harsh

chemical treatments or centrifugation, making it suitable

for sensitive downstream analyses. However, SEC

does require careful optimization of buffer conditions to

maintain exosome integrity, and the process can be

time-consuming when large-scale isolation is needed.16

To enhance its efficiency and reduce the limitations

associated with co-isolating non-exosomal particles,

SEC can be combined with other techniques like

polymer-based precipitation or ultrafiltration.31,71,73,74

This combination allows for better purification and

more effective separation of exosomes from unwanted

contaminants, improving the quality of the isolated

exosome preparations for further analysis.71,73-76

4.4. Immunoaffinity methods

Immunoaffinity methods utilize antibodies that

target specific exosomal surface proteins (e.g., CD9,

CD63) for selective isolation.24,25 Magnetic beads or

nanostructured supports coated with antibodies allow

the efficient capture of exosomes from complex

samples.79,80 Immunoaffinity-based exosome isolation

offers high specificity and purity by selectively capturing

exosomes expressing specific surface markers. This

makes it particularly suitable for biomarker discovery,

as it minimizes contamination from non-exosomal

components. However, the method has limitations,

including high costs due to antibody expenses, low

yield, and the potential exclusion of exosome

subpopulations lacking the targeted surface markers.

Preprocessing with ultracentrifugation or SEC can

mitigate some limitations by reducing non-specific

contaminants.81,82

4.5. Microfluidics

Microfluidics is an emerging and highly innovative

approach for exosome isolation, utilizing the mani-

pulation of small fluid volumes in microchannels.

This method allows for precise control over the isolation

process, often integrating multiple steps such as

separation, enrichment, and detection into a single

device.83 Microfluidic platforms utilize various

mechanisms, including immunoaffinity capture, size-

based filtration, and acoustic or electrophoretic

sorting, to isolate exosomes with high specificity and

efficiency. These systems are particularly advantageous

for their ability to process small sample volumes

rapidly, making them ideal for applications requiring

high sensitivity, such as clinical diagnostics and

personalized medicine.83 For example, devices like

the ExoChip, which incorporates CD63 antibodies,

are commonly employed for their high specificity

and efficiency in capturing exosomes.84 Additionally,

the integration of microfluidic devices with downstream

analytical tools enhances their utility in comprehensive

exosomal analysis. Despite their potential, challenges

such as device fabrication costs and limited throughput

remain areas for further development.16,85

4.6. PEG-based precipitation: mechanism,

method, and positive aspects

PEG-based precipitation is an emerging and widely

used method for exosome isolation. This precipitation

method is based on the fact that water-excluding

polymers such as PEG can induce phase separation

by wrapping abundant free exosomes, reducing their

solubility, and thereby promoting their aggregation.36,76

PEG is a synthetic polymer consisting of repeating

units of ethylene oxide, and its structure is commonly

expressed as H-(O-CH2-CH2)n-OH. PEG offers

beneficial properties such as non-irritability, non-toxicity,

high scalability, and good biodegradability, making it

(along with its derivatives) widely used in pharma-

cokinetics and drug delivery, with approval from the

U.S. FDA.86 It plays a crucial role in enhancing

therapeutic efficacy by improving pharma-  cokinetic
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properties and enabling the formulation of long-

circulating nanoparticle-based drugs.86 These applica-

tions further validate PEG’s biocompatibility, non-

toxicity, and safety profile. As a hydrophilic polymer,

PEG creates a dehydrating effect, leading to exosome

clustering, which can then be efficiently harvested

through a single low-speed centrifugation step.87 The

exact mechanism underlying PEG-induced precipitation

remains incompletely understood. However, two theories

have been proposed to explain this process: the excluded

volume theory and the attractive depletion force

theory.88 The excluded volume model suggests that

PEG reduces the hydration and solubility of

biomolecules, leading to their aggregation and preci-

pitation. Meanwhile, the attractive depletion force theory

attributes precipitation to the osmotic pressure

exerted by PEG, which induces molecular attraction

and facilitates aggregation.89 

Originally developed for virus isolation,34,90 PEGs

of varying molecular weights and concentrations

have been widely adopted for exosome enrichment

due to their similar biophysical properties.36,44,76,87 This

precipitation method has also been extensively applied

to precipitate nucleic acids and other biomolecules.91

In detail, biological samples can be diluted with

phosphate-buffered saline and undergo initial centri-

fugation at 1,000-2,000 × g for 30 min at 4 °C to

remove cellular debris and dead cells.33 Following

this, the supernatant is filtered through a 0.22 μm

membrane to further remove non-exosomal components.

The resulting filtrate is then mixed with an aqueous

PEG solution with an average molecular weight of

10 kDa and incubated for a specified time, allowing

sufficient interaction between PEG and exosomes.

Typically, PEG concentrations ranging from 5 % to

15 % (w/v) are used based on the biological sample

and the desired efficiency.92 This incubation promotes

exosome aggregation by enhancing their self-assembly

and increasing their mass, facilitating efficient recovery

at relatively low centrifugal forces. The final centrifu-

gation step performed at 1,500 – 16,000 × g for 10 –

60 min at 4 °C can isolate exosome-rich precipitates

and form the exosome pellet.33 The addition of

sodium chloride (NaCl; 1 M) during PEG dissolution

serves several important purposes.33 NaCl influences

exosome stability, enhancing their separation from

smaller molecules and unwanted proteins during

incubation. It also modulates the solution's ionic

strength, facilitating the enrichment and purification

of exosomes. Moreover, NaCl plays a crucial role in

regulating the solubility and interactions of proteins and

other biomolecules, promoting the efficient separation of

exosomes from non-exosomal components.33 Notably,

an optimal NaCl concentration can weaken electrostatic

interactions among proteins,93,94 aiding in the

dissociation of impurities from the exosome surface

and thereby improving exosome purity.

Notably, the PEG-based precipitation technique is

highly regarded for its simplicity, rapid processing,

scalability for large sample sizes, and cost-effectiveness,

making it particularly advantageous as an accessible

alternative for high-throughput studies at laboratories

with limited resources.87 PEG-based methods require

minimal specialized equipment, making them more

accessible for clinical research. In contrast to

ultracentrifugation and ultrafiltration, which may

distort vesicle shape, the PEG precipitation method

preserves the morphological and functional integrity

of exosomes, thus preserving their structural and

functional properties for downstream proteomic and

functional studies.36,95 PEG could also be an effective

option for processing small and limited sample volumes,

such as serum and plasma, rather than large-scale

preparations, and often results in a higher exosome

yield than differential ultracentrifugation.7,96,97 Moreover,

PEG-precipitated exosomes have shown particular

suitability for downstream nucleic acid analysis,

especially RNA and DNA profiling.98-100 Notably,

studies assessing DNA quantification from exosomes

isolated via PEG precipitation revealed superior total

DNA recovery, underscoring the potential of PEG-

based methods for DNA-related downstream

applications, particularly in the context of malignant

solid neoplasm.15 PEG was also found to enhance the

bio-functional properties of exosomes. For example,

Warren et al. demonstrated that PEG coating

significantly improved the mucin permeability and

stability of milk-derived exosomes, even under the
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harsh conditions of acidic gastric environments.8

However, due to its non-specific mechanism, PEG

precipitation can co-isolate various macromolecules,

including lipoproteins and protein complexes, which

may compromise exosomal purity. As shown in

Table 2, this method typically results in high yield

but low purity compared to other exosome isolation

techniques. Consequently, additional purification steps,

such as size-exclusion chromatography or density

gradient centrifugation, may be required to enhance

sample specificity.11,12,33 Despite this limitation, this

highly hydrophilic polymer remains effective in clinical

research settings, and its advantages make it a valuable

tool for rapid and efficient exosome extraction,

especially from small sample volumes which is

fundamental in the context of translational and

clinical research.101

5. Recent Applications of PEG 

Precipitation in Exosome Isolation

5.1. Serum

Human serum is one of the most commonly used

biological fluids for exosome research due to its

clinical relevance. PEG-based precipitation has been

widely employed for isolating serum-derived exosomes.

For instance, Andreu et al.99 evaluated PEG precipitation

(50 % PEG 6000 in 375 mM NaCl) for enriching

EVs from frozen human serum for miRNA analysis.

They compared PEG with ultracentrifugation and

commercial kits, assessing purity and yield using

nanoparticle tracking analysis, Western blot, and

cytometry. PEG effectively enriched EV-associated

miRNAs (e.g., miR-126, miR-30c, miR-143) while

showing minimal recovery of non-EV miRNAs. The

study demonstrated PEG’s efficiency, cost-effectiveness,

and compatibility with long-term frozen samples (up

to 8 years), making it a viable alternative for EV-

based biomarker studies. In another research, the

potential of serum-derived EVs for lung cancer

diagnosis by profiling EV-derived proteins was

investigated.102 EVs were isolated from serum by

PEG-based precipitation and immunoaffinity separation.

First, serum (600 μL) was centrifuged at 12,000 × g

for 30 min at 4 °C to remove debris. Then, 25% PEG

2000 was added to achieve a final percentage of

12 % PEG, and the mixture was incubated on ice for

1 h. The process was repeated twice, and the pellet

was resuspended in 200 μL PBS. Proteomic analysis,

including 2-D gel electrophoresis and MALDI-TOF

MS, identified 55 upregulated protein spots. Seven

proteins (CD5L, CLEC3B, ITIH4, SERFINF1, SAA4,

SERFINC1, and C20ORF3) were highly expressed

in cancer patient-derived EVs. García-Romero et

al.15 compared the efficiency of common EV isolation

methods in human serum, including ultracentrifugation,

PEG precipitation (10 % (w/v) of PEG 8000), and

two commercial kits. The incubation was performed

overnight at 4 °C, followed by centrifugation at 16,100

× g for 1 h. Digital PCR was used for the first time to

detect specific gDNA sequences, offering diagnostic

and monitoring potential for various diseases. The

results highlighted PEG precipitation as the most

cost-effective and feasible EV isolation method.

Functionalizing nanoparticles with PEG, known as

PEGylation, enhances stability, biocompatibility, and

ability to selectively interact with biological targets.

PEGylation reduces nanoparticle aggregation, minimizes

nonspecific interactions, and provides functional groups

for conjugating biomolecules, making it a valuable

strategy for exosome isolation and biomedical

applications.103 More recently, Guru et al.104 explored a

novel and rapid method for isolating small exosomes

(≤50 nm) from human serum using a bench-top

centrifuge. This approach was enhanced by functio-

nalizing citrate-capped gold nanoparticles (CGNPs)

with PEG to form PEGylated GNPs (PGNPs). The

PEG was activated using EDC/SNHS chemistry to

conjugate antibodies targeting exosomal surface

proteins. The antibody-conjugated PGNPs were then

incubated with serum, forming PGNP-exosome

complexes. These complexes were efficiently separated

through low-speed centrifugation (7000 × g), a significant

improvement over standard ultracentrifugation (100,000

× g), enabling exosome isolation in less than 2 h. In

another interesting work, Chang et al.105 presented a

novel method for isolating exosomes using PEG-

coated Fe3O4 magnetic nanoparticles (MNPs). The
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nanoparticles, synthesized via chemical co-precipitation,

were approximately 20 nm in diameter, with larger

agglomerates reaching several hundred nanometers.

The PEG-coated Fe3O4 MNPs effectively reduced

the protein concentration in fetal bovine serum (FBS)

to 39.89 % of the original without affecting the

exosome concentration, as evidenced by particle size

distribution and gel electrophoresis. The method

removed most serum proteins, including albumins

and immunoglobulins, ensuring purified exosomes

for further analysis. This technique offers a simple,

effective approach for protein removal in serum

during exosome isolation.

5.2. Plasma

Plasma, as a widely accessible biological fluid, has

become a key source for the isolation of exosomes

due to its abundance of extracellular vesicles.7 In a

recent study, Tangwattanachuleeporn’s group compared

the efficacy of different PEG concentrations with

two commercial exosome isolation kits, ExoQuick

and Total Exosome Isolation, in human plasma.7

They found that PEG concentrations of 10 – 20 %

yielded exosomes with similar size and concentration to

ExoQuick, outperforming TEI. Notably, 10 % PEG

enhanced the detection of miR-122 and miR-16

expression compared to both ExoQuick and TEI. In

proteomics, PEG at 10 % also showed better protein

identification, although serum contamination remained

a challenge. These results suggest that 10 % PEG is

an optimal and cost-effective choice for clinical

exosome isolation. 

Dextran Blue (DEXB), a high-molecular-weight

polysaccharide (2000 kDa), has been utilized to enhance

the aggregation of EVs, allowing for more efficient

precipitation of membrane-coated particles while

minimizing the co-isolation of membrane-free

microparticles, large biopolymers, and supramolecular

complexes. Konoshenko et al.98 developed a simple

and cost-effective aggregation–precipitation method

for isolating EVs from plasma using dextran blue for

aggregation and PEG for precipitation. 500 µL of

human plasma was mixed with NaCl, PBS, Tris-

HCl, DEXB, and 25 % PEG 20000 in PBS. The

mixture was incubated for 30 min at 4 °C, followed

by centrifugation at 17,000 × g for 20 min. The

supernatant was discarded, and the pellet was

resuspended in 500 µL PBS, frozen in liquid nitrogen,

and stored at -80 °C for miRNA isolation or EV

analysis. This method demonstrated comparable efficacy

to ultracentrifugation in terms of EV isolation,

miRNA recovery, and absence of polymerase inhibitors,

as confirmed by transmission electron microscope

(TEM), dynamic light scattering (DLS), and miRNA

analyses. The approach proved to be fast, requires no

complex equipment, and is adaptable to various

biofluids, making it suitable for both research and

clinical applications. Gámez-Valero et al.106 compared

plasma EV isolation methods, including SEC, 50 %

PEG6000, and PRotein Organic Solvent PRecipitation

(PROSPR), assessing their impact on EV purity,

composition, and biological effects. SEC effectively

removed abundant plasma proteins, as confirmed by

low protein content and Cryo-EM, while PEG and

PROSPR retained contaminants. Only SEC preserved

key EV markers (CD9, CD63, CD81, LGALS3BP,

CD5L), suggesting that precipitating agents may

alter EV integrity. Additionally, EVs isolated via

PEG and PROSPR reduced cell viability in vitro.

These findings highlight the importance of selecting

an appropriate isolation method based on downstream

applications.

5.3. Urine

Urine is a markedly favorable biological specimen

due to its non-invasive nature, and urinary EVs

(UEVs) serve as a promising source of biomarkers

for the non-invasive detection of various diseases.

Sight et al.107 highlighted the potential of UEVs as

biomarkers for diagnosing and monitoring various

diseases. The study optimized a PEG-based UEV

isolation method following MISEV guidelines, ensuring

efficiency, reliability, and suitability for diverse

downstream applications. The purified urine (20 mL)

was mixed with 24 % w/v PEG Mn6000 in 1 M

NaCl (1:1 ratio), achieving a final PEG concentration of

12 % w/v. The UEVs were finally pelleted by

centrifugation at 10,000 × g for 60 min and resuspended
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in PBS for storage at -80 °C. This cost-effective and

accessible approach is well-suited for clinical labs

and longitudinal studies, supporting the use of UEVs

as a robust biomarker source. In another interesting

study, Lv et al.108 evaluated a cost-effective and efficient

PEG-based method for isolating urinary exosomes to

diagnose renal fibrosis (RF). A 30 mL urine sample

was centrifuged at 3,000 × g for 10 min to remove

debris. The supernatant was mixed with 12.5 mL of

24 % PEG 6000, incubated overnight at 4 °C, and

centrifuged at 4,000 × g for 1 h. The pellet was

resuspended in PBS and divided for exosome

identification and RNA isolation. Exosomal miR-

29c and miR-21 were significantly dysregulated in

RF patients, with diagnostic potential demonstrated by

ROC analysis (AUC: 0.8333 and 0.7639, respectively, P

< 0.05). miR-29c levels showed a strong negative

correlation with estimated glomerular filtration rate

(eGFR) and interstitial fibrosis. This PEG-based

approach proved to be a simple, low-cost alternative

for urinary exosome isolation, supporting miRNA-

based RF diagnostics. Furthermore, Konoshenko et

al.98 developed a simple and cost-effective aggregation–

precipitation method for isolating EVs from urine

using dextran blue for aggregation followed by

precipitation with PEG. Human urine (5 mL) was

mixed with NaCl, NaHCO3, DEXB, and 25 % PEG

20000 in PBS, followed by incubation at 4 °C for

30 min. After centrifugation at 17,000 × g for 20 min,

the supernatant was discarded, and the pellet was

resuspended in 500 µL PBS, frozen in liquid nitrogen,

and stored at -80 °C for RNA extraction or EV analysis.

Compared to ultracentrifugation, this method demon-

strated comparable efficiency in isolating urinary

EVs, as confirmed by TEM, dynamic light scattering,

and miRNA analysis. The approach effectively

preserved miRNA integrity and was free of polymerase

inhibitors, making it suitable for clinical and research

applications.

5.4. Saliva

Saliva is a non-invasive, easily accessible, and

simple-to-collect biological fluid. It offers higher

patient compliance than other fluids and holds the

potential as a source of biomarkers for oral and

systemic diseases.109 Li et al.110 compared two methods

for isolating salivary EVs (ultracentrifugation and

PEG-based precipitation) using proteomics. Both

methods yielded EVs ranging from 40 to 210 nm,

with PEG-separated EVs exhibiting a broader size

distribution and irregular aggregation, while UC-

separated EVs were more monodispersed and teacup-

shaped. UC-separated EVs showed higher expression

of EV-specific markers. Proteomic analysis identified

1217 salivary exosomal proteins, with 361 differential

proteins, demonstrating that UC isolated a broader

range of EV-related proteins. These findings suggest

that UC is a more efficient method for isolating

salivary EVs. Rider et al.87 developed the ExtraPEG

method (8 % PEG+wash), a cost-effective and efficient

approach for isolating EVs, including exosomes,

using PEG-based precipitation. ExtraPEG enabled

rapid EV enrichment from large saliva volumes with

low-speed centrifugation, followed by a single

ultracentrifugation step. The method yields EVs with

sufficient RNA and protein quality for proteomics

and sequencing, making it suitable for biomarker

discovery. Moreover, confocal microscopy confirmed

that vesicle integrity and biological activity were

preserved. In another research, Deregibus’s group

introduced a charge-based precipitation method for

isolating EVs from saliva, using protamine (P) in

combination with PEG.111 For EV isolation, samples

were mixed with a protamine/polyethylene glycol

(PEG 35,000) solution at a 1:4 ratio and incubated

overnight at 4 °C. After centrifugation at 1,500 × g

for 30 min at 22 °C, the pellet was resuspended in

buffer for further analysis. To remove lipoproteins,

samples were passed through Sephadex G-100 spin

columns, and EVs were collected from the void volume.

This technique leverages the negative charge of EVs

to facilitate precipitation without the need for

ultracentrifugation. Compared to ultracentrifugation,

the P/PEG method demonstrated higher EV recovery,

as confirmed by NanoSight analysis, while maintaining

similar EV size and exosomal marker expression

(CD63, CD9, CD81). RNA yield was comparable,

and the isolated EVs retained biological activity,
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promoting wound closure and cell proliferation. This

simple, cost-effective approach enables efficient EV

isolation from small saliva samples, supporting its

application in biomarker research.

5.5 Cell culture and cell tissue

Cell culture is commonly used to isolate exosomes

because it provides a controlled environment to

study and harvest exosomes from specific cell types,

enabling consistent and reproducible results for

research and diagnostic applications.36,44,112 Weng et

al.36 demonstrated a PEG-based approach for efficiently

and cost-effectively isolating exosomes from HeLa

cell culture supernatant. The exosome preparation

was carried out in two steps. The conditioned medium

was mixed with the PEG stock to a final concentration

of 10 % PEG 1000, incubated at 4 °C for 30 min,

and centrifuged at 3,000 × g for 10 min. The

exosome pellet was collected for further analysis. In

the second step, the exosome pellet was resuspended

in PBS, and PEG was added again (10 % final

concentration). After another 30-min incubation at 4 °C,

the sample was centrifuged at 3,000 × g for 10 min,

and the pellet was finally harvested for downstream

biological analysis. High-resolution electron microscopy

confirmed the size and morphology of PEG-precipitated

exosomes, while proteomic analysis identified 6,299

protein groups encoded by 5,120 genes, including

97 % of the Top 100 exosome markers in the

ExoCarta database. Additionally, the study revealed

a higher ratio of neo-cleavage sites in exosomal

proteins, suggesting a potential role for exosomes in

protein degradation and transport. These findings

highlight the efficacy of PEG-based exosome isolation

for biomarker discovery and biological studies. In a

recent study, Ludwig et al.44 developed an optimized

PEG-based precipitation method for scalable and

reproducible enrichment of EVs from cell culture

supernatants. Compared to traditional methods like

UC and SEC, this approach offers a more efficient

alternative while maintaining EV functionality.

Additional washing and reprecipitation steps helped

reduce PEG co-precipitated contaminants such as

bovine serum albumin (BSA), though some non-EV

molecules remained. Despite this, PEG-enriched EVs

retained therapeutic efficacy in an ischemic stroke

model, indicating that co-purified components did

not impair their biological activity. While not ideal

for the molecular profiling of pure EVs, the PEG

method provides a practical and scalable solution for

enriching functional EVs from cell-derived tissues. 

On the other hand, prostate cancer (PCa) is the

most common solid malignant disease worldwide.10

Yi et al.112 demonstrated that PEG precipitation is an

efficient and cost-effective method for isolating

exosomes from prostate cancer cell lines (LnCap,

PC3, and DU-145), yielding purity comparable to

commercial kits. A PEG solution (16 g PEG, 5.844 g

NaCl in 100 mL water) was prepared and mixed

with prostate cancer cell cultures. After sequential

centrifugation at 500 g and 2000 g to remove debris,

cells were resuspended, incubated overnight with

PEG at 4 °C, and centrifuged at 16,000 g for 1 h. The

pellet was washed and resuspended in PBS for further

analysis. Liquid chromatography-mass spectrometry has

become one of the most sensitive analytical methods

to provide information on the molecular mass and

structural features of molecules.113-127 By using this

technique, they analyzed the lipid composition of

these exosomes and found that LnCap-derived

exosomes were enriched in phosphatidylcholine,

phosphatidylethanolamine, and phosphatidylinositol

compared to whole cells. Interestingly, lysophospha-

tidylcholine (LPC), a toxic metabolite absent in LnCap

cells, was detected in their exosomes, suggesting a role

in cancer progression. This study underscores the

effectiveness of PEG precipitation for exosome

isolation from cell-derived tissues and its potential in

biomarker discovery for prostate cancer screening.112

5.6. Mesenchymal stem cells 

Exosomes have been identified as cell-cell com-

munication agents, and those derived from mesenchymal

stem cells (MSCs) exhibit therapeutic effects similar

to those of the cells of origin. MSCs are multipotent

cells primarily known for their role in immune

regulation through paracrine effects, aiding in tissue

repair and cancer therapy. In a recent study, Jia et



PEG-based Precipitation for Exosome Enrichment: Advances, Challenges, and Perspectives 55

Vol. 38, No. 2, 2025

al.96 demonstrated that PEG precipitation is a more

efficient method than UC for isolating EVs from

amniotic fluid-derived mesenchymal stem cells (AF-

MSCs). Large vesicles were eliminated by centrifugation

at 10,000 × g for 45 min at 4 °C, and the resulting

supernatant was utilized for EV isolation. Afterwards,

an equal volume of PEG 20000 solution (16 g PEG

in 100 mL 1 M NaCl) was added to 125 mL of cell

culture medium and incubated at 4 °C for 12 h. The

mixture was then centrifuged at 10,000 × g for 20 min

at 4 °C to collect the EV pellet, which was resuspended

in 500 μL of precooled PBS. While both methods

produced EVs with similar morphology, size, and

marker expression, PEG precipitation yielded a higher

number of EV particles, protein, and RNA. In a THP-1

infection model, MSC-derived EVs suppressed LPS-

induced cytokine secretion, with UC-EVs more

effective at inhibiting TNF-α, while PEG-EVs more

effectively reduced IL-10 levels. Börger et al.128

developed a PEG-based precipitation method for

efficient extraction of MSC-EVs from large volumes

of conditioned medium. This scalable protocol allows

the preparation of MSC-EVs without the need for

specialized equipment. The PEG-based method has

been successfully applied to treat a human graft-versus-

host disease patient and several animal models,

demonstrating its therapeutic potential. While the

method has some limitations, it provides a practical

approach for initial evaluations of EV-based therapies.

6. Limitations of PEG 

Precipitation Methods

As mentioned earlier, PEG precipitation is a widely

used approach for exosome isolation due to its

attractive features, including but not limited to

simplicity, cost-effectiveness, and scalability. Despite

these advantages, the method presents challenges

and limitations that can impact exosome isolation's

purity, reproducibility, and overall efficiency.11, 129

One major drawback is the possible co-precipitation

of other contaminants, resulting in low-quality exosome

isolation. Since PEG is a non-ionic polymer that easily

alters the dielectric constant of water and induces

phase separation primarily based on solubility rather

than specific exosome properties, it lacks selectivity,

leading to impure preparations.95 Besides exosomes,

other components, such as some cell fragments,

lipoproteins, immunoglobulins, viral particles, immune

complexes, and other contaminants, are present in

the final exosome pellets precipitated by PEG.26,130

These contaminants can interfere with downstream

applications such as proteomic, lipidomic, and RNA-

based analyses, necessitating additional purification

steps. Therefore, it could be argued that many studies

may have overestimated their EV yield when using

precipitation techniques, as the assessment was

primarily based on total protein content rather than

on EV-specific markers.76 Unlike ultracentrifugation

or immunoaffinity-based methods, which provide

greater selectivity, PEG-based approaches often

require complementary techniques to effectively

distinguish exosomes from other vesicle populations.9,39

Another limitation of PEG precipitation is the potential

retention of residual PEG molecules in the final

exosome preparation.26,129 PEG is a polymer with

high viscosity and strong water-binding properties,

making it difficult to remove completely through

conventional washing steps.86 The presence of residual

PEG can interfere with various biochemical assays,

affect nanoparticle tracking analysis (NTA) measu-

rements, and compromise mass spectrometry-based

proteomic studies. These challenges necessitate both

pre- and post-isolation steps. Pre-isolation focuses on

eliminating subcellular particles like lipoproteins,

while post-isolation involves removing polymeric

residues using a Sephadex G-25 column.26 

The efficiency of PEG precipitation is also influenced

by various factors, including PEG molecular weight,

concentration, sample composition, incubation time,

and incubation temperature.36,87,95 These parameters

must be carefully optimized, as deviations can

significantly affect exosome yield and quality. For

instance, while high PEG concentrations enhance

precipitation efficiency, they may also increase the

co-precipitation of unwanted macromolecules.131,132

Additionally, prolonged incubation times can lead to

exosome aggregation, altering their size distribution
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and potentially affecting their biological activity.33

Such variability poses challenges in achieving consistent

and reproducible results, particularly in comparative

studies or large-scale clinical applications. To address

these limitations, optimization strategies such as

combining PEG-based isolation with other techniques

of exosomal enrichment, refining PEG formulations,

and establishing standardized protocols are necessary. 

7. Efforts for Enhancing PEG 

Precipitation Methods

The limitations of PEG-based exosome precipitation

can be mitigated by integrating it with other exosome

isolation techniques and optimizing the process

through multiple PEG precipitation cycles to enhance

its performance. Although exosomes isolated through

PEG precipitation may contain impurities, their

purity improves significantly when combined with

complementary methods. For instance, coupling

PEG precipitation with UC or SEC has proven to be

an effective strategy for minimizing contaminants,

such as bovine serum albumin (BSA), lipoproteins,

and immunoglobulins that are often found in the

final pellet.9,39 While UC alone efficiently separates

exosomes, it may also introduce unwanted impurities, a

challenge that can be addressed by the stabilizing

effect of PEG, which promotes more stable exosome

aggregates.12 This combination reduces background

contaminants, thereby enhancing the purity and quality

of the isolated exosomes, which is advantageous for

functional, proteomic, and molecular downstream

analyses. Ludwig et al.9 optimized an integrated

strategy combining PEG precipitation with ultracen-

trifugation UC to enhance EV enrichment from cell

culture supernatants. This scalable and reproducible

protocol addresses the limitations of conventional

EV isolation methods by improving yield while

maintaining functional activity. Washing the PEG-

precipitated pellet and performing UC re-precipitation

significantly reduced non-EV contaminants, which

was validated by the calculated ratio of particles per

mg protein. Although a minor percentage of non-EV

molecules may still co-precipitate, PEG-enriched EVs

demonstrated similar therapeutic efficacy to parent

cells in an ischemic stroke model indicating that

these co-purified molecules did not compromise the

functional properties of the isolated EV samples. In

another research, Martínez-Greene et al.39 developed

an integrated workflow combining PEG precipitation

with SEC to enhance EV isolation, addressing

challenges in EV purity and heterogeneity. By

separating EV subtypes based on CD9, CD63, and

CD81 content and elution time, they identified distinct

early- and late-eluting EV fractions with unique

proteomic profiles. Proteomic analysis revealed 286

exclusive proteins in early fractions and 148 proteins

with differential concentrations. This method improved

EV purity and allowed for subtype characterization,

contributing to functional EV studies and standardizing

EV isolation protocols.39 

On the other hand, Park et al.40 emphasized that a

single-cycle PEG precipitation may not be sufficient

for efficient exosome isolation due to the potential

co-precipitation of non-exosomal proteins. To address

this, they developed a multiple-cycle PEG precipitation

strategy, which significantly enhanced the purity of

EV fractions from clinical specimens while minimizing

sample volume requirements. The purity was assessed

using multiple reaction monitoring (MRM) of key

proteins (A2M, THBS1, LGALS3BP, and ALB) and

validated by shotgun proteomics, which revealed

that 89 % of identified proteins were EV-related, as

confirmed by the EVpedia database. This optimized,

scalable method offers higher EV yield, better purity,

and improved efficiency compared to UC, making it

more suitable for proteomics research and clinical

applications.

8. Precipitation-based 

Commercial Kits

To date, various companies have developed a range

of exosome isolation kits utilizing precipitation-based

methods to facilitate the extraction of exosomes from

small biofluid volumes, such as ExoQuickTM preci-

pitation solution (System Biosciences), Total Exosome

isolation kit (TEI, Invitrogen), ExoGAG (Nasasbiotech),
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miRCURY (Exiqon), Exoprep (HansaBioMed),

miRCURY exosome kits (QIAGEN), Exosome

precipitation solutions (Immunostep), and PureExo

Exosome isolation kit (101Bio).7,22,94,95 These kits

typically contain pre-formulated polymeric reagents

designed for selective vesicle precipitation while

minimizing contaminants and significantly simplifying

the workflow by eliminating the need for tedious

reagent preparation and optimizing PEG concentration,

molecular weight, and ionic strength. The kits also

offer standardized protocols that enhance reproducibility,

preserve exosome integrity, and ensure high-quality

yields.22 However, commercial kits provide limited

flexibility in experimental design, and the inherent

variations between batches, brands, and models

contribute to exosome heterogeneity, potentially

affecting experimental consistency and result

reliability.7,15 Despite significant advancements by

biotechnology companies and the widespread

availability of exosome isolation kits, their high cost

remains a major limitation, thereby restricting their

broader applications. Furthermore, studies have

shown that exosomes isolated using PEG-based kits

resulted in reduced cell viability when applied to

tumor cells in functional assays, compared to EVs

isolated via differential ultracentrifugation.133,134 This

suggests that certain chemical component (s) present

in the precipitation reagent, which may co-precipitate

with the exosomes, could exert cytotoxic effects on

cells, potentially confounding the results of functional

analyses. While commercial kits provide convenience,

studies suggest that optimizing the conventional

PEG precipitation protocols, such as adjusting PEG

molecular weight and concentration or incorporating

additional purification steps, can enhance exosome

enrichment efficiency while maintaining greater

cost-effectiveness than commercially available

alternatives.7,15,36,87,99,112,135 For instance, the efficiency

of common exosome isolation methods, including

ultracentrifugation, PEG precipitation (10 % (w/v) of

PEG 8000), and two commercial kits (ExoQuick®

and PureExo®) were evaluated, and the obtained

results highlighted PEG precipitation as the most

cost-effective and feasible isolation method.15 In this

study, exosomes isolated through PEG precipitation

demonstrated the highest total DNA recovery,

highlighting their potential value for downstream

DNA analysis, particularly in studies related to

malignant solid tumors.15 A similar trend was also

observed in Alvarez's study, where PEG-based

precipitation also demonstrated superior performance,

yielding higher quantities of exosomes along with

enhanced recovery of microRNA and mRNA.37 This

method proved to be particularly advantageous for

RNA profiling and downstream proteomic analyses,

especially in settings where ultracentrifugation is

unavailable or when processing large sample volumes.

9. Future Perspectives and 

Considerations

Despite the advancements in optimizing PEG

precipitation methods, several key areas remain for

improvement to enhance the overall quality and

efficiency of exosome isolation. Future advancements

in exosome isolation techniques should aim to enhance

the specificity, reproducibility, and efficiency of

PEG-based methods by exploring novel and cheaper

polymer formulations that might minimize the

unwanted co-isolation of contaminants. By overcoming

these challenges, PEG precipitation can be further

refined to provide a reliable and scalable approach

for exosome research and therapeutic applications.

One promising avenue could be the incorporation of

engineered nanoparticles or affinity ligands that target

exosome-specific surface markers, further enhancing

purity and specificity in the precipitation process.

Additionally, the development of new, more affordable

commercial kits that incorporate optimized protocols

could broaden access to exosome research, making

these technologies more widely accessible. The

combination of automated and high-throughput systems

with improved isolation methods could lead to faster,

more reliable results in clinical and research applications. 

Another important area for future work is the

standardization of protocols across research labs and

clinical facilities. While PEG precipitation offers

significant advantages in terms of cost-effectiveness
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and scalability, the variability in experimental

conditions, including PEG concentration, incubation

time, and temperature, makes it difficult to compare

results across studies. A unified protocol that ensures

consistency and reproducibility across different

laboratories could significantly enhance the reliability

of exosome-related findings. 

10. Conclusion

In the past few years, the secretion of membrane-

enclosed vesicles, such as exosomes, by various cell

types has been identified as a novel mechanism of

intercellular communication. Moreover, exosomes

have become valuable tools for understanding disease

progression and hold great potential for use in

diagnostic applications, thanks to their ability to

preserve molecular markers from released cells.

Therefore, achieving high-yield exosome isolation

has become a key focus for researchers in recent

years. However, researchers face challenges such as

labor-intensive processes, low exosome yields, high

equipment costs, large sample volume requirements,

and lengthy procedures with current exosome isolation

techniques. PEG, recognized by the FDA for its

biosafety, is an excellent precipitation agent for exosome

isolation due to its versatile colloidal properties. PEG

precipitation often offers a cost-effective, efficient,

and scalable method for exosome isolation, making

it a widely used approach in various research and

clinical applications. Its simplicity, minimal equipment

requirements, and compatibility with small sample

volumes contribute to its popularity. Notably, PEG

precipitation is comparable to or even better than

standard or commercial methods and outperforms

other techniques in terms of exosome yield. Moreover,

studies have shown that exosomes coated with PEG

are effectively shielded from mechanical damage

and exhibit enhanced compatibility for subsequent

analyses involving DNA, RNA, and proteins. Therefore,

using PEG for exosome preparation is considered

one of the most effective methods for isolation. 

Despite these attributes, some challenges in the

PEG precipitation method should be addressed. The

non-selective nature of PEG poses limitations, as it

leads to the co-precipitation of unwanted contaminants,

including lipoproteins, immunoglobulins, and cellular

debris. These contaminants not only reduce the purity

of isolated exosomes but also hinder downstream

analyses, such as proteomics, lipidomics, and RNA-

based profiling. However, combining PEG precipitation

with complementary exosome isolation techniques

or using multiple PEG precipitation cycles has shown

promising results in enhancing exosome purity. These

strategies effectively reduce contaminant levels,

improve exosome yield, and ensure the functional

integrity of the isolated vesicles. On the other hand,

optimizing PEG parameters, such as molecular

weight, concentration, and incubation time, is critical

to balancing efficient exosome precipitation with

minimizing the co-precipitation of non-exosomal

proteins and other contaminants. Commercial PEG-

based exosome isolation kits have simplified the

process, offering standardized protocols for researchers;

however, their high cost limited their broader

applications. 

In conclusion, the PEG precipitation method remains

an essential tool in exosome research. By refining

the method through optimization, integration with

other isolation techniques, and addressing the challenges

of purity and contamination, PEG precipitation can

continue to be an efficient method for exosome

isolation. This review article provides a comprehensive

overview of the latest advancements in exosome

isolation using PEG, offering a deeper insight into

PEG-based methods. It also highlights the potential

of PEG precipitation as a highly promising approach

for advancing exosome isolation techniques in both

basic research and clinical applications.
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