
 

ALMA MATER STUDIORUM - UNIVERSITê DI BOLOGNA  

 

 

 

 

SCUOLA DI INGEGNERIA E ARCHITETTURA 

                                 

DICAM - Dipartimento di Ingegneria Civile, Chimica, Ambientale e dei Materiali 

 

 

 

 

Masterôs degree in 

CHEMICAL AND PROCES ENGINEERING 

Sustainable Technology and Biotechnology for Energy and Materials 

 

 

 

 

MASTER THESIS 

in 

Bioreactors and downstream processes 

 

 

 

 

Purification of Extracellular Vesicles with Membrane Processes 

 

 

 

 

 

 

CANDIDATE SUPERVISOR 

Annalisa Puca Prof. Cristiana Boi 

  

 CO-SUPERVISORS 

 Sara Giancaterino 

 Dr. Riccardo Onesti 

 

 
 

 

 

 

 

Academic Year 2023/2024 



 
 

Ϥ н Ϥ 
 

 

 

Abstract 

Extracellular vesicles (EVs) are particles that are naturally released from both eukaryotic and 

prokaryotic cells. They transport a specific cargo, which is surrounded by a lipid bilayer, that can be 

packed and deliver to neighbouring or distant cells. Nowadays, the golden standard for the isolation 

of extracellular vesicles is represented by differential ultracentrifugation (UC), which cannot be 

applied on an industrial scale due to its prolonged duration and the limited volume processable. This 

experimental work focuses on the identification of a scalable process for the purification of EVs from 

different sources by membrane microfiltration and ultrafiltration. 

Two EVs sources were investigated, namely milk whey, representative of an animal origin EVs 

source, and exhausted culture medium of Echinacea purpurea, representative of a plant origin source. 

For each source, different combinations of clarification and purification procedures were tested. For 

the clarification step, centrifugation and cross-flow microfiltration were tested. For the purification 

step, several operating modes of cross-flow microfiltration and ultrafiltration were tested, namely 

concentration and diafiltration. For milk whey only, also dialysis was tested. To ensure a large surface 

to volume ratio and to compare the different process, all filtrations were performed using hollow fiber 

modules, with pore size of 0.15 mm or MWCO of 750 kDa, produced by the same company, namely 

Medica SpA. 

The product from each stage was subjected to qualitative and quantitative analysis, to evaluate the 

efficiency of impurities removal and the yield in terms of recovered EVs, specifically SEC ï HPLC, 

DLS, Zeta potential, BCA and RNA assays. The results of this study demonstrate that membrane-

based processes represent a highly performant and versatile technique for the isolation of EVs, since 

they can be adapted to different feed solutions.  

For exhausted culture medium of Echinacea purpurea, the optimal protocol was found to be the one 

that combined centrifugation and diafiltration (C + DF protocol), that allows for the removal of 

impurities with a 99.73% efficiency, while maintaining an EVs content of 71.46%. In particular, 

tangential flow constant volume diafiltration resulted to be very effective in the removal of small 

impurities with a minimum loss of EVs.  The same protocol resulted very effective also with milk 

whey as starting feed solution, allowing for and impurity removal of 98.79% and a full EVs recovery 

(100%). 

Instead, dialysis was found to be less effective. When coupled with preliminary centrifugation and 

concentration stage, a maximum impurity removal and EVs recovery of 96.16% and 72.88% were 

found, respectively, using a 0.15 micron HF module The results demonstrate that diafiltration is more 

effective than dialysis. In conclusion, this study allowed to define a membrane-based process for the 

isolation of EVs from different sources, both plant and animal, able to provide a final product with a 

higher degree of purity than what can be achieved with ultracentrifugation, with the added advantage 

of being immediately and easily scalable to an industrial scale. 
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1. Introduction 
The International Society for Extracellular Vesicles (ISEV) provides a precise definition of 

extracellular vesicles as follows: 

ñparticles naturally released from the cell that are delimited by a lipid bilayer and cannot replicate, 

i.e. do not contain a functional nucleusò (Thery 2018). 

The discovery of EVs dates back to 1946, when Chargaff and West conducted a study on 

thromboplastin and platelets (Bazzan e Tin¯ 2021). However, at the time, they were only considered 

to be cell debris. A further 25 years elapsed before the terms "intracellular and extracellular vesicles" 

were introduced by Aaronson et al. while investigating O. danica, a flagellated alga (Aaronson 1971). 

Since their discovery, EVs have attracted increasing interest with regard to their biogenesis, isolation 

and potential applications. This is evidenced by Figure 1, which illustrates the rising number of 

publications over time. 

 

Figure 1 Number of publications per year in PubMed from 1946 to 2021 (Bazzan e Tin¯ 2021) 

 

Extracellular vesicles (EVs) can be isolated from a variety of biofluids, including blood, urine, saliva, 

breast milk, bile, and semen, in large numbers, with concentrations exceeding1010 per mL (Edwin 

van der Pol 2012). EVs play a pivotal role in intracellular signalling, waste management, and 

coagulation. The exceptional property of EVs is that they have the ability to package active cargo 

(proteins, nucleic acids, and lipids) and deliver it to another cell, whether neighbouring or distant, and 

alter the recipient cellôs functions with its delivery. Figure 2 illustrates the structure of an exosome. 

The cargo of EVs depends on their source and includes proteins, mRNA, as well as specific bioactive 

compounds. Moreover, the exosome membrane contains surface proteins, lipids, and ligands that 

enhance uptake and facilitate interaction with other cells. 
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Figure 2 Representative structure of exosomes (Precious Akuma 2019) 

 

1.1 EVs biogenesis and classification 
Extracellular vesicles are produced by both eukaryotic and prokaryotic cells. Their classification is 

based on two main criteria: size and route of formation. The three classes are as follows: exosomes, 

shedding microvesicles, and apoptotic bodies (Figure 3). 

 

Exosomes have their origin in the internal folding of the early endosome membrane, which 

subsequently matures into the multivesicular body (MVB). The MVB can either be directed towards 

the lysosomes or merge with the cellôs plasma membrane, resulting in the subsequent release of 

. 
! 

Figure 3 Biogenesis routes of A) Exosomes and microvesicles (Huilin Shao 2018) and B) Apoptotic Bodies (MIKOĞAJ P. ZABOROWSKI 2015) 
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exosomes into the extracellular space. The typical size range of exosomes is 40 to 120 nm. 

Microvesicles are generated through the external constriction of the cell plasma membrane and have 

a diameter ranging from 50 to 1,000 nm. Apoptotic bodies represent the largest category of EVs, with 

dimensions ranging from 500 to 2,000 nm. They originate from the separation of the cellôs plasma 

membrane and cytoskeleton due to an increase in hydrostatic pressure following cell contraction, and 

are released into the extracellular space by dying cells. Table 1 shows the origin and size of the 

different classes.  

 

Table 1 Classification of extracellular vesicles (Samir EL Andaloussi 2013) 

Vesicles type Origin Size (nm) 

Exosomes Endolysosomal pathway; 

intraluminal budding of 

multivesicular bodies and 

fusion of multivesicular body 

with cell membrane 

40 ï 120 

 

 

 

Microvesicles Cell surface; outward budding 

of cell membrane 

50 ï 1,000 

Apoptotic bodies Cell surface; outward blebbing 

of apoptotic cell membrane 

500 ï 2,000 

 

The lack of a defined purification protocol and the existence of numerous biogenesis routes, the exact 

mechanisms of which are not yet fully understood, have led to the use of the terms "exosome" and 

"microvesicle" with the same significance in several studies. As stated by the International Society 

for Extracellular Vesicles (ISEV), ñassigning an EV to a particular biogenesis pathway remains 

extraordinarily difficult unless, e.g. the EV is caught in the act of release by live imaging techniquesò 

(Thery 2018). Therefore, the current challenge is to identify new methods and techniques that can 

distinguish between the different types of EVs. 

 

1.2 EVs biological function 
EVs facilitate intercellular communication by delivering signals through their cargo. They are also 

capable of regulating numerous biological processes, both in normal physiology and pathophysiology. 

In the context of normophysiology, EVs facilitate the improvement and acceleration of native 

developmental processes in immunology, vascular repair, and angiogenesis. Conversely, in the 

context of pathophysiology, EVs contribute to carcinogenesis and cancer metastasis, 

neurodegenerative disorders, and infectious and cardiovascular diseases. The interaction between 

EVs and target cells can occur via ligand-receptor-mediated binding, adhesion, or docking of EVs to 

the target cells (Figure 4). 
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Figure 4 Uptake of extracellular vesicles (Dallas 2019) 

 

Thus, originally, EVs were thought to be a means by which cells could dispose of unwanted material. 

However, their importance in cell-to-cell communication, cell maintenance, tumour progression and 

as biomarkers is now beyond dispute (Figure 5). For instance, exosomes have been demonstrated to 

stimulate immune responses by acting as antigen-presenting vesicles. In the nervous system, they 

facilitate myelin formation, neurite growth, and neuronal survival, thereby contributing to tissue 

repair and regeneration (Xiaoxue Zhou 2020). Additionally, EVs released from tumour cells have 

been demonstrated to influence a range of cellular processes, including apoptosis, growth, the cell 

cycle, migration, invasion and differentiation, which collectively contribute to tumour progression 

(Xinyi Zhang 2021). 
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Figure 5 Extracellular vesicle-mediated transfer of specific cargo molecules (James Jabalee 2018) 

 

The following steps are aimed at gaining insight into the mechanisms underlying the recognition of 

targets by EVs and at identifying specific aspects of this process in order to facilitate the development 

of new EV-based therapies. 
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2. Possible sources of EVs 
Previously, EVs have typically been isolated from body fluids or human cell lines, such as tumour 

cells or stem cells. The sustainability of these sources on a large scale is questionable, given their 

high cost, limited availability, low yield, and the difficulty of optimising them (Sara Giancaterino 

2023). To address these issues, researchers are increasingly exploring the use of EVs derived from 

animal, plant, and bacterial sources, which offer the potential to obtain larger volumes and higher 

yields. 

 

2.1 Plant derived EVs 
In the 1960s, nanometric-sized vesicles were discovered in plants. However, they were neither studied 

in depth nor used until recent decades, when both nano- and microvesicles were obtained from 

different plant species (Eleonora Boccia 2022). It has been demonstrated that plants are capable of 

producing EVs and exosome-like vesicles. These are collectively referred to as plant-derived EVs 

(PDEVs). They are membranous vesicles with a lipid bilayer that contain bioactive molecules, 

including lipids, proteins, small non-coding RNAs and secondary metabolites. 

Three distinct biogenesis pathways have been identified (Figure 6). MVB, exocyst-positive organelle 

(EXPO) and vacuoles. The MVB pathway is analogous to the one observed in animal cells and is 

regarded as the predominant type. In contrast, the EXPO pathway involves the formation of a double-

membrane-bounded EXPO within the cell, which subsequently fuses with the plasma membrane, 

releasing EVs into the extracellular space. Additionally, vacuoles, which contain hydrolases and 

defence proteins, can be released by fusion with the plasma membrane, providing a defence 

mechanism against biological infection when pathogens infect the plants. This is the vacuoles 

pathway (Qiao Jiang 2023).  

 

 

Figure 6 PDEV biogenesis pathways (Jiang 2019) 
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As mammalian extracellular vesicles, PDEVs facilitate intercellular and intraspecies communication. 

However, they also play a pivotal role in plant biology, including regulating cell proliferation, 

differentiation, responding to specific environmental or biological signals, and modifying the cell 

wall (Chun Yang 2023). In a study conducted by Zhao et al., it was demonstrated that PDEVs isolated 

from mature and immature coconut water are responsible for the maturation process through RNA 

sequencing (Zhehao Zhao 2018). Furthermore, PDEVs play a crucial role in defence mechanisms, 

including the silencing of pathogenic genes (Qiang Cai 2018) and the inhibition of fungal growth 

during an invasion (Nielsen 2017).  

PDEVs can be derived from a variety of plant sources, including fresh plant juice, flesh, or roots, as 

well as seeds and dried plant material. With regard to the composition of PDEVs, the following 

information is provided (Meredith Qikai Lian 2022): 

π Three groups of lipids have been identified as playing a critical role in maintaining the 
stability, uptake, and other biological functions of cells: phosphatidic acid, 

phosphatidylethanolamine, and phosphatidylcholine 

π The most abundant proteins are shock proteins and aquaporins, which play an integral role in 

plant physiology. They facilitate the uptake of other PDEVs and maintain membrane stability 

π The nucleic acids are subdivided into mRNA, miRNA and sRNA, in which mRNA and non-

coding miRNA can regulate the levels of RNA and protein in recipient cells, thereby affecting 

cell morphology and function. In contrast, sRNA might serve a role in intercellular 

communication within plant EVs, providing a vital link in cellular interactions 

π The principal secondary metabolites are nitrogenous metabolites (alkaloids and glucosides), 

non-nitrogenous metabolites (phenolic acids, coumarins, indole, flavonoid tannins and lignin) 

and terpenoids (plant volatiles, cardiac glycosides, carotenoids, and sterols). These 

metabolites support the plantôs resilience and can be utilised in the pharmaceutical and 

cosmetic fields. 

It is evident that animal and plant EVs differ not only in size, but also in composition, as evidenced 

by the data presented in Table 2: 
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Table 2 Main differences between animal and plant EVs (Yuchen Wang 2022) 

Source Size (nm) Proteins Lipids Nucleic Acids 

Animal 

exosome 
30  150 

Target fusion 

protein 

Heat shock 

protein 

Membrane 

transporter 

ALIX, TSG101, 

CD9, CD63 

Cholesterol 

Sphingomyelin 

Glycosphingolipid 

Ceramides 

mRNA 

miRNAs 

IncRNAs 

Plant derived 

EVs 
50  1000 

Actin 

Proteolytic 

enzyme 

Aquaporin 

Reticulin heavy 

chain 

Heat shock 

proteins 

Digalactosyldiacylglycerol 

(DGDG) 

Phosphatidylglycomanine 

(PE) 

Phosphatidylcholine (PC) 

Phosphatidic acid (PA) 

mRNA 

miRNAs 

sRNA 

 

The cargo of PDEVs is distinctive in that it is contingent upon the plant or fruit source, thereby 

conferring the cargo with inherent natural therapeutic properties. For instance, microRNAs (miRNAs) 

can regulate gene expression by binding to and inhibiting the translation function or cleavage of target 

messenger RNAs (mRNAs). PDEVs contain and deliver active miRNAs from dietary sources and are 

capable of surviving in the digestive tract. Additionally, they are capable of traversing the body to 

reach distant regions, where they regulate the expression of human genes (Faisal A. Alzahrani 2023). 

 

2.2 Bovine milk derived EVs 
Milk is a complex matrix comprising a multitude of biological compounds, including lipids, proteins, 

amino acids, vitamins, minerals, immunoglobulins, hormones, and others (Table 3). The effects of 

these compounds on the bovine host can be beneficial or detrimental, contingent on the feeding 

regime (Anna Haug 2007). Furthermore, the composition of milk can vary depending on the stage of 

lactation, age, breed and health status of the animal from which it is derived. 

 

Table 3 General composition of bovine milk (Debashree Roy 2020) 

Properties Concentration (g/ 100 mL) 

Total solids 11.8 ï 13.0 

Protein 3.0 ï 3.9 

Fat 3.3 ï 5.4 

Lactose 4.4 ï 5.6 

Ash 0.7 ï 0.8 

Oligosaccharides 0.003 ï 0.006 

 

The protein component constitutes the 3.6% of the total, which is then subdivided into casein (80%) 

and whey proteins (20%). Whey proteins can be employed in the production of infant foods, 
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nutritional products for athletes and also clinical supplements (Prakash 2017). Table 4 presents the 

protein profile of milk whey. 

 

Table 4 Protein profile of whey (Ana R. Madureira 2007) 

Protein Concentration (g/L) 

b ï Lactoglobulin 1.3 

a ï Lactalbumin 1.2 

Bovine Serum Albumin (BSA) 0.4 

Immunoglobulins (A, M and C) 0.7 

Lactoferrin 0.1 

Lactoperoxidase 0.03 

Glycomacropetide 1.2 

 

In addition to proteins, whey also comprises lactose, salts and ash.  

In recent decades, EVs have been the subject of extensive research and analysis, not only in human 

milk but also in the context of diverse dairy products, including those derived from cattle and other 

animals. As previously outlined, these milk-derived EVs are nanosized vesicles that perform 

biological and regulatory functions. When communicating with other molecules or targets, they are 

capable of delivering their internal cargo. This enables them to regulate gene expression and, 

consequently, cellular processes (Marije Kleinjan 2021). The origin of milk-derived EVs is diverse, 

encompassing various cell types within the glandular mammary system, including epithelial cells, 

immune cells, and mammary stem cells. Despite their diverse cellular origins, these EVs play a 

pivotal role in communication between the breastfeeding mother and her newborn, as well as in cross-

species communication due to milk consumption in adulthood. 

Milk-derived EVs can be obtained from both raw and commercial bovine milk. However, in the latter 

case, the cargo does not only depend on the source of EVs, but also on the industrial process that can 

affect the milk matrix. The aforementioned industrial routes may include pasteurisation, ultra-high 

temperature pasteurization and homogenisation, which have the potential to alter the integrity of EVs 

(Maria S. Hansen 2021). The principal components of the bovine milk EVs cargo are presented in 

Table 5: 

 

Table 5 Cargo of bovine milk - derived EVs (Kristine Blans 2017) (Timothy A. Reinhardt 2011) 

Source Size (nm) Proteins Lipids Nucleic Acids 

Bovine milk 

exosome 
30  150 

Butyrophilin 

Xanthine oxidase 
Lactadherin 

Adipophilin 

Perilipin-2 

Phosphatidylethanolamine 

Phosphatidylserine 

Phosphatidylcholine 

Sphingomyelin 

mRNA 

miRNA 

 

As previously stated, bovine milk represents a complex matrix for the isolation of EVs, given its high 

concentration of contaminants, including proteins, sugars, and fat. For this reason, an alternative 

source could be milk whey. Firstly, whey is a by-product of cheese manufacturing, which means that 
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it is widely available for industrial-scale production of EVs. The isolation of milk-derived EVs 

typically involves three main steps: milk defatting by centrifugation, casein depletion by 

precipitation, and EVs enrichment. If the starting material is whey instead of whole milk, the isolation 

process is faster and more straightforward due to the absence of fat and casein, which are already 

removed during cheese production. Furthermore, the reduction of clarification steps eliminates the 

potential for EVs loss or depletion that can occur during centrifugation and/or precipitation. 

 

2.3 Biological properties and applications 
It is widely recognized that plant foods, such as fruit and vegetables, provide numerous benefits to 

human health by supplying essential nutrients like proteins, carbohydrates, vitamins and fibre. 

Therefore, it is not surprising that in recent decades, numerous studies have been conducted on the 

use of PDEVs in several fields, such as nanomedicine, nutraceuticals and drug delivery, in order to 

exploit their intrinsic capabilities (Figure 7). 

 

Figure 7 Beneficial effects of plant-derived EVs on human health (Mariantonia Logozzi 2022) 

 

For example, grape, grapefruit and ginger-derived EVs contribute to the maintenance of intestinal 

tissue homeostasis and repair mechanisms in animal models (alleviating inflammation) (Songwen Ju 

2013). Citrus-derived EVs have demonstrated antineoplastic effects by inhibiting cancer cell 

proliferation (Stefania Raimondo 2015).  

With regard to PDEVs, bovine milk-derived EVs also have a multitude of applications, which can 

extend from the enhancement of intestinal health to anticancer properties, as illustrated in Figure 8. 
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Figure 8 Beneficial effects of milk EVs on human health (Mahsa Salehi 2024) 

 

Anti ï inflammatory properties 

Inflammatory bowel disease (IBDs), including Crohnôs disease, are chronic inflammatory conditions 

for which PDEVs have been studied as an alternative to existing medication. The necessity for further 

research into potential substitute treatments arose due to the significant adverse effects, including 

allergic reactions, nausea, elevated liver tests and pancreatitis, and the necessity for high-dose 

administration of the current treatments. Previous studies have indicated that ginger-derived 

extracellular vesicles exhibit anti-inflammatory and anti-cancer properties. Mingzhen Zang et al. 

evaluated the potential of using ginger-derived EVs for the treatment of both IBDs and colitis-

associated cancer (Mingzhen Zhang 2016). In particular, 6-gingerol and 6-shogaol, which have been 

demonstrated to possess anti-inflammatory and anti-cancer properties, have been shown to be capable 

of acting on the inflamed intestinal mucosa by blocking damaging agents and promoting healing.  

Similarly, grape-derived EVs have been linked to anti-inflammatory activity. In this study, an in vivo 

investigation was conducted whereby a group of mice was administered grape EVs once a day, while 

the control group was fed with PBS. The findings revealed that the mice in the first group not only 

exhibited protection against colitis induced by dextran sulphate sodium (DSS), but also demonstrated 

an improvement in mortality rates. Indeed, grape-derived EVs are capable of traversing the intestinal 

barrier and being taken up by intestinal stem cells, thereby stimulating their cell proliferation and 

self-renewal (Nader Kameli 2021). 

As previously stated, milk-derived EVs are capable of resisting the harsh conditions of the intestinal 

tract, thereby improving its health. Wang et al. evaluated the intestinal protection afforded by the 

increase in cell viability when exposed to an oxidative stress inducer (H O ) following treatment with 

MEVs. Indeed, milk EVs have been demonstrated to enhance the activity of antioxidant enzymes, 

including superoxide dismutase and glutathione peroxidase, thereby reducing the levels of ROS 

(reactive oxidative species) (Lanfang Wang 2020). 

MEVs may also be employed in the treatment of inflammatory intestinal diseases, such as necrotizing 

enterocolitis (NEC) and intestinal bowel disease (IBD), where the affected structures are the intestinal 

tight junctions and the mucosa layers. In the study conducted by Li et al., milk EVs have been 
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demonstrated to be efficacious in the treatment of NEC, by improving goblet cell expression and 

mucin production, which are responsible for the formation of mucosa layers (Bo LiI 2019).  

 

Anti ï tumour activities 

The primary field of research investigating the application of plant extracellular vesicles is the anti-

tumour area. A number of studies have been conducted over the years utilising a variety of EV 

sources, including those derived from citrus lemon and ginger. In one such study, extracellular 

vesicles derived from citrus lemon have been employed against human lung carcinoma and chronic 

myeloid leukaemia. In both cases, PDEVs were taken up by the cell lines, resulting in a subsequent 

inhibition of tumour growth and viability (Stefania Raimondo 2015).  

Kim et al. explored the potential of PDEVs for the treatment of breast and skin cancers. Their findings 

demonstrated that EVs derived from Dendropanax morbifera and Pinus densiflora were most 

effective against breast cancer, while those derived from Pinus densiflora were most effective against 

skin cancer. Notably, these EVs exhibited selective targeting of malignant cells in both cases (Kimin 

Kim 2020).  

Neuroblastoma is the most prevalent tumour in infants, with a relatively low survival rate in cases of 

high-risk NBL. In a study conducted by Fonseka et al., it was demonstrated that bovine MEVs possess 

the capacity to reduce the proliferation of NBL cells once internalised. It is noteworthy that the 

combination of bovine milk EVs with doxorubicin, a common chemotherapeutic drug, has been 

observed to significantly enhance the death rate of NBL cells (Pamali Fonseka 2021).  

Furthermore, milk-derived EVs have been demonstrated to inhibit the proliferation of diverse cancer 

cells by promoting their apoptosis, either orally or via injection. The study conducted by Samuel et 

al. indicated a reduction in the primary tumour burden of colorectal and breast cancer. However, this 

was accompanied by an acceleration of metastasis formation through epithelial-to-mesenchymal 

transition (EMT) in tumour cells. The resection of the primary tumour reversed this side effect, 

indicating that the use of MEVs for tumour treatment could be beneficial in patients with metastatic 

cancer who have already undergone surgery for the removal of the primary tumour (Qiao Jiang 2023). 

 

Drug delivery system 

An emerging research field is focused on the use of PDEVs as a drug delivery system. With regard to 

inorganic particles utilized as DDS, plant-derived EVs exhibit low immunogenicity, biodegradability, 

low toxicity, and robust cargo protection. However, their most notable attribute may be their capacity 

to traverse the blood-brain barrier (BBB). Cai et al. demonstrated that EVs extracted from Momordica 

charantia are able to cross the blood-brain barrier (BBB), thereby reducing infarct size and improving 

neurological deficits in rats subjected to middle cerebral artery occlusion (Heng Cai 2022).  

Additionally, grapefruit EVs are capable of delivering methotrexate (MTX), a common anti-

inflammatory drug, and chemotherapeutic drugs, such as doxorubicin, thereby enhancing their effects 

and preventing the induction of cytotoxic responses (Nader Kameli 2021).  

Another noteworthy attribute of PDEVs is their inability to traverse the placental barrier, in contrast 

to the BBB. This phenomenon was elucidated in a study conducted by Wang et al., wherein grapefruit-
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derived EVs were administered to pregnant mice without any adverse effects on the pregnancy 

(Qilong Wang 2015).  

Milk-derived EVs are capable of resisting and consequently protecting their cargo in the digestive 

tract, rendering them suitable for oral administration. In addition to their capacity to convey their 

cargo, specifically RNAs, EVs can be employed to transport drugs, including anti-cancer agents, into 

the human body to deliver them to specific targets (Masaharu Somiya 2018) (Daye Mun 2022).  

 

3. State-of-the art on EVs purification 
The separation and purification step is a crucial aspect for the production of EVs, as the starting 

biological samples often contain cellular debris and interfering components such as lipoproteins, 

protein complexes and aggregates (Ramirez 2018). Due to the biophysical similarities between these 

contaminants and EVs, an inefficient isolation process may result in the former being mistaken for 

the latter during common characterisation analysis. Given the heterogeneous nature of EVs in terms 

of size, origin and composition, there is a plethora of isolation methods available. Each method has 

its own yield, purity and the choice of the most suitable necessitates a careful consideration of the 

pros and cons, based on the intended final application of the EVs. Indeed, the choice of isolation 

method will inevitably have an impact on the subsequent downstream processes. The isolation 

techniques are classified into distinct categories based on their underlying principles, as illustrated in 

Figure 9. 

 

Figure 9 The principles used for EVs isolation, methods of isolation, and possible areas of their application (Maria Yu. Konoshenko 

2018) 
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The gold standard protocol for the isolation of EVs is differential centrifugation, which involves a 

series of centrifugation and ultracentrifugation steps. Nevertheless, alternative techniques have been 

devised to overcome the limitations of ultracentrifugation, size exclusion chromatography (SEC) 

above all. Furthermore, there has been a rise in the popularity of both affinity-based techniques and 

filter-based techniques, which have gained attraction from 2014 onwards. Additionally, new 

techniques such as flow field-flow fractionation, ion-exchange and electrophoresis have emerged in 

2016 as reported in Figure 10.  

 

Figure 10 Modern EV isolation, separation, and fractionation techniques based on the number of published articles per year (azs of 

September 2020) (Thanaporn Liangsupree 2021) 

 

Recently, other alternative techniques have been introduced, such as antibody-coated magnetic beads, 

microfluidic devices and precipitation technologies (ExoQuickÊ). However, these methods are 

unable to exclusively isolate exosomes, resulting in a complex mixture of EVs and other components 

of the extracellular space. This is due to the complexity of biological fluids from which exosomes are 

being isolated, the significant overlap in the physiochemical and biochemical properties between 

exosomes and different EVs, and the considerable heterogeneity among exosomes themselves. 

Therefore, the challenge remains to develop isolation techniques that can differentiate the different 

types of EVs in the extracellular matrix and do so rapidly, efficiently, reproducibly, and in a clinically 

friendly manner. 

 

3.1 Techniques based on size and buoyant density 

3.1.1 Differential Ultracentrifugation (UC) 

The gold standard for extracellular vesicle (EV) purification is considered to be differential 

ultracentrifugation (UC), which relies on the differences in density and size of the particles. Although 

several protocols are available, the general procedure typically comprises multiple steps. Initially, a 
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low-speed centrifugation is performed to eliminate dead cells and bulky apoptotic debris. This is 

followed by higher spins, aimed at eliminating larger vesicles and debris. Finally, ultracentrifugation 

is employed to sediment EVs. An example of protocol is as follows (Figure 11): 

π Centrifugation at 300 g for 10 minutes Ą to remove cells 

π Centrifugation at 2000 g for 10 minutes Ą to remove dead cells 

π Centrifugation at 10 000 g for 10 minutes Ą to remove large cell debris 

π Ultracentrifugation at 100 000 g for 90 minutes Ą to pellet EVs 

π Resuspension of EVs and repetition of step 4 Ą to remove contaminating extracellular 

proteins 

 

 

Figure 11 Schematic representation of differential ultracentrifugation-based exosome isolation (Dongbin Yang 2020) 

 

Following each centrifugation, the supernatant is transferred to a new test tube, while the generated 

pellets are discarded. During the ultracentrifuge step, the pellet is made of EVs and is therefore 

retained, while the supernatant is discharged. Two additional stages in EV purification (washing and 

microfiltration, using filters with pore diameters of 0.1, 0.22 and 0.45 Õm) can be included. In some 

cases, they are necessary for further downstream studies. These additional steps increase the purity 

but cause a loss of the final product recovered (Jonathan M. Street 2017). The pellet can be cleaned 

with a large volume of PBS during washing and then centrifuged once more at 100,000 g. However, 

this approach is lengthy (lasting approximately four to five hours to treat less than 500 mL) and results 

in a relatively low recovery of EVs. The aforementioned protocol is designed to purify exosomes, 

specifically to isolate microvesicles, and a rotor speed of 10,000ï20,000 g is sufficient for this 

purpose. In contrast, for apoptotic bodies, a rotor speed of 2,000 g is recommended.  

When weighing up the advantages and disadvantages, it becomes evident that differential 

ultracentrifugation is a time-consuming and labour-intensive process, requiring large volumes of 

sample (100s of mL) and making it challenging to process multiple samples in a short period of time. 

However, it does not necessitate advanced technical expertise, sample preparation or significant 

financial investment, as only one ultracentrifuge is required for long-term use. The primary 

disadvantage is the low recovery efficiency of EVs (5ï25%) and the low purity (Rebecca E. Lane 

2015). 

In order to enhance the recovery efficiency, four principal variables can be manipulated in accordance 

with the specific fluid in question. These include the clearing factor (k-factor) of the rotor, the type 

of rotor, the viscosity, and the processing time (Mikhail A. Livshits 2015), (Fatemeh Momen-Heravia 
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2013), (Maria Yu. Konoshenko 2018). The k-factor is a scale of the time taken for a particle to 

sediment through a particular medium. It is determined by the maximum angular velocity (w) and the 

minimum and maximum radius of the rotor. The k-factor can be employed to determine the requisite 

time (in hours) for the sedimentation of EVs utilising distinct rotors: 

ὸ  
 
                                            (3.1) 

where s is the sedimentation coefficient (measured in Svedbergs). The rotor with the lowest clearing 

factor is the most efficient, since it operates at high speed and has a short sedimentation path length. 

Two types of rotors (Figure 12) are typically employed, which are the swinging bucket (SW) and the 

fixed angle (FA):    

 

 

Figure 12 Swinging-bucket and fixed-angle rotor types 

 

The swinging-bucket apparatus exhibits a change in position between the resting and spinning phases, 

resulting in a longer sedimentation path length compared to the fixed-angle rotor, which maintains a 

constant angle throughout the process. In order to select the appropriate rotor type, it is essential to 

ascertain the sedimentation coefficient in advance. The SW rotor is recommended when the particles 

exhibit comparable sedimentation coefficients, whereas the FA rotor is the optimal choice when this 

is not the case. Another parameter that can be adjusted to enhance the efficiency of ultracentrifugation 

is viscosity. Biofluids with a higher viscosity, such as plasma, exhibit a lower sedimentation 

efficiency. Consequently, these fluids should be diluted prior to centrifugation. Finally, the exosomal 

yield can be increased by utilising a longer centrifugation time, which should not exceed four hours 

to prevent mechanical damage to EVs. 

 

3.1.2 Density Gradient Ultracentrifugation (DG UC) 

It is possible that EVs may co-precipitate with protein aggregates, apoptotic bodies or nucleosomal 

fragments during the course of UC. To address this issue, a variant of UC is employed, namely density 

gradient ultracentrifugation (Figure 13), which enables the separation of EVs based on their density. 

Two methods may be employed to create the gradient: a continuous density gradient, which is formed 
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either during centrifugation or in advance; and a stepwise gradient, in which the density increases in 

discrete increments. 

 

Figure 13 Density gradient ultracentrifugation 

 

A typical protocol is the following (Figure 14): 

π Layers of biocompatible medium with varying densities (should cover the range of particles 
densities in the sample) is placed into a tube (from higher to lower densities starting from the 

bottom) 

π The sample is added on top of the medium 

π Extended centrifugation for prolonged period (100 000 g for 16 h) 

π Collection of 1 mL of gradient fractions and ultracentrifuge (100 000 g for 1 h) 

π Resuspension of pellet in PBS 

π EVs fractions are collected based on their densities, that ranges between 1.13 ï 1.19 g/mL 

Once the process is complete, each extracellular component reaches a static position (isopycnic 

position) in a layer of the same density. Protein aggregates concentrate at the bottom of the tube, while 

exosomes remain in the layer of medium between 1.13 and 1.19 g/mL. 
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Figure 14 General scheme of density gradient centrifugation (Reshma Bano 2021) 

 

The two principal media employed in this type of purification process are sucrose and iodixanol 

(OptiPrepÊ). The OptiPrepÊ solution, comprising 60% (wt/vol) iodixanol in water with a density 

of 1.32 g/mL, is manufactured by Axis ï Shield (UK) and is employed for the separation of EVs from 

HIV virions (Kateena Addae Konadu 2016). Furthermore, in contrast to sucrose, iodixanol is able to 

form iso-osmotic solutions at all densities, thereby ensuring the optimal preservation of vesicle size 

within the gradient.  

Despite the ability of DG UC to separate EVs from contaminants and viruses, it lacks the capacity to 

discriminate between extracellular vesicles with similar buoyant density (but different size) and 

exosomes. To address this limitation, rate zonal centrifugation (also known as moving-zone DG) can 

be employed as a combined size and density-based separation technique (Figure15). 

 

 

Figure 15 (A) Isopycnic density-gradient ultracentrifugation and (B) the moving-zone gradient ultracentrifugation (Dongbin Yang 

2020) 

 

In general, the UG UC allows for the production of the EV fraction with a higher degree of purity 

than that achievable through simple UC. However, this process requires not only expensive 

equipment but also highly trained technicians, and it is complex, laborious, and time-consuming. 
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3.1.3 Size ï exclusion Chromatography (SEC) 

The working principle of size-exclusion chromatography (also known as gel filtration) is the 

separation of particles based on their hydrodynamic radius by transporting the starting sample through 

a column filled with the stationary phase (porous material, such as polymer- or silica-based), with or 

without coupling to a pump for elution. As the sample passes through the column, smaller molecules 

are able to penetrate the pores of the stationary phase, while larger molecules are unable to do so. In 

this manner, the latter substances, such as EVs, elute immediately following the void volume of the 

column, whereas the former substances elute at a later point in time, for example, proteins (Figure16). 

 

Figure 16 Illustrative description of separation in SEC (Reshma Bano 2021) 

 

The resins typically employed for the purification of EVs are cross-linked agarose beads, which are 

commercially available under the names SepharoseÈ (CL-2B and CL-4B) and SephacrylÈ S-400. 

Each of these three columns is flexible and can be easily scaled-up. The main difference between 

them is in the size exclusion limit, which is 42 nm for the CL-4B (better for separating EVs from 

proteins such as albumin) and 75 nm for the CL-2B. Furthermore, the selection of an appropriate gel 

type is of paramount importance for the recovery of EVs, rather than proteins or lipoproteins. It may 

also permit the separation of EV subpopulations. 

The SEC method is regarded as being more advantageous than UC in numerous ways. It is more 

straightforward and faster, particularly when utilising commercial kits. It also preserves the integrity, 

biological activity and initial abundance of EVs, removes the majority of high-density lipoproteins, 

albumin and relatively small proteins, and is more effective at removing contaminants. Consequently, 

gel chromatography represents an efficient, rapid, and almost loss-free method with high 

reproducibility, thereby enabling the isolation of EVs. Furthermore, chromatography is readily 

scalable. An increase in the length of columns enhances the peak resolution for particles with similar 

sizes, while an increase in the column diameter allows for the analysis of more concentrated samples 

with a larger volume. This is due to the fact that the resolution of close zones is proportional to the 

square root of the column length. Among the disadvantages are the self-packing, which can diminish 

the reliability of the method, the limited sample volume (which should not exceed 1/20 to 1/15 of the 

column volume), which affects the separation efficiency, the high cost of chromatographic sorbents, 

the dilution of the final exosomal fraction, and, most importantly, the co-isolation of EVs and other 

lipoproteins (such as chylomicrons, VLDL, VLDL, and LDL). 
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In multiple studies SEC is combined with other techniques to improve EV purity. For example, to 

overcome the co-isolation of EVs and lipoproteins SEC can be coupled with anion exchange 

chromatography (A. J.-Y. Jan Van Deun 2020), to concentrate the final product can be associated with 

ultrafiltration and to increase purity can be coupled with both UC and UF (K. Brennan 2020).  

 

3.1.4 Membrane-based process 

Filtration represents a further type of separation technique, employed for both purification and 

concentration. The process is based on the utilisation of a membrane with a distinct molecular weight 

cut-off (MWCO): particles exceeding the MWCO are retained (retentate), while smaller particles pass 

through the filter pores (filtrate). The differentiation between microfiltration (MF) and ultrafiltration 

(UF) is dependent on the size of the membrane pores. MF utilises pores with diameters of 0.8, 0.45, 

0.22 and 0.1 Õm, whereas UF employs a MWCO of 10ï600 kDa. The membranes are frequently 

composed of cellulose, polyethersulfone, or hydrosart. The driving force of this method may be either 

centrifugation, pressure, or vacuum. A typical MF/UF protocol is as follows: 

π Larger particles are removed with MF membranes 

π Particles smaller than EVs are eliminated thanks to filter with pore diameters of 0.22 mm, 0.1 

mm or MWCO of 600 kDa, 500 kDa and 100 kDa 

π Concentration of EVs fraction 

Both microfiltration and ultrafiltration are conducted in a dead-end mode, for which the main problem 

is membrane clogging: during the filtration process, particles may become trapped within the filter 

pores, resulting in a reduction in permeate flow, an extension of processing time, and an increase in 

contaminant concentration (Figure 17). 

 

 

Figure 17 Dead-end filtration 

 

Although this issue can be partially mitigated by initiating the process with a larger MWCO and 

subsequently transitioning to a smaller one, it can not be eliminated. For this reason, it is preferable 

to utilise a different configuration, namely cross-flow or tangential-flow filtration (Figure 18). In 

tangential flow filtration (TFF), the sample flow is directed tangentially to the membrane surface. 

Molecules smaller than the molecular weight cut-off (MWCO) are permitted to pass through the 

membrane and are discarded, while molecules larger than the MWCO, such as extracellular vesicles, 

are retained, recirculated and concentrated. 
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Tangential flow filtration can be employed to perform constant volume diafiltration, by introducing 

a fresh buffer to the feed tank at the same rate at which the permeate exits the membrane, while the 

retentate is recirculated. This method maintains a feed constant volume. The process is carried out for 

a number of diafiltration volumes (DV), which corresponds to the amount of fresh buffer added being 

equal to the initial volume of the solution to be treated. 

 

 

Figure 18 Cross flow filtration 

 

TFF allows for a higher yield in comparison to UC (Sara Busatto 2018) and the final EVs solution is 

less diluted compared to the one obtained through SEC (Ryan P. McNamara 2018). Ultrafiltration is 

a considerably faster, simpler, and less laborious method that does not require any expensive 

equipment. However, there are still many limitations, including the potential deformation and lysis 

of particles (due to high shear force), contamination of isolated EVs, loss of EVs in the pores and 

restricted options due to predefined membrane pore sizes.  

Another membrane-based process is dialysis. Unlike diafiltration, the driving force of the process is 

the difference in concentration between the solution to be treated and the dialysate. In order to achieve 

a purely diffusive transport, it is of the utmost importance to avoid a pressure difference between the 

two side of the membrane, as this would result in the transport of impurities being of a convective 

nature. 

 

3.2 Techniques based on solubility 
The original application of PEG precipitation was to eliminate viruses; however, it has since become 

a well-established isolation technique for EVs. The addition of a water-excluding polymer, such as 

polyethylene glycol (PEG) with an average molecular weight of 10 kDa, to the sample allows for an 

increase in the quantity of hydrophobic interactions with EVs and between EVs. This results in the 

pelletising of EVs following incubation (at 4ÁC for approximately 12 hours) and low-speed 

centrifugation. Typically, EVs of 60ï180 nm can be obtained. A number of kits are commercially 

available, including the Total Exosome Isolation Kit (Invitrogen), ExoQuickÊ (System Biosciences), 

miRCURRY (QIAGEN), Exoprep (HansaBioMed), and the Total exosome isolation reagent (Thermo 

Fisher Scientific). Additionally, commercial kits are available that combine the precipitation principle 

with other methods, such as SEC, EXO-spin (CELL guidance systems). 

Precipitation techniques are relatively rapid, inexpensive, user-friendly, and can be employed in a 

physiological pH range with varying starting volumes (from 100 ÕL up to several mL). 

Notwithstanding the aforementioned advantages, the principal disadvantages of this method are co-

precipitation and PEG contamination (Figure 19). With regard to the former, PEG not only reduces 
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the solubility of EVs, but also of different non-EV materials (such as protein aggregates, polymeric 

materials, other vesicles, or lipoparticles) (P. M. Jan Van Deun 2014). With regard to the latter, it is 

quite problematic to separate PEG from the pelleted EVs, and the viability of EVs could also be 

affected (Janine Stam 2021). Consequently, it is essential to implement some form of sample 

pretreatment, such as filtration and/or ultracentrifugation, prior to utilising this method to minimise 

the contamination of the final exosomal preparation. With regard to the purity of EVs, there is 

considerable disagreement among researchers. In some cases, PEG precipitation has been reported to 

result in higher purity, but these findings may be distorted by the co-precipitation process. In a 

separate study (Mark A. Rider 2016), three distinct methodologies were evaluated 

(ultracentrifugation, ExtraPEG, and commercially available kits). Modified polymer co-precipitation 

was identified as the most effective technique, offering the optimal balance between efficacy and 

cost-effectiveness. 

 

 

Figure 19 PEG precipitation (Zheng Zhao 2021) 

 

3.3 Techniques based on charge 
Purification based on ion-exchange techniques, exploits the net negative charge found on the EV 

surface to bind the particles to a positively charged matrix. The bound EVs can then be eluted by 

introducing a high salt concentration, thereby increasing the ionic strength of the mobile phase. As 

evidenced by the zeta potential, EVs exhibit a negative charge, with values ranging from -10 to -50 

mV. A comparative study (Nikki Heath 2018) demonstrated the potential for the AIEC method to be 

employed with a monolithic column (resin comprising quaternary amine functionality) for the 

isolation of EVs. The AIEC method is faster than UC (3 h for 1 L) and achieves higher purity than 

TFF. This technique can be employed independently, by optimising separation and elution conditions, 

or in conjunction with other isolation methods to remove viral contaminants and other proteins. 

However, its use is constrained by the inability to treat biological samples that present molecules with 

disparate charges. 
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3.4 Summary table 
A summary of the different techniques discussed above, with the respective advantages and 

disadvantages, is provided in Table 6. 

 

Table 6 Summary table of separation techniques 

Separation Method Working 

Principles 

Advantages Disadvantages 

Differential 

Ultracentrifugation 

Sedimentation 

of particles due 

to the different 

size and density 

upon applying 

g-force 

π Little technical 
expertise 

π No 
pretreatment 

π Affordability 
over time 

π Time consuming 

π Labor intensive 

π Large starting volume 

π Low efficiency 

π Low purity 

Density Gradient 

Ultracentrifugation 

Sedimentation 

of particles due 

to the different 

density 

π Higher purity 

respect to UC 

π Time consuming 

π Expensive equipment 

π Trained technicians 

π laborious 

Size-Exclusion 

Chromatography 

Separation of 

particles based 

on their 

hydrodynamic 

radius 

π Easier 

π Faster 

π Preserve 
integrity and 

biological 

activity 

π High efficiency 

π Self ï packing 

π Limited volume 
sample 

π High cost of sorbents 

π Co ï isolation 

π Dilution of EVs 
fraction 

Membrane-based 

process 

Separation 

obtained by 

using 

membrane with 

different 

MWCO and by 

applying a 

driving force 

π Higher yield 

π Less dilution 

π Faster 

π Simpler 

π Less laborious 

π No expensive 
equipment 

π Possible deformation 
and lysis 

π Contamination 

π Loss of EVs 

π Only defined MWCO 
available 

π Clogging 

Polymeric 

Precipitation 

Separation 

obtained 

through the 

addition of a 

water excluding 

polymer 

π Relative quick 

π Cheap 

π User ï friendly 

π Co ï isolation 

π PEG contamination 

Anion-Exchange 

Chromatography 

Separation 

obtained by 

exploiting the 

net negative 

charge of EVs 

π Scalability 

π Time saving 

π Higher purity 
tant TFF 

π Co ï isolation 

π Concentration may be 
required 
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4. Materials and methods 
The objective of the experimental study was to identify an alternative protocol with respect to the 

commonly used differential ultracentrifugation for the recovery and purification of extracellular 

vesicles from different sources. The crucial aspect is the utilisation of a membrane-based process, 

which is both time-efficient and readily scalable in comparison to ultracentrifugation. 

The procedures under examination can be broadly classified into three principal stages, which are: 

р Clarification, usually a centrifugation at 5,000 rpm, that allows to eliminate the larger 

contaminants of the sample, that can be followed by a microfiltration 

р Purification, performed by diafiltration or dialysis for the removal of contaminants (mainly 

proteins) 

р Concentration, which is performed in concentration mode with the same hollow fiber module 

used for the purification step, that allows to increase the concentration of vesicles in the 

sample 

The results obtained in terms of impurity removal, EVs content and protein concentration were 

compared for the two different sources of EVs, plant and animal, and with the results of the 

ultracentrifugation procedure. 

The following sections describe the principal materials, techniques and instruments employed, with 

a particular focus on the hollow fibre module and the FPLC system utilised for diafiltration, the HPLC 

employed for size exclusion chromatography and other analytical techniques, including the BCA 

assay, the RNA assay and the Dynamic Light Scattering (DLS) technique. Going forward, the 

following nomenclature will be used: 

р C=centrifuge 

р MF=microfiltration in concentration mode 

р DF=constant volume diafiltration 

р D=dialysis 

 

4.1 Materials 

4.1.1 EVs sources 

The plant culture broth of Echinacea purpurea, used as a plant EVs source, was provided by Aethera 

Biotech, a biotechnology company based in Camisano Vicentino (Italy). The biotech facility selects 

the mother plant from which the culture is derived. The plant is initially cultivated on a solid medium, 

and subsequently in a liquid one. Ultimately, the process is scaled up in a bioreactor, from which the 

cells are obtained by filtering the exhausted broth through a 150 nm filter. All of the aforementioned 

phases are conducted in accordance with the CROPÈ (Controlled Release of Optimized Plants) 

protocol. The exhausted broth is processed for EV purification the following day from its production, 

or, alternatively, aliquoted and frozen at -4ÁC. 

 

The defatted and unpasteurised dairy whey, derived from the production of biological Parmigiano 

Reggiano cheese, provided by Casearia di SantôAnna (Bologna, Italy), is utilised as an animal EVs 

source. Following the production of Parmigiano Reggiano cheese, whey is subjected to two 

continuous centrifugations in order to remove both cream and bacteria. Both centrifugations operate 

at 22,000 g (55ÁC) with an average flowrate of 28,000 L/h. After collection, whey is rapidly cooled 

down to 6ÁC in order to halt the fermentation process. Whey is collected after the two centrifugation 
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steps and processed during the same day, or alternatively, aliquoted and frozen at -4ÁC, for use as an 

EVS source. 

 

4.1.2 Materials for purification processes and analytical techniques 

Materials for diafiltration 

р 0.1 M Phosphate Saline Buffer (PBS) with 0.2% of Bovine Serum Albumin (BSA), pH 7.4, 

filtered with a 0.45 mm filter 

р Demineralized water filtered with a 0.45 mm filter 

р 0.5 M NaOH solution in demineralized water, filtered with a 0.45 mm filter 

р Ethanol solution at 20% in demineralized water, filtered with a 0.45 mm filter 

Demineralized water comes from the laboratory treatment plant which uses an ion exchange resin. 

PBS is used to perform continuous tangential flow constant volume diafiltration, while all the other 

three solutions are used during the cleaning step. 

Materials for dialysis 

р Demineralized water filtered with a 0.45 mm filter 

р 0.5 M NaOH solution in demineralized water, filtered with a 0.45 mm filter 

р Ethanol solution at 20% in demineralized water, filtered with a 0.45 mm filter 

Materials for SEC-HPLC analysis 

р HPLC Plus water 

р 0.1 M Phosphate Saline Buffer (PBS), pH 6.7, prepared with HPLC Plus water and then 

filtered with a 0.2 mm paper filter 

р XBridge Premier Protein Column by WatersÈ 

Materials for BCA assay 

р PierceÊ BCA Protein Assay Kit by Thermo Fisher Scientific 

Materials for RNA assay 

р QubitÊ RNA High Sensitivity (HS) Assay Kit by Thermo Fisher Scientific 

 

4.1.3 Hollow fiber modules for tangential flow filtration (TFF)  

Tangential flow filtration was performed using hollow fiber modules provided by Medica SpA 

(Medolla, Italy). Specifically, modules with a pore sizes of 0.45 mm, 0.15 mm and molecular weight 

cut-off of 750 kDa were used in the experiments (Table 7). 
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Table 7 Specification of MedicaÈ hollow fiber module 

Hollow fiber material  Versatile-PES® 

Membrane area 0.01 m2 

Fiber internal diameter 300 ɛm 

Fiber external diameter 470 ɛm 

Fiber wall thickness 85 ɛm 

Internal fiber volume 1.2 mL 

Fiber length 60 mm 

Cartridge housing material Polycarbonate 

Unit length 90 mm 

Filter housing internal diameter 11 mm 

 

 

These units are usually employed for dialysis procedures, in fact they have four ports (two in the 

lumen side and two in the shell side), but they perform well also when operated in diafiltration and 

concentration mode. In the latter case the feed is on the lumen side, and the permeate exits from the 

shell side. 

 

4.2 Methods 

4.2.1 Centrifuge 

The main pre-treatment used in each experimental procedure is a centrifugation at 5,000 rpm for 40 

minutes at 4ÁC. To this aim, a Thermo Scientific SL 16R centrifuge with a TX-400 3655 swinging 

bucket was used (Figure 20). 

 

 

 

A centrifugation is also performed before analysing the sample with SEC-HPLC. In that case a fixed 

ï angle rotor is used (TX-200 3659) and the specifications are: 10,000 g, 10 minutes, 4ÁC.  

 

Figure 20 Thermo Scientific SL 16R centrifuge with TX-400 3655 swinging bucket 
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4.2.2 Microfiltration apparatus 

In order to avoid the occurrence of clogging of the hollow fibre module employed for diafiltration, 

tangential flow microfiltration has been conducted as an additional pre-treatment step. The hollow 

fibre module employed for this purpose has a pore size of 0.45 Õm. This indicates that the extracellular 

vesicles are capable of traversing the membrane pore, thereby rendering the permeate the primary 

focus of interest.  

The scheme of the microfiltration apparatus is reported in Figure 21. The feed tank is connected to a 

peristaltic pump, provided by VELP Scientifica (Monza, Italy), which then conveys the solution into 

the hollow fibre module. The permeate is directed to a dedicated tank, while the retentate is 

recirculated back to the feed tank, thus enabling the process to be conducted in concentration mode. 

 

Figure 21 Scheme of microfiltration apparatus 

 

4.2.3 Constant volume diafiltration apparatus 

For constant volume diafiltration experiments, an automated liquid chromatography system (AKTA 

purifier-100 FPLC System, manufactured by GE Healthcare, Milan, Italy was adapted to this purpose 

and connected to the hollow fibre modules with a molecular weight cut-off of 750 kDa. The AKTA 

purifier includes three main components: 

р P-900 pumping system, composed of two high performance rotary piston pumps, namely 

pump A and pump B, that can reach a maximum flowrate of 100 mL/min;;  

р Monitor UV-900, a high precision on-line detector for measuring UV absorbance at different 

wavelengths from 190 to 700 nm;  

р Monitor p-H/C900, an on-line combined detector for pH and conductivity measurements.  

The whole system is run by UNICORNTM software. For the purpose of this work, UV, pH and 

conductivity detector were disconnected and only the pumping system was used. A schematic 

representation of the diafiltration apparatus is reported in Figure 22. 
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Figure 22 Scheme of constant volume diafiltration process 

 

As previously outlined in the process scheme, the B1 pump facilitates the addition of fresh buffer 

(PBS) to the feed tank, where the solution to be treated is present. Conversely, the A2 pump is 

responsible for recirculating the feed solution through the membrane module, while the permeate is 

collected in a dedicated tank. In this manner, extracellular vesicles, which are larger than the 

membrane MWCO, are retained (always at the same concentration, with the exception of the loss 

caused by cake formation on the fibers) while impurities permeate through the membrane. To avoid 

problems caused by heating, the feed tank was placed in an ice bath. Upon reaching a VDF of 5, the 

diafiltration phase is complete, and the process proceeds with the concentration step. With the 

exception of the pump B1, which is no longer in use, the apparatus remains unchanged. During the 

concentration stage, the initial volume is gradually reduced until the target volume concentration 

factor (Vstart/Vend) of 5 is reached. 

 

4.2.4 Dialysis apparatus 

Figure 23 illustrates the configuration of the dialysis apparatus, set-up by connecting the AKTA 

purifier system to the hollow fiber modules as reported in the previous chapter: 

 

Figure 23 Scheme of dialysis process 
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The process is conducted in counter-current: pump A2 recirculate the solution from the feed tank to 

the membrane module in the lumen side, while pump B1 recirculate the dialyzer (filtered 

demineralised water), from the tank to the module in the shell side.. It is of paramount importance to 

maintain the concentration of impurities in the dialyzer at an absolute minimum. Otherwise, once 

equilibrium is reached, the diffusive process will cease.  

Similarly, a concentration procedure is conducted following the completion of dialysis, as is the case 

with diafiltration. 

 

4.3 Experimental procedures 
The following paragraphs contain a detailed account of the experimental procedures employed 

(Figure 24). The two principal parameters utilized for the analysis of the data are the volume dilution 

factor (VDF) and the volume concentration factor (VCF). The first parameter is defined as the ratio 

between the total volume of fresh buffer utilized and the volume of feed solution. The latter is the 

ratio between the initial and the final volumes of the feed solution.  

All samples collected during the course of the experiments underwent characterisation via SEC-

HPLC, BCA and RNA assay, DLS and Z-potential. 

 

 

Figure 24 Schematic experimental procedures 

 

4.3.1 Echinacea Purpurea C + MF + DF 

100 mL of plant culture broth have been centrifugated at 5000 rpm for 40 minutes at 4ÁC. The 

supernatant has been collected and microfiltered using a 0.45 mm hollow fiber module.  
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The permeate of the pre-treatment has been subjected to a tangential flow constant volume 

diafiltration and concentration using a hollow fiber with a MWCO of 750 kDa as reported in Figure 

25. 

The UnicornÊ software has been used to carry out the diafiltration, by stating a recirculation rate of 

50 mL/min, while the PBS was added by using pump B of the FPLC to keep the volume of the feed 

tank constant.  

A sample, of both permeate and retentate, of 1.5 mL was collected at each VDF/VCF from 1 to 5 for 

diafiltration and concentration. Before performing the sampling, the permeate valve was closed and 

the recirculation rate was increased to 90 mL/min for 2 minutes, to clean the fibers of the module and 

avoid clogging. In case of retentate the instant one was collected, while for the permeate the average 

one.  

 

Figure 25 Process flow diagram of protocol C + MF + DF 

 

4.3.2 Echinacea Purpurea MF + DF 

100 mL of plant culture broth have been pre ï treated performing a microfiltration with a 0.45 mm 

hollow fiber module. 

The permeate has been subjected to the same cross ï flow diafiltration and concentration described 

in the previous paragraph (Figure 26). 
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Figure 26 Process flow diagram of protocol MF + DF 

 

4.3.3 Echinacea Purpurea C + DF 

100 mL of plant culture broth have been centrifugated at 5000 rpm for 40 minutes at 4ÁC. The 

supernatant has been collected and sent to the diafiltration and concentration process. This experiment 

was carried out in triplicate. The process flow diagram of the protocol is reported in Figure 27. 

 

 

Figure 27 Process flow diagram of protocol C + DF 

 

4.3.4 Milk Whey C + DF 

100 mL of whey have been centrifugated at 5000 rpm for 40 minutes at 4ÁC.  

The supernatant has been collected and subjected to a tangential flow constant volume diafiltration 

and concentration using a hollow fiber with a MWCO of 750 kDa (Figure 28). 
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The UnicornÊ software has been used to carry out the diafiltration, by stating a recirculation rate of 

50 mL/min, while the PBS was added by using the pump B of the FPLC to keep the volume of the 

feed tank constant.  

A sample, of both permeate and retentate, of 1.5 mL was collected at each VDF/VCF from 1 to 5 for 

diafiltration and concentration, respectively. Before performing the sampling, the permeate valve was 

closed and the recirculation rate was increased to 90 mL/min for 2 minutes, to clean the fibers of the 

module and avoid clogging. In case of retentate the instant one was collected, while for the permeate 

the average one.  

 

 

Figure 28 Process flow diagram of protocol C + DF 

 

4.3.5 Whey C + D 

100 mL of whey have been centrifugated at 5000 rpm for 40 minutes at 4ÁC. 

The supernatant has been collected and subjected to dialysis and concentration using a hollow fiber 

module with a MWCO of 750 kDa as reported in Figure 29. 

The UnicornÊ software has been used to carry out the dialysis, by stating a recirculation rate of 70 

mL/min, while the dialyzer flowrate (pump B) was adjusted continuously and defined as a percentage 

of the feed flowrate (pump A).  

A sample, of both dialyzer and retentate, of 1.5 mL was collected every hour for a total of five hours 

(five stages). The feed was kept in continuously agitation by using a stirring set on 300 rpm. 

To perform the concentration step, the set-up has been modified and specifically it has been used the 

one to carry out the diafiltration and the recirculation rate was restored back to 50 mL/min. A sample, 

of both permeate and retentate, of 1.5 mL was collected at each VCF from 1.3 to 5. Before performing 

the sampling, the permeate valve was closed and the recirculation rate was increased to 90 mL/min 

for 2 minutes, to clean the fibers of the module and avoid clogging. In case of retentate the instant 

one was collected, while for the permeate the average one. 
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Figure 29 Process flow diagram of protocol C + D 

 

4.3.6 Whey C + concentration + D 

100 mL of whey have been centrifugated at 5000 rpm for 40 minutes at 4ÁC. 

The supernatant has been collected and concentrated until reaching a VCF equal to 2. The 50 mL of 

whey left has been subjected to dialysis and concentration described above, using a hollow fiber 

module with a molecular cut ï off of 750 kDa/0.15 mm (Figure 30). 

 

 

Figure 30 Process flow diagram of protocol C + concentration + D 
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4.4 Analytical techniques 

4.4.1 Size Exclusion Chromatography (SEC) 

Size exclusion chromatography (SEC) is a widely employed analytical technique that enables the 

separation of biomolecules present in a sample solely on the basis of their size, without consideration 

of other forms of interaction. The two principal phases of SEC are the stationary and the mobile 

phases, which are respectively composed of spherical resin beads and buffer. The fractionation of 

compounds is contingent upon their ability to enter or otherwise traverse the pores of the stationary 

phase. Indeed, larger molecules are able to traverse the column unimpeded, thereby eluting earlier. 

Conversely, smaller molecules can enter the bead pores, resulting in their delayed elution.  

The resulting output of the analysis is a chromatogram, which displays the volume of mobile phase 

eluted versus the detector signal. Once a component has been eluted, it is characterised by a peak on 

the resulting chromatogram. This allows the determination of: 

р The retention time of a certain compound, correspondent to the peak symmetry axis, that is 
the time required to the component to flow through the column 

р The height of the peak, proportional to the concentration of the compound in the sample 

р The area of the peak, proportional to the amount of substance separated 

During the analysis, the detector signal is set to 280 nm, which is the characteristic wavelength for 

protein detection. However, this wavelength also allows the detection of extracellular vesicles (EVs), 

as one of their characteristic features is the presence of surface proteins. 

SEC was conducted using the Waters ArcÊ HPLC (High Performance Liquid Chromatography) 

System (Figure 31), which comprises three distinct modules: 

р Quaternary Solvent Manager, low ï pressure mixing system that provides solvent flow 

р Sample Manager, responsible for the injection of the sample from plates and vials to the 
chromatographic column 

р UV/Vis detector, dual ï wavelength absorbance detector 
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Figure 31 Waters ArcÊ HPLC System 

 

The chromatographic column employed is the XBridge Premier Protein SEC 250 ¡ (by Waters) pre-

packed with 2.5 mm beads. In Table 8 are reported the specifications of the cited column: 

 

Table 8 Specification of XBridge Premier Protein Column 

XBridge Premier Protein SEC 250 ¡, 2.5 mm column 

Particle size 2.5 mm 

Pore size 250 ¡ 

MW separation range 10 ï 650 kDa 

pH stability 2.5 ï 8 

Temperature stability 4 ï 60ÁC 

Maximum back pressure 6500 psi 

Maximum flowrate 0.5 ml/min 

Maximum volume load 19 ml 

Maximum mass load 199 mg 

 

Assuming that the retention mechanism is entirely based on the Stokes radii, i.e. on the hydrodynamic 

size of the molecule, it is possible to relate the retention time of a compound to its molecular weight. 

In particular, it has been shown that the retention time of an analyte is directly proportional to the 

logarithm of the molecular mass, for molecules that are neither completely excluded from the pores 

nor molecules that can penetrate all of them: 

 

ÌÏÇὓὡ ά ὑz  ή        (4.1) 

where m and b are the slope and the intercept of the calibration line, while Kd is the retention factor. 

Kd is evaluated as follows: 
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ὑ  
 

 
                     (4.2) 

 

in which: 

р VR is the retention volume of the analyte  

р V0 is the retention volume of the column 

р Vtot is the total solvent volume of the column (pores volume + interstitial volume) 

Extracellular vesicles are too large to enter the pores of the beads, and therefore elute almost 

immediately at the so-called dead volume of the column. However, the elution of these particles 

occurs concurrently with that of the larger particles, thereby precluding the possibility of identifying 

the EV peak exclusively. 

In order to evaluate the molecular weight of the analysed component, a calibration has been carried 

out (Figure 32). This allows for a comparison between the retention time of a known standard and 

that of an unknown sample. The calibration, like the actual analysis, is performed isocratically, 

following a 100-minute equilibration period with PBS at a flow rate of 0.5 mL/min. An injection 

volume of 15 mL is used, with duplicates (two injections for each sample). The standard substances 

employed are immunoglobulin G (IgG), bovine serum albumin (BSA), ɓ-lactoglobulin (ɓ-lact), 

myoglobulin (Myo) and lysozyme (Lys). The molecular weight and the retention time of each 

standard is reported in Table 9. 

 

 

Figure 32 SEC-HPLC chromatogram obtained injecting standards 
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Table 9 Protein standards molecular weight (MW) and retention time (tR) 

 MW (Da) Log10(MW) Retention time (tR) 

IgG 155000 5.19 5.15 

BSA 66400 4.82 5.77 

b - lact 18400 4.26 6.39 

Myo 17000 4.23 6.77 

Lys 14600 4.16 7.62 

 

The calibration line is obtained by plotting the logarithm of the molecular weight over the retention 

time (Figure 33). Each point, except for Lysozyme, fit well on the line, so for this reason the lysozyme 

has not been considered for the calibration curve.  

 

 

Figure 33 Calibration line obtained with known standards 

 

The equation of the calibration curve provides both the intercept and the slope, necessary for the 

evaluation of the upper and lower limit of the column and the molecular weight of the unknown 

sample analysed.  

 

4.4.2 BCA assay 

The bicinchoninic acid (BCA) assay is a colorimetric method for total protein quantification for pure 

protein solutions. It is a destructive method that exploit 4,4'-Dicarboxy-2,2'-biquinoline, also called 

bicinchoninic acid, that allow to reveal and quantify the total proteins present in a sample. The total 

protein concentration is exhibited by a colour change of the sample, from blue to purple, 

corresponding its concentration. Protein concentrations generally are determined and reported with 

reference to standards of a common protein such as bovine serum albumin (BSA).  
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The working reagent for the Biuret reaction, which involves the chelation of the cuprous ion Cu2+ 

with the peptide backbone under alkaline conditions, is obtained by mixing reagents A and B with a 

50:1 ratio. The reagent A is a colourless alkaline solution containing disodic salt of BCA, sodium 

carbonate monohydrate, sodium tartrate, sodium hydroxide and sodium bicarbonate, while reagent B 

is a light blue solution containing copper sulfate pentahydrate. When the working reagent is added to 

the protein sample, it all switch to purple colour (Figure 34). 

 

 

Figure 34 BCA reaction 

 

BCA assay is performed with the Thermo Scientific PierceÊ BCA protein assay kit, following the 

microplate procedure. After the sample has been diluted 15 times, 25mL of each sample and 200 mL 

of working reagent are mixed in the well-plate. In addition, a calibration curve is obtained by using 

BCA at different concentration as a standard. This calibration curve allows to evaluate a total protein 

concentration in the range of 20-2000 mg/mL. Then the microplate is incubated at 37ÁC for 30 

minutes and the absorbance at 562 nm has been measured using Nanodrop OneÈ spectrophotometer 

(Figure 35). 

 

 

Figure 35 Schematic procedure of BCA assay 

 

4.4.3 RNA assay 

The QubitÊ RNA HS (High Sensitivity) Assay Kits is highly selective for RNA over double-stranded 

DNA (dsDNA). Common contaminants such as salts, free nucleotides, solvents, detergents, or protein 

are well tolerated is in small concentrations. QubitÊ RNA HS assay is intended for total RNA, rRNA, 

or large mRNA. This assay is accurate for initial sample concentrations from 0.2 ng/mL to 200 ng/mL. 



 
 

Ϥ по Ϥ 
 

The working solution is prepared by diluting the QubitÊ RNA HS reagent (200X in DMSO) 1:200 

in QubitÊ RNA HS buffer. The working solution must be added to both sample and standard in a 

way that the final volume is equal to 200 mL (Figure 36), this means: 

р 190 mL of working solution and 10 mL of standard 

р 180-199 mL of working solution and 1-20 mL of sample 

The two standards used have a concentration of 0 ng/mL and 10 ng/mL in TE buffer. The incubation 

time required is 2 minutes at room temperature, after which the measurement can be performed using 

Qubit 4 Fluorometer.  

 

 

Figure 36 Schematic procedure of RNA assay 

 

4.4.4 Dynamic Light Scattering (DLS) and Zeta potential 

Dynamic Light Scattering (DLS) is a technique that enables the determination of the size distribution 

profile of particles in solution. DLS is founded upon the principle of Brownian motion, whereby 

particles in solution exhibit random movement in all directions, including collisions with one another 

and solvent molecules. This type of movement results in the scattering of laser light at varying 

intensities. Furthermore, the variation in intensity is also attributed to the dimensions of the particles, 

given that smaller particles exhibit greater velocity than larger particles (Figure 37). The Stokesï

Einstein equation is used to calculate the diffusion coefficient, which represents the speed of particles: 

 

Ὀ  
ᶻ

 z  zᶻ
                                                                                                            (4.3) 

 

where: 

р D is the particle diffusion coefficient [m2/s] 
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р kB is Boltzmann constant [m2kg/Ks2] 

р T is the temperature 

р h is the viscosity [Pa s] 

р RH is the hydrodynamic radius [m] 

 

 

Figure 37 Setup of DLS measurement system 

 

A single frequency laser is directed towards the sample, which is contained in a cuvette. As particles 

move within the sample, the incident laser light is scattered in all directions. The scattered light is 

then detected at a specific angle over a period of time. 

 

The particles dispersed in a solution are distinguished by a surface charge that differs from that of the 

buffers, which enables the formation of an external double layer on the surface of the particle itself. 

The inner layer, designated as the Stern layer, is predominantly composed of ions with an opposite 

charge to that of the particle. In contrast, the external layer, referred to as the diffusive layer, is 

constituted by less firmly associated ions, enclosed by the slipping plane (outer boundary of the EDL) 

(Figure 38). The zeta potential is defined as the potential evaluated at the slipping plane under the 

application of an electrical field. This value allows the stability of the dispersion to be determined. A 

strongly negative or positive value of ZP (lower than -30 eV and higher than +30 eV) indicates that 

the particles are unlikely to associate or flocculate. The same principle of light scattering intensity 

variations can be employed to measure the zeta potential (ZP) of the particles. During electrophoresis, 

mobile particles scatter an incident laser beam. As the particles are mobile, the scattered light has a 

different frequency than the original laser. The frequency shift is proportional to the speed of the 

particles. 
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Figure 38 Representation of the external double layer and Zeta Potential 

 

The instruments employed for both DLS and ZP measurement are the Nano ZetasizerÈ Nano ZS by 

Malvern. The size range for DLS is 0.3 nm to 10 ɛm, while for ZP it is 3.8 nm to 100 ɛm. The 

instrument is associated with a He-Ne laser (5 mW, 633 nm) that illuminates the EVs purified, 

introduced in a 1 cm polystyrene cuvette. The instrument is operated via a dedicated software 

program, Zetasizer 7.12. The instrument allows the user to set the desired analysis parameters and a 

preliminary equilibration phase, which enables the monitoring and maintenance of a constant 

temperature (25ÁC). In order to perform Zeta Potential measurements, the EVs preparations are 

poured into gold cuvettes with gold electrodes, which enable the generation of an electric field within 

the solution. 
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5. Results and discussion 
The objective of the experimental work presented in this thesis is the development of an alternative 

protocol for the purification of extracellular vesicles, specifically through the use of membranes.  

This chapter presents the results of the previously cited protocols and offers a comparative analysis 

of the different experiments. All data presented are the mean of two or three replicates. 

 

5.1 Echinacea Purpurea ï clarification procedures 
The plant culture broth of Echinacea Purpurea has been subjected to a series of clarification 

procedures with the objective of identifying the optimal method. The initial protocol, designated C + 

MF + DF, entailed two preliminary treatment stages: centrifugation (5,000 rpm, 40 minutes, 4ÁC) and 

microfiltration (hollow fibre with pores of 0.45 Õm), preceding the actual purification process. This 

two-step pretreatment protocol was initially investigated due to the high turbidity of the plant culture 

broth, which indicated the presence of numerous impurities. The objective of both centrifugation and 

microfiltration is the removal of large contaminants that have the potential to clog the UF hollow 

fibre module. The remaining protocols under investigation entail a single pre-treatment step prior to 

purification, namely MF + DF and C + DF. The graphs of each replicate are reported in Appendix II. 

The results obtained have been compared in order to ascertain which method is the most effective in 

terms of impurity removal and EV recovery. 

Figure 39 presents the chromatograms of the retentates and supernatants, for the MF and 

centrifugation respectively, resulting from the various clarification processes under investigation. 

 

 

Figure 39 Retentates of clarification processes 

 

In the range 5ï14 minutes, only impurities are present, while EVs are expected to be in the range 2ï

4 minutes. However, due to the scale of the graph, the corresponding peak is barely visible. The 
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shapes and heights of the chromatograms differ due to the fact that the experiments were processed 

and analysed on different days, using a different batch of the same plant culture broth.  

The identification of the optimal clarification procedure is contingent upon the EVs signal obtained 

from SEC-HPLC, which can be evaluated in the following figure (Figure 40). In this figure, the scale 

of the previous graph has been modified to obtain a zoom on EVs. 

 

 

Figure 40 Retentates of clarification processes - EVs zoom 

 

The analysis of EVs revealed that, in both the C + MF and MF cases, the signal was significantly 

lower compared to the centrifugation alone as pre-treatment. This indicates that the loss of vesicles is 

ascribable to the common step of the former protocols, namely microfiltration. As the pure plant 

culture broth was found to be too foul and its analysis would have compromised the performance of 

HPLC, the only comparison that can be made to determine the extent of EVs loss during 

microfiltration is with the supernatant of the centrifuge. The height of the EVs-associated peak in the 

supernatant was 0.0016 AU, while the height of the same peak after microfiltration was 2.82E-04 AU 

(C + MF) and -1.98E-05 AU (MF), indicating a practically negligible level.  

In terms of impurities removal, the choice between the two pre-treatment options is inconsequential, 

as both are capable of removing proteins. However, from the standpoint of EVs, which is of primary 

importance, the optimal approach is to employ centrifugation as the sole clarification step.  

Prior to executing the optimal protocol, which includes only centrifugation as a pre-treatment, the 

other two protocols (C + MF + DF and MF + DF) were investigated to demonstrate conclusively that 

microfiltration does not provide significant advantages in terms of impurities removal and causes a 

significant loss of EVs. 

 

 

-0.001

-0.0005

0

0.0005

0.001

0.0015

0.002

2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4

A
b
s
 @

 2
8

0
 n

m
 (

A
U

)

Time (min)

C + MF

MF

C



 
 

Ϥ пу Ϥ 
 

5.2 Echinacea Purpurea ï diafiltration  

5.2.1 C + MF + DF protocol 

The initial protocol comprises two pre-treatment steps: centrifugation (5,000 rpm, 40 minutes, 4ÁC) 

and microfiltration (hollow fibre with pores of 0.45 Õm). The subsequent purification stage involves 

constant volume diafiltration and concentration, which is carried out using a hollow fibre module 

with a MWCO of 750 kDa, as detailed in paragraph 4.3.1. 

Figure 41 presents the chromatograms of the retentates resulting from the diafiltration process. 

 

 

Figure 41 SEC-HPLC (XBridge Premier Protein) of retentates. Absorbance detected at 280 nm 

 

In the range 5ï14 minutes, only impurities are present. As can be observed from the graph, these 

impurities significantly reduce over the process and are almost completely absent from the third stage.  

Figure 42 presents a similar graph, but with a zoom on the EVs signal, which is in the range 2ï4 

minutes. 
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Figure 42 SEC-HPLC (XBridge Premier Protein) of retentates - EVs zoom. Absorbance detected at 280 nm 

 

As illustrated, the concentration of EVs throughout the entire process can be regarded as essentially 

constant and near to zero. In fact, despite a slight decline, the signal remains exceedingly low from 

the outset of the purification process, indicating that the loss of EVs occurs prior to this stage, 

specifically during the clarification procedure.  

With regard to the concentration step (Figure 43), which allows to increase the concentration of EVs 

in the final solution, it is evident from Figure 50 that the impurities are no longer present in the sample 

even at VCF=5. Despite the peak corresponding to EVs being the highest present, its signal is 

noticeably lower compared to the initial one of approximately one-fifth.  

Notably, the portion of the chromatogram regarding EVs at VCF=3 exhibits two peaks, in contrast to 

the single peak observed at VCF=1.3 and VCF=5. One potential explanation for this phenomenon is 

the aggregation of certain particles or EVs, or the detachment of aggregates from the HF cake due to 

the pulses at 90 mL/min prior to each sampling. 
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Figure 43 SEC-HPLC (XBridge Premier Protein) of retentates. Absorbance detected at 280 nm 

 

Table 10 presents the data obtained from the chromatograms, which includes the areas of the peaks 

and the relative content of both EVs and impurities in the feed/retentate side. The permeate was not 

analysed. 

 

Table 10 Data table of SEC-HPLC 

Sample name EVs area 

(AU*min) 

Relative EVs 

content (%) 

Impurities area 

(AU*min) 

Relative impurities 

content (%) 

MF 0.45 micron -8.54E-04 100 3.61E-02 100 

VDF 1 -7.65E-04 89.60 7.66E-03 21 

VDF 3 -2.26E-04 26.51 -1.57E-03 0 

VDF 5 -1.67E-05 1.96 -2.04E-04 0 

VCF 1.3 -1.83E-06 0 2.24E-04 0.5 

VCF 3 7.60E-05 2.94 7.84E-05 0.1 

VCF 5 8.38E-05 1.96 2.20E-04 0.1 

 

The protocol in question does indeed permit the removal of impurities, with a maximum of 0.1% 

remaining. However, the relative content of EVs is practically absent, with only 1.96% remaining. In 

light of the aforementioned results, this protocol has not been subjected to further analysis or 

replication. Instead, it has been modified into a single-step pretreatment protocol: MF + DF and C + 

DF. 
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5.2.2 MF + DF protocol 

The second protocol tested incorporates a microfiltration step utilising a MF hollow fibre module 

with pores of 0.45 Õm, followed by diafiltration to purify the sample. The process flow diagram for 

the protocol is presented in paragraph 4.3.2. 

Figure 44 illustrates the chromatograms of the retentates resulting from the diafiltration process. 

 

 

Figure 44 SEC-HPLC (XBridge Premier Protein) of diafiltration retentates. Absorbance detected at 280 nm  

 

The signal of impurities demonstrates a decreasing trend and approaches zero at VDF=5.  

With regard to the EVs (Figures 45), the signal was absent from the beginning, indicating that the 

loss of vesicles occurred during the MF clarification step, as previously reported in paragraph 5.1. 
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Figure 45 SEC-HPLC (XBridge Premier Protein) of diafiltration retentates - EVs zoom. Absorbance detected at 280 nm 

 

With regard to the concentration process, it can be observed that the final product is essentially free 

of both impurities and EVs (Figures 46). This is in contrast to the previous protocol, where the EV 

peak was larger than that of residual impurities. Despite the five stages of the concentration process, 

the EVs have not increased since they were absent at the end of the diafiltration step. 

 

 

Figure 46 SEC-HPLC (XBridge Premier Protein) of concentration retentates. Absorbance detected at 280 nm  
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Table 11 presents the data extracted from the chromatograms for the feed/retentate side, which 

includes the areas of the peak and the relative content of both EVs and impurities. The permeate 

collected was not analysed. 

 

Table 11 Data table of SEC-HPLC 

Sample name EVs area 

(AU*min) 

Relative EVs 

content (%) 

Impurities area 

(AU*min) 

Relative impurities 

content (%) 

MF 0.45 micron -6.79E-04 100 3.53E-02 100 

VDF 1 -2.20E-04 29.73 1.22E-02 34.67 

VDF 3 -8.66E-05 12.76 1.03E-03 2.93 

VDF 5 -3.15E-06 0.46 2.93E-04 0.83 

VCF 1.3 6.71E-06 0 4.20E-04 0.89 

VCF 3 2.21E-05 0 4.34E-04 0.41 

VCF 5 2.93E-05 0 5.24E-04 0.30 

 

The data presented above represents the mean value obtained from the two replicates. Additionally, 

the implementation of this protocol has resulted in a significant reduction in the quantity of impurities 

present in the final product, with a value of 1.48%. However, a similar trend is observed in the case 

of EVs, which are completely absent in the final product. As had been hypothesised, microfiltration 

was found to be unsuitable as clarification method for this feed. Consequently, a protocol involving 

only centrifugation as a preliminary treatment was investigated. 

 

5.2.3 C + DF protocol 

As previously stated, the experimental protocol includes the following steps: 

р Centrifugation at 5,000 rpm, for 40 minutes at 4ÁC (pre-treatment) 

р Five stages of diafiltration using a HF module with a MWCO of 750 kDa 

р Five stages of concentration using the same module 

as reported in detail in paragraph 4.3.3.  

Figure 47 presents the chromatograms of the diafiltration process. 
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Figure 47 SEC-HPLC (XBridge Premier Protein) of diafiltration retentates. Absorbance detected at 280 nm  

 

This protocol, in common accordance with the other two proposed procedures, allows the elimination 

of the impurities present in the sample.  

Of particular interest is the behaviour of the EVs-associated peaks obtained with this protocol (Figure 

48). As previously hypothesised, the utilisation of centrifugation as the sole pre-treatment method 

effectively prevents the loss of vesicles that would otherwise occur by using a HF module for 

microfiltration. The signal of EVs remains relatively constant throughout the entire process. A slight 

increase is discernible between the initial and subsequent stages. This rise is likely attributable to the 

detachment of aggregates from the cake present on the fibre of the module following the pulses at 90 

mL/min at the end of each step. As previously stated in the section on SEC-HPLC (4.4.1), the 

instrument is unable to distinguish between EVs and aggregates of similar dimensions, which exit the 

column at the same time. Furthermore, the presence of dust or other contaminants could result in an 

increase in the peaks, as everything larger than the column's range limit elutes at the dead volume. 
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Figure 48 SEC-HPLC (XBridge Premier Protein) of diafiltration retentates ï EVs zoom. Absorbance detected at 280 nm  

 

Following the completion of the five concentration steps, the only significant peak remaining is that 

associated with EVs, which reaches a height of 0.0043 AU, while all impurities have been eliminated 

(Figure 49). Therefore, this protocol was therefore identified as the optimal one, as it is capable of 

retaining and concentrating EVs while simultaneously eliminating all other impurities. 
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Figure 49 SEC-HPLC (XBridge Premier Protein) of concentration retentates. Absorbance detected at 280 nm  

 

Table 12 presents the data extracted from the chromatograms for the feed/retentate side, which 

includes the areas of the peak and the relative content of both EVs and impurities. The permeate 

collected was not analysed. 

 

Table 12 Data table of SEC-HPLC 

Sample name EVs area 

(AU*min) 

Relative EVs 

content (%) 

Impurities area 

(AU*min) 

Relative impurities 

content (%) 

SN 5000 rpm 7.75E-04 100 6.39E-02 100 

VDF 1 7.37E-04 95.03 2.31E-02 36.12 

VDF 3 7.22E-04 93.19 2.96E-03 4.63 

VDF 5 7.23E-04 93.31 3.40E-04 0.53 

VCF 1.3 9.64E-04 93.25 3.57E-04 0.42 

VCF 3 1.95E-03 82.98 2.33E-03 1.20 

VCF 5 2.77E-03 71.46 2.01E-03 0.63 

 

With regard to the relative impurities content, this protocol is consistent with the other since the 

percentage of proteins in the final product is below 1%. In contrast, with regard to the relative EVs 

content, these experiments permit the attainment of a markedly elevated value (nearly 72%) in 

comparison to the other protocols, wherein the EVs in the final product ranged between 2 and 0%.  

Having demonstrated its efficacy, further analyses were conducted, encompassing BCA and RNA 

assays, DLS and Z-potential.  
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The BCA assay enables the quantification of the total protein concentration in the samples, which 

exhibits a declining trend in accordance with the observations made in the SEC-HPLC results. In the 

final product, residual proteins (1.06 mg/mL) are present, as evidenced by the HPLC analysis. 

However, some of these proteins are located on the external surface of EVs. It is important to note 

that this type of assay is unable to differentiate between surface proteins and impurities.  

The final product was also analysed with the RNA assay to quantify its concentration in the sample. 

The average value reported in the table below (Table 13) refers to only two out of three replicates, as 

the instrumentation was unavailable during the execution of the first experiment. 

 

Table 13 Total protein concentration and RNA concentration obtained through the respective assay 

Sample name Total protein 

concentration 

(mg/mL) 

RNA 

concentration 

(ng/mL) 

SN 5000 rpm 8.51 / 

VDF 1 3.08 / 

VDF 3 0.94 / 

VDF 5 0.80 / 

VCF 1.3 0.87 / 

VCF 3 0.96 / 

VCF 5 1.06 46.2 

 

The final product was analysed in order to determine its size distribution and zeta potential, as 

described in paragraph 4.4.4.  

The principal parameters that have been reported are the size distribution with respect to intensity, 

the Z-average and the polydispersity index (PDI). The Z-average represents the mean diameter of a 

monodispersed sample, whereas the PDI is a dimensionless parameter that provides a measure of the 

width of the size distribution. The PDI values are distributed between 0, which represents a 

monodispersed sample, and 1, which indicates that the sample contains multiple populations. All size 

distribution and zeta potential measurements were conducted in triplicate and the resulting data are 

presented as means. 

With regard to the size distribution trend, it is evident that two populations exist (Figure 50). The 

second population is likely attributable to the presence of certain larger impurities, dust, or aggregates. 
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Figure 50 Size distribution by intensity of final product  

 

Table 14 presents the mean results for DLS and Z-potential. Both Z-average and average size are 

notably high, suggesting the potential presence of EV aggregates in the samples. Additionally, the 

PDI value indicates the existence of diverse populations, in line with the size distribution graph. The 

reported average size pertains to the initial peak, which is presumed to correspond to EVs. The zeta 

potential measurement indicates a negative superficial charge, which suggests that the EV preparation 

is stable with a low aggregation tendency. 

 

Table 14 Z-average, PDI, average size, intensity and ZP of final product 

Sample Z-average 

(nm) 

PDI Average size 

(nm) 

Intensity (%) ZP (mV) 

R VCF 5  342.6 0.472 275.1 73.3 -6.70 

 

5.3 Milk Whey ï clarification 
The following experiments proposed similar protocols used for the purification of the plant culture 

broth of Echinacea Purpurea but applied to milk whey as starting feed. The same protocol was 

employed to ascertain its efficacy irrespective of the source of EVs. With regard to the clarification 

stage, only centrifugation has been employed, in line with the outcomes observed with Echinacea 

Purpurea EVs. The graphs of each replicate are reported in Appendix III.  

 

5.4 Milk Whey ï diafiltration  
The protocol of this experiment is as follows: 

р Centrifugation at 5,000 rpm, for 40 minutes at 4ÁC (pre-treatment) 

р Five stages of diafiltration using a HF module with a MWCO of 750 kDa 

р Five stages of concentration using the same module 
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as reported in paragraph 4.3.4.  

Figure 51 presents the chromatograms of the diafiltration process. The graph illustrates a declining 

trend in impurity content, thereby demonstrating the protocol's high degree of reproducibility. In 

contrast to the findings presented in paragraph 5.2, the impurities are not entirely removed in this 

instance. As illustrated in Figure 53, the second protein peak (approximately 6 minutes) is still 

discernible despite the graph's scale. Consequently, it can be assumed that at least one of the impurity 

peaks should be present during the concentration step. 

 

 

Figure 51 SEC-HPLC (XBridge Premier Protein) of diafiltration retentates. Absorbance detected at 280 nm 

 

With regard to the concentration of EVs (Figure 52), this remains constant throughout the diafiltration 

step, as expected. A slight decline in the second EVs-related peak is discernible, perhaps due to the 

formation of a cake layer on the fibre internal surface. 
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Figure 52 SEC-HPLC (XBridge Premier Protein) of diafiltration retentates ï EVs zoom. Absorbance detected at 280 nm 

 

Figure 53 presents the chromatograms of the concentration retentates. As previously stated, all three 

peaks corresponding to proteins are present, indicating that the diafiltration process should have been 

prolonged for more steps to achieve a higher removal. Nevertheless, the EVs-associated peak is the 

most prominent, indicating that the concentration process has been effective. 

 

 

Figure 53 SEC-HPLC (XBridge Premier Protein) of concentration retentates. Absorbance detected at 280 nm  
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Table 15 presents the data extracted from the chromatograms, which includes the areas of the peaks 

and the relative content of both EVs and impurities. The absence of permeate results is due to the fact 

that they were not analysed. 

 

Table 15 Data table of SEC-HPLC 

Sample name EVs area 

(AU*min) 

Relative EVs 

content (%) 

Impurities area 

(AU*min) 

Relative impurities 

content (%) 

SN 5000 rpm 4.23E-03 100 2.85E-01 100 

VDF 1 4.99E-03 100 1.26E-01 44.36 

VDF 3 4.83E-03 100 3.31E-02 11.65 

VDF 5 4.41E-03 100 9.19E-03 3.23 

VCF 1.3 5.44E-03 96.61 1.02E-02 2.69 

VCF 3 1.33E-02 100 1.42E-02 1.64 

VCF 5 2.16E-02 100 1.72E-02 1.21 

 

The data presented in the table above indicates that this protocol is effective not only for plant culture 

broth, but also for milk whey, despite the relative impurities content being slightly higher than before 

(3.23% versus 0.53%). The relative EVs content remains constant throughout the diafiltration process 

(100%), regardless of the concentration.  

Furthermore, other analyses have been conducted, including BCA assay, DLS, and Z-potential. 

The BCA assay enables the total protein concentration in the samples to be quantified, which shows 

a decreasing trend in accordance with the SEC-HPLC results, as reported in Table 16. The final 

product still contains some proteins (1.08 mg/mL), as was also reported by HPLC analysis. 

 

Table 16 Total protein concentration obtained through the assay 

Sample name Total protein 

concentration 

(mg/mL) 

SN 5000 rpm 8.51 

VDF 1 4.56 

VDF 3 1.89 

VDF 5 1.08 

VCF 1.3 0.18 

VCF 3 0.23 

VCF 5 0.29 
 

The final product was analysed in order to determine its size distribution and zeta potential, as 

described in paragraph 4.4.4. 

The principal parameters that have been reported are the size distribution with respect to intensity, 

the Z-average and the polydispersity index (PDI). The Z-average represents the mean diameter of a 

monodispersed sample, whereas the PDI is a dimensionless parameter that provides a measure of the 

width of the size distribution. The PDI values are distributed between 0, which represents a 
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monodispersed sample, and 1, which indicates that the sample contains multiple populations. All size 

distribution and zeta potential measurements were conducted in triplicate and the resulting data are 

presented as means. 

With regard to the size distribution trend, two populations are observed (Figure 54). The second 

population is likely the result of the presence of larger impurities or dust. 

 

 

Figure 54 Size distribution by intensity of final product 

 

Table 17 presents the average results of DLS and Z-potential measurements. The Z-average is 

consistent with the typical dimensions of EVs, and the PDI is relatively low, indicating that the first 

population is more relevant than the other. This is consistent with the intensity of the main peak. Zeta 

potential measurements indicate a negative superficial charge, which suggests that the EVs 

preparation is stable and exhibits a low aggregation tendency. 

 

Table 17 Z-average, PDI, average size, intensity and ZP of final product 

Sample Z ï average 

(nm) 

PDI Average size 

(nm) 

Intensity (%) ZP (mV) 

R VCF 5  192.6 0.249 174.7 90.5 - 4.58 

 

5.5 Milk Whey ï dialysis  
This paragraph presents an alternative purification procedure, distinct from those previously 

discussed and analysed. Rather than diafiltration, this procedure involves dialysis followed by the 

conventional concentration step. The starting feed is milk whey. 
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5.5.1 C + D protocol 

The initial protocol under investigation comprises a single clarification step, namely centrifugation 

(5,000 rpm, 40 minutes, 4ÁC), prior to the actual purification (dialysis and concentration). This is 

carried out using a hollow fibre module with a MWCO of 750 kDa, as detailed in paragraph 4.3.5. 

This protocol has been examined as a potential alternative to constant volume diafiltration. 

Figure 55 presents the chromatograms of the retentates resulting from the dialysis process. In the 

range of 5ï14 minutes, only impurities are present. As can be observed in the graph, these impurities 

persist after stage 5, which corresponds to 5 hours of dialysis. The HF module demonstrated efficacy 

in the removal of proteins that eluted at approximately 8 minutes, but exhibited reduced capability in 

the elimination of proteins that elute at around 6 minutes (which should correspond to the ɓ-

lactoglobulin peak as reported in the calibration line). Additionally, the module did not effectively 

remove the first impurity peak (around 5 minutes). These findings illustrate the capacity of the HF 

module to remove smaller impurities that elute later in the process, in contrast to larger impurities 

that exit the column earlier. 

 

 

Figure 55 SEC-HPLC (XBridge Premier Protein) of dialysis retentates. Absorbance detected at 280 nm 

 

The following figure (Figure 56) presents a graph of the same data set, focusing on the EVs signal, 

which is in the range of 2.5ï4 minutes. 
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Figure 56 SEC-HPLC (XBridge Premier Protein) of dialysis retentates ï EVs zoom. Absorbance detected at 280 nm 

 

As illustrated in the figure above, the concentration of EVs throughout the entire process remains 

largely consistent, indicating that this approach effectively minimizes the loss of EVs within the 

module and/or in the permeate, even during prolonged operational periods. 

With regard to the concentration step, which allows the final product of the process (i.e., the EV of 

VCF equals to 5) to be obtained, it is evident from Figure 57 that the impurities remain highly present, 

particularly the first two peaks. Indeed, the initial peak exhibits a slightly elevated concentration in 

comparison to the supernatant obtained through centrifugation. Conversely, the second peak, which 

underwent partial reduction during dialysis, has returned to its initial state following concentration. 

With regard to EVs, the height of the peak increased from 0.006 AU to 0.05 AU, representing a 

considerable increase of approximately one order of magnitude. 
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Figure 57 SEC-HPLC (XBridge Premier Protein) of concentration retentates. Absorbance detected at 280 nm 

 

Table 18 presents the data obtained from the chromatogram, which includes the areas of the peak and 

the relative content of both EVs and impurities. The lack of data pertaining to the dialyzer and 

permeate is attributable to the fact that they were not subjected to analysis. 

 

Table 18 Data table of SEC-HPLC 

Sample name EVs area 

(AU*min) 

Relative EVs 

content (%) 

Impurities area 

(AU*min) 

Relative impurities 

content (%) 

SN 5000 rpm 4.23E-03 100 2.85E-01 100 

Stage 1 4.16E-03 98.57 2.12E-01 74.7 

Stage 3 4.22E-03 99.86 1.16E-01 40.9 

Stage 5 4.64E-03 100 7.62E-02 26.8 

VCF 1.3 4.96E-03 88.11 8.27E-02 21.8 

VCF 3 1.44E-02 100 1.15E-01 13.4 

VCF 5 2.88E-02 100 1.41E-01 9.9 

 

The data presented in the preceding table corroborate the observations made in the chromatograms: 

р The concentration of EVs remains constant throughout the dialysis and concentration process, 
resulting in a 100% relative EVs content 

р Despite a reduction in concentration over the course of five hours, the impurities remain at a 
relatively high level (26.8%) following dialysis. While the concentration of impurities is 

decreasing, the final relative impurities content remains elevated (9.9%) in comparison to the 

achievable level through diafiltration (1.21%, as previously reported) 
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5.5.2 C + concentration + D protocol ï HF 750 kDa 

The dialysis process is driven by the concentration gradient, which enables the removal of proteins 

from the feed solution by the dialyzer. In light of the findings presented in the preceding paragraph, 

it has been determined that a modified protocol, incorporating an additional step between 

centrifugation and dialysis, merits investigation. The aforementioned step is the concentration of the 

supernatant to a volume concentration factor (VCF) of 2, which equates to a reduction in volume 

from 100 mL to 50 mL. It is anticipated that this step will facilitate an enhanced removal of proteins 

consequent to their concentration. A comprehensive overview of the protocol is provided in paragraph 

4.3.6. 

The graph below illustrates a comparison between the supernatant of the centrifuge and the retentate 

of concentration (VCF 2). As illustrated in Figure 58, the concentration does not affect the first 

impurity peak, which remains unchanged. However, it allows for a slight increase or decrease, 

respectively, in the second and third peaks. Therefore, a portion of the smaller impurities, which elute 

around 8 minutes, are able to permeate the membrane pores and enter the permeate during the 

concentration process. The growth of the second peak can be attributed to the decrease in volume of 

the feed. 

 

 

Figure 58 Comparison between supernatant and VCF 2 

 

The subsequent section of the protocol reiterates the points previously discussed in the preceding 

paragraph. Figure 59 presents the chromatograms of the retentates obtained during the dialysis step. 

Despite the application of this protocol, the presence of impurities is still evident after stage 5, which 

corresponds to a dialysis period of 5 hours. The HF module employed has demonstrated the ability 

to: 

р Completely remove proteins that elute around 8 minutes 
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р Reduce of almost 2.5 times the proteins that go out around 6 minutes 

р Halve the first impurity peak around 5 minutes 

 

 

Figure 59 SEC-HPLC (XBridge Premier Protein) of dialysis retentates. Absorbance detected at 280 nm 

 

Figure 60 is dedicated to the EVs signal, which is situated within the range of 2.5ï4 minutes. The 

concentration of EVs remains constant until the final stage, at which point a decrease becomes 

evident. The loss of EVs may be attributed to the formation of cake aggregates on the fibres of the 

module, despite the fact that the entire process is conducted in counter-current. 
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Figure 60 SEC-HPLC (XBridge Premier Protein) of dialysis retentates ï EVs zoom. Absorbance detected at 280 nm 

 

With regard to the concentration step, which enables the attainment of the final product of the process 

(i.e., the EV of VCF equals to 5), it is evident from Figure 61 that the impurities remain highly 

prevalent, particularly the first two peaks, while the third one is almost absent. With regard to the 

EVs, the height of the peak increased from 0.016 AU to 0.05 AU. 

 

 

Figure 61 SEC-HPLC (XBridge Premier Protein) of concentration retentates. Absorbance detected at 280 nm 
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Table 19 presents the data obtained from the chromatogram, which includes the areas of the peak and 

the relative content of both EVs and impurities. The lack of data pertaining to the dialyzer and 

permeate is attributable to the fact that they were not subjected to analysis. 

 

Table 19 Data table of SEC-HPLC 

Sample name EVs area 

(AU*min) 

Relative EVs 

content (%) 

Impurities area 

(AU*min) 

Relative impurities 

content (%) 

SN 5000 rpm 6.01E-03 100 3.26E-01 100 

VCF 2 1.31E-02 100 3.55E-01 54.51 

Stage 1 1.19E-02 90.90 2.27E-01 63.89 

Stage 3 1.16E-02 88.40 1.16E-01 32.59 

Stage 5 1.07E-02 81.74 7.40E-02 20.84 

VCF 3 2.15E-02 55.92 1.01E-01 9.68 

VCF 5 3.34E-02 51.04 1.21E-01 6.82 

 

The data presented in the preceding table corroborate the observations made in the chromatograms: 

р The dialysis process results in a limited loss of vesicles; however, despite the extended 
operating time, the final content remains relatively high (81.74%) 

р A notable reduction in extracellular vesicles (EVs) is observed during concentration, resulting 

in a relative EV content of 51% 

р Despite a reduction in concentration over the course of five hours, the impurities remain at a 
relatively high level (20.84%) following dialysis. While the concentration of impurities is 

decreasing, the final relative impurities content remains elevated (6.82%) in comparison to 

the achievable level through diafiltration (1.21%, as previously reported) 

 

5.5.3 C + concentration + D protocol ï HF 0.15 mm  

The outcomes of the preceding protocol demonstrated the efficacy of the 750 kDa hollow fibre 

module in eliminating the smaller impurities, while the larger ones exhibited only minimal impact 

from the procedure. Consequently, a potential solution is the utilisation of an alternative hollow fibre 

module with a molecular weight cut-off (MWCO) of 0.15 Õm, which should also be capable of 

removing the larger impurities. 

Figure 62 illustrates the chromatograms of the retentates obtained during the dialysis step. The use of 

this protocol nevertheless reveals the persistence of impurities after stage 5, which corresponds to a 

dialysis time of 5 hours. In contrast to the outcomes of the preceding protocol, the utilisation of the 

0.15 Õm HF module has resulted in a reduction in the levels of both large and small impurities, as 

evidenced by the figures below, which illustrate a decrease in the height of all three protein peaks. 
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Figure 62 SEC-HPLC (XBridge Premier Protein) of dialysis retentates. Absorbance detected at 280 nm 

 

Figure 63 illustrates the evolution of the EVs signal, which exhibits a slight reduction after stage 1 

and then remains almost constant from stage 3 to 5. This loss of EVs may be attributed to the 

formation of cake aggregates on the fibres of the module, despite the counter-current process 

employed. 

 

 

Figure 63 SEC-HPLC (XBridge Premier Protein) of dialysis retentates ï EVs zoom. Absorbance detected at 280 nm  
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With regard to the concentration step, which allows the final product of the process to be obtained 

(i.e. the EV of VCF equals to 5), it is evident from Figure 64 that the impurities are still present, 

especially the second impurity peak. However, their concentration is lower than in the previous case. 

In contrast to the results obtained with the HF module, which exhibited a MWCO of 750 kDa, the 

smaller impurities have not been completely removed in this instance. 

 

 

Figure 64 SEC-HPLC (XBridge Premier Protein) of concentration retentates. Absorbance detected at 280 nm 

 

Table 20 presents the data obtained from the chromatogram, which includes the areas of the peak and 

the relative content of both EVs and impurities. The lack of data pertaining to the dialyzer and 

permeate is attributable to the fact that they were not subjected to analysis. 

 

Table 20 Data table of SEC-HPLC 

Sample name EVs area 

(AU*min) 

Relative EVs 

content (%) 

Impurities area 

(AU*min) 

Relative impurities 

content (%) 

SN 5000 rpm 2.81E-03 100 3.21E-01 100 

VCF 2 1.02E-02 100 3.56E-01 55.60 

Stage 1 9.54E-03 93.30 2.34E-01 65.64 

Stage 3 8.95E-03 87.53 1.04E-01 29.04 

Stage 5 8.37E-03 81.80 4.84E-02 13.58 

VCF 3 2.31E-02 76.96 6.10E-02 5.82 

VCF 5 3.73E-02 72.88 6.85E-02 3.84 
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The data presented above demonstrate an improvement with respect to the previous protocol: 

р Despite a residual loss of vesicles during dialysis (82%), the final EVs content is elevated, 
reaching approximately 73% 

р Moreover, the impurities content after dialysis is diminished (14%), and it is reduced by half 

in comparison to the final product of alternative protocols. However, it remains higher in 

relation to diafiltration 

 

5.6 Experimental protocols comparison 

5.6.1 Echinacea Purpurea 

Figure 65 presents a comparison between the final products obtained using the different protocols 

previously described. 

 

 

Figure 65 SEC-HPLC (XBridge Premier Protein) comparison of the final products of the experimental protocols. Absorbance 

detected at 280 nm 

 

The graph clearly demonstrates that the C + DF procedure is the most effective of the three tested. It 

is capable of completely removing impurities from the starting feed, achieving a final value of 1.21%. 

Furthermore, it allows for a significant concentration of EVs, with a peak value of 0.004 AU, which 

is considerably higher than the 0.0003 AU achieved by the other two protocols. The selected protocol 

has also demonstrated a high degree of replicability, despite the considerable variability observed in 

the Echinacea Purpurea feed. Despite the rigorous protocol employed by Aethera Biotech for the 

production of the culture broth, variability in terms of EVs and impurity content is inevitable, a 

common feature observed in vegetal EVs sources, as evidenced by the consulted literature. 

With regard to duration and scalability, both centrifugation and tangential flow constant volume 

diafiltration are more effective than the gold standard differential ultracentrifugation. It should be 
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noted that the aforementioned protocol required a total of 2.3 hours to process 100 mL, although a 

laboratory hollow fibre module was utilised. Membrane areas of industrial-scale modules range from 

1 to 2 (or more) mĮ, which is 100-200 times larger than those used in laboratory settings. This allows 

them to process much higher fluxes, which in turn shortens the duration of the protocol. In contrast, 

the UC protocol required 2.5 hours to process less than 500 mL, rendering it unsustainable at an 

industrial scale. 

With regard to the purification process itself, it would be beneficial to conduct a comparative 

assessment of the ultracentrifugation protocol in comparison to diafiltration, with the objective of 

determining whether one method is more effective than the other in terms of impurity removal and 

EV concentration. 

 

5.6.2 Milk whey 

Figure 66 presents a comparison between the final products obtained using the different protocols 

previously described. 

 

 

Figure 66 SEC-HPLC (XBridge Premier Protein) comparison of the final products of the experimental protocols. Absorbance 

detected at 280 nm 

 

In contrast to the findings for Echinacea Purpurea, for which a single protocol emerged as the optimal 

choice, the situation with milk whey is less straightforward. Firstly, it is evident that the C + 

concentration + D protocol utilising the 750 kDa hollow fibre module is the least effective of the three 

protocols, as the impurities remain relatively abundant despite the purification process. From the 

perspective of impurities, the combination of centrifugation and diafiltration is the most effective. 

Notwithstanding the incomplete removal of impurities, they are demonstrably lower than in the other 

two protocols. With regard to extracellular vesicles (EVs), the protocol utilising the 0.15 mm hollow 
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fibre (HF) module is more effective. As demonstrated by the cited protocol, the EVs-associated peak 

reaches 0.07 AU, whereas in the case of diafiltration, only 0.04 AU is reached. Nevertheless, it is 

important to note that in the case of milk whey, variability in the feed composition has also been 

observed, although to a lesser extent than in the case of Echinacea Purpurea. In fact, the position and 

shape of the curves are consistent across all three cases. This variability may be responsible for the 

observed differences in the height of EVs peaks between the three protocols, given the relatively 

narrow range of values. Furthermore, the formation of cake, the presence of dust, and experimental 

errors may also be contributing factors. In light of the aforementioned considerations, it can be 

concluded that the C + DF protocol represents the optimal approach, despite the lowest EVs-

associated peaks observed.  

One potential approach to the use of dialysis as a primary purification step is the combination of two 

dialysis protocols. From the graph, it is evident that the individual protocols are not capable of 

completely removing the impurities. However, it is possible that their use in sequence could be 

beneficial. For instance, starting with the 0.15 mm HF module, which allows for the reduction of all 

three impurity peaks, and finishing with the 750 kDa HF module, which allows for the complete 

removal of the smaller impurities that exit the column around minute 8, could be beneficial. 

Furthermore, extending the duration of the dialysis process could facilitate enhanced purification. It 

is recommended that the ratio between the feed volume (100 mL) and the dialysate volume (5 L) be 

maintained, as after each dialysis step, the impurity content does not exhibit a significant increase.  

With a view to a possible industrial application, the C + DF protocol appears to be more efficient than 

C + concentration + D (0.15 mm) in terms of processing time. The former requires less than two hours 

to process 100 mL, while the latter employs almost six hours to process the same starting volume. As 

previously stated, diafiltration is a more time-efficient process than both UC and dialysis, and it can 

be readily scaled up. 

 

6. Conclusions 
Extracellular vesicles (EVs) are particles that are naturally released from both eukaryotic and 

prokaryotic cells. They transport a specific cargo, which is surrounded by a lipid bilayer. The internal 

cargo of EVs depends on their origin, but always comprises proteins, mRNA, miRNA, lipids and 

specific bioactive compounds. EVs play a pivotal role in intracellular signalling, waste management 

and coagulation. Additionally, they possess the capacity to package the active cargo and deliver it to 

neighbouring or distant cells. 

Since their discovery, they have been typically isolated from body fluids (blood, urine, saliva, breast 

milk, bile, semen, etc.) or human cell lines, such as tumour cells and stem cells. These sources are 

not sustainable on a large scale, given their high cost and limited availability. Consequently, 

alternative origins have been investigated, including plant (PDEVs) and milk (MDEVs). PDEVs can 

be obtained from fresh plant juice, flesh or roots, as well as from seeds and dried plant material. Milk 

EVs can be obtained from cattle and non-cattle milks, as well as from whey. 

It is evident that fruits and vegetables provide essential nutrients, including proteins, carbohydrates, 

vitamins and fibre, which are beneficial to human health. Their employment in the field of 

pharmaceuticals, including the development of new drugs and the delivery of existing drugs, is also 

clear. The same considerations can be applied to bovine milk-derived EVs, which have a range of 

applications, including the promotion of intestinal health and anticancer properties.  
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In order to utilise these sources for the production of extracellular vesicles (EVs), it is essential to 

prioritise the purification process. It is important to note that the starting feed contains not only EVs, 

but also a significant quantity of lipoproteins, protein complexes and aggregates, which must be 

removed. The gold standard protocol for the isolation of EVs is differential centrifugation, which 

involves a series of centrifugation and ultracentrifugation steps. However, this method is not 

sustainable on an industrial scale due to its time-consuming nature, the limited volume that can be 

processed in each run (resulting in a discontinuous process), and its overall inefficiency in impurities 

removal. These shortcomings have prompted the investigation of alternative purification techniques 

that can potentially enhance the yield.  

The experimental work proposed in this paper is focused on the analysis of membrane-based 

processes for the purification of extracellular vesicles of different origins, with a particular emphasis 

on the plant culture broth of Echinacea purpurea and the bovine milk whey. The two sources in 

question are not only available in large quantities, which eliminates any potential issues with 

availability, but they also represent two waste products from the production process. From a circular 

economy perspective, these waste products can be repurposed as raw materials for the production of 

a high-value product.  

Firstly, the purification processes analysed are membrane-based, as they are easily scalable and can 

be employed in a continuous mode. The technique of tangential flow filtration has been employed to 

perform constant volume diafiltration, which allows the removal of small molecular impurities from 

the initial solution. The analysis begins with an examination of Echinacea Purpurea, followed by an 

investigation of milk whey.  

Prior to the implementation of the actual purification step, an array of clarification procedures was 

subjected to analysis with the objective of identifying the optimal one. The clarification procedures 

comprised centrifugation followed by microfiltration versus microfiltration versus centrifugation. A 

comparison of the three protocols is based on the removal of impurities and the concentration of 

extracellular vesicles (EVs), as evidenced by the chromatograms obtained through SEC-HPLC. The 

results demonstrate that the centrifugation pretreatment was the most effective. To ascertain the actual 

removal and concentration, all three clarification steps were followed by diafiltration. This approach 

enabled the quantitative confirmation that the protocol C + DF was the optimal one, with a 99.37% 

impurity removal and an 71.46% EVs content. 

Subsequently, the selected protocol was tested with milk whey as the starting feed, in order to verify 

its efficacy independently of the source of EVs. This was subsequently validated, as the impurity 

removal reached 98.79% while the EVs content was 100%. Thus, not only were the impurities almost 

completely removed, but there was no loss of EVs throughout the entire process. 

The second purification procedure that was subjected to testing was dialysis, which was preceded by 

the same clarification step, namely centrifugation. In contrast to the process of diafiltration, where 

the driving force is provided by pressure, the difference in concentration between the solution to be 

treated and the dialysate represents the driving force in this procedure. Dialysis is already a well-

established purification method, with a high level of usage, and therefore it was of interest to ascertain 

whether it could be used in this field. In this instance, only milk whey has been subjected to testing, 

due to the greater availability of the feed. A variety of configurations and hollow fibre modules with 

differing molecular weight cut-off (MWCO) values have been subjected to analysis. The optimal 

configuration was found to be centrifugation, concentration, and dialysis using a hollow fiber module 
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with a pore size of 0.15 Õm. The protocol yielded an impurity removal of 96.16% and an EVs content 

of 72.88%.  

In conclusion, the optimal protocol for efficient operation with diverse sources is one that 

encompasses both centrifugation and diafiltration. This conclusion is supported by the data presented 

above, which demonstrate the superiority of this protocol in terms of both quantitative efficiency and 

industrial applicability. Diafiltration is a faster process than differential ultracentrifugation and 

dialysis, and it can be employed in a continuous mode. Further studies should concentrate on the 

continuous optimisation of the purification protocol in terms of operational conditions with the 

objective of minimising the formation of cake on the fibre of the module and the fluctuations caused 

by the variability of the starting feed. 
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Appendix I 
The table below provides the composition of the phosphate saline buffer (0.1M, pH 7.4, 0.2% BSA) 

utilized as a diluent for tangential flow constant volume diafiltration. The quantities provided refer to 

the preparation of one litre of 0.1 M PBS. Prior to the addition of BSA, a 1 M NaOH solution is 

employed to attain a pH of 7.4. 

 

Table 21 Composition of PBS for constant volume diafiltration 

Compound Mass (g) 

NaCl 8.00 

KCl 0.20 

Na2HPO4 1.15 

KH2PO4 0.20 

BSA 0.002 

 

The mobile phase employed in the SEC-HPLC analysis was a phosphate saline buffer at a 

concentration of 0.1 M and a pH of 6.7. The 0.1 M phosphate saline buffer is prepared from two 

solutions, designated A and B. Solution A is added to solution B until a pH of 6.7 is obtained. The 

following table provides the composition of solutions A and B. These quantities refer to the 

preparation of 1 L of each solution. 

 

Table 22 Composition of PBS for SEC-HPLC 

Solution Compound Mass (g) 

A 
NaCl 17.53 

NaH2PO4 13.80 

B 
NaCl 17.53 

Na2HPO4 14.20 
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Appendix II 
This appendix presents the graphical representations of the individual replicates of each protocol, 

with Echinacea Purpurea constituting the initial feed. 

 

Figure 67 SEC-HPLC (XBridge Premier Protein) of retentates. Absorbance detected at 280 nm ï C + MF + DF protocol 

 

 

Figure 68 SEC-HPLC (XBridge Premier Protein) of retentates - EVs zoom. Absorbance detected at 280 nm ï C + MF + DF protocol 
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Figure 69 SEC-HPLC (XBridge Premier Protein) of retentates. Absorbance detected at 280 nm ï C + MF + DF protocol 

 

 

Figure 70 SEC-HPLC (XBridge Premier Protein) of retentates. Absorbance detected at 280 nm ï MF + DF protocol ï 1st replicate 
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Figure 71 SEC-HPLC (XBridge Premier Protein) of retentates. Absorbance detected at 280 nm ï MF + DF protocol ï 2nd replicate 

 

 

Figure 72 SEC-HPLC (XBridge Premier Protein) of retentates - EVs zoom. Absorbance detected at 280 nm ï MF + DF protocol - 1st 

replicate 
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Figure 73 SEC-HPLC (XBridge Premier Protein) of retentates - EVs zoom. Absorbance detected at 280 nm ï MF + DF protocol ï 

2nd replicate 

 

 

Figure 74 SEC-HPLC (XBridge Premier Protein) of retentates. Absorbance detected at 280 nm ï MF + DF protocol ï 1st replicate 
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Figure 75 SEC-HPLC (XBridge Premier Protein) of retentates. Absorbance detected at 280 nm ï MF + DF protocol ï 2nd replicate 

 

 

Figure 76 SEC-HPLC (XBridge Premier Protein) of retentates. Absorbance detected at 280 nm ï C + DF protocol ï 1st replicate 
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Figure 77 SEC-HPLC (XBridge Premier Protein) of retentates. Absorbance detected at 280 nm ï C + DF protocol ï 2nd replicate 

 

 

Figure 78 SEC-HPLC (XBridge Premier Protein) of retentates. Absorbance detected at 280 nm ï C + DF protocol ï 3rd replicate 
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Figure 79 SEC-HPLC (XBridge Premier Protein) of retentates - EVs zoom. Absorbance detected at 280 nm ï C + DF protocol ï 1st 

replicate 

 

 

Figure 80 SEC-HPLC (XBridge Premier Protein) of retentates - EVs zoom. Absorbance detected at 280 nm ï C + DF protocol ï 2nd 

replicate 
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Figure 81 SEC-HPLC (XBridge Premier Protein) of retentates - EVs zoom. Absorbance detected at 280 nm ï C + DF protocol ï 3rd 

replicate 

 

 

Figure 82 SEC-HPLC (XBridge Premier Protein) of retentates. Absorbance detected at 280 nm ï C + DF protocol ï 1st replicate 
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Figure 83 SEC-HPLC (XBridge Premier Protein) of retentates. Absorbance detected at 280 nm ï C + DF protocol ï 2nd replicate 

 

 

Figure 84 SEC-HPLC (XBridge Premier Protein) of retentates. Absorbance detected at 280 nm ï C + DF protocol ï 3rd replicate 

 

 

 

-0.0005

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

0.004

0.0045

0 2 4 6 8 10 12 14 16 18 20

A
b
s
 @

 2
8

0
 n

m
 (

A
U

)

Time (min)

VCF 1.3

VCF 3

VCF 5

-0.001

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0 2 4 6 8 10 12 14 16 18 20

A
b
s
 @

 2
8

0
 n

m
 (

A
U

)

Time (min)

VCF 1.3

VCF 3

VCF 5



 
 

Ϥ фн Ϥ 
 

Appendix III 
The following graphs represent the results of the single replicates of each protocol analysed, where 

the starting feed is milk whey. 

 

Figure 85 SEC-HPLC (XBridge Premier Protein) of retentates. Absorbance detected at 280 nm ï C + DF protocol ï 1st replicate 

 

 

Figure 86 SEC-HPLC (XBridge Premier Protein) of retentates. Absorbance detected at 280 nm ï C + DF protocol ï 2nd replicate 
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