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Abstract 

 
Extracellular vesicles (EVs) are cell-derived, membranous nanoparticles that mediate 
intercellular communication by transferring bioactive compounds such as proteins and 
RNAs. 
The discovery of EVs as natural nanotechnologies and means of communication 
between cells and even species has aroused great interest in the field of drug delivery. 
The EVs possess intrinsically several attributes that make them a good vehicle for the 
release of drugs in specific target organs and tissues. Indeed these particles: i) are well 
tolerated in the body, ii) have long circulating half-life, iii) are internalized by recipient 
cells and iv) are able of crossing the blood brain barrier. Pristine and engineered 
mammalian cell-derived EVs have recently contributing to the expanding research field 
known as “cell-free therapy”. Although the promising progresses, translational 
applications are currently obstructed by the challenges in the production manufacturing 
and bioengineering at scale of EVs. This PhD project has been supported by the 
European project H2020-VES4US, whose main purpose has been to develop a 
radically new platform for the production and functionalization of extracellular vesicles 
obtained from a renewable biological source, which will allow their application in a 
variety of fields, from nanomedicine to cosmetics or nutraceuticals. In this 
multidisciplinary and international scenario, the results of this PhD project supported 
the development of innovative bioprocesses inherent the separation and 
characterization of EVs from microalgae and their subsequent functionalization, in 
order to further exploit them for pharmaceutical, cosmetic and cosmeceutical 
application. 
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Extracellular vesicles from a renewable natural source:  
development of new biomaterials 

  1.1 Nanotechnology and Nanomedicine: The Applications of Nanoparticles in 
Drug Delivery Systems 
 
Nanotechnology is the engineering and manufacturing of materials at the atomic and 
molecular scale. The National Nanotechnology Initiative defines nanomaterials as 
structures roughly in the 1-100 nm size regime in at least one dimension1. 
Nanomaterials have influenced the frontiers of nanomedicine starting from biosensors, 
microfluidics, drug delivery, and microarray tests to tissue engineering2.  
Nanomedicine, focuses on the use of nanoscience knowledge and techniques in 
medical biology and alternative drug delivery for improving the effectiveness of 
disease treatment by reducing harmful side effects to normal tissues3. The engineered 
drug delivery systems are either targeted to a particular location or are intended for the 
controlled release of therapeutic agents at a particular site4,5. Nanoparticles have the 
potential advantages of modifying the solubility of the drug and the diffusion in the 
plasma membrane, thus overcoming the limit of bio-accessibility after intake 2. 
Nanoparticles also have also advantages for the control of drug release profile, 
diffusivity, bioavailability and immunogenicity6. The priority of the biotech and 
pharma industrial sectors is to find effective and safe molecular delivery vehicles as 
40% of new drugs fail to complete the clinical validation due to poor delivery8. In this 
context, Extracellular Vesicles (EVs) are a very recent addition to the nanotechnology 
vehicle toolbox and are considered one of the most promising bio-nanovehicles for the 
delivery of bioactive compounds11. 

1.2 Extracellular Vesicles - Cell-Derived nanovehicle toolbox 

 
1.2.1 Composition and Functionality of Extracellular Vesicles  

Extracellular vesicles (EVs) are groups of small naturally occurring particles that were 
previously overlooked in the study of cellular secretions12. There are three main 
categories of EVs based on their formation, size, and composition: exosomes, 
microvesicles, and apoptotic bodies13. Exosomes are small (30-100 nm) nanovesicles 
formed by reverse budding of multivesicular bodies and released when they fuse with 
the cytoplasmic membrane (Fig. 1). Microvesicles are larger (100-1000 nm) and 
produced during cytoplasmic membrane shedding (Fig. 1). Apoptotic bodies are 
generated from outward membrane blebbing during cell apoptosis and are 500-2000 
nm in size (Fig. 1)14. As of now, there is a lack of subtype-specific markers and overlap 
in vesicle sizes. As a result, it is challenging to separate and differentiate between 
different types of vesicles15. For this reason the scientific community agreed on the 
nomenclature referring to small EVs (sEVs) for EVs below 150 nm in diameter and 
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  large EVs (lEVs) for EVs of >150 nm. 13The content of EVs includes in their lumen 
various types of RNA (such as mRNA, miRNA, and lncRNA), lipids, and proteins; EV 
membrane contains receptors, ligands, and specific markers (Fig. 1)13,14. Initially, EVs 
were seen as "garbage bags" with a main function of discarding cellular waste. 
However, recent studies have shown that they can transfer biological information 
between cells and alter the recipient cells' phenotype. Cells package distinct 
biomolecules into EVs through sorting mechanisms and release them continuously or 
after stimulation16,17. EVs can be internalized by target recipient cells, leading to the 
transfer of mRNAs and miRNAs, resulting in the production or silencing of target 
proteins, including membrane proteins. They can be extracted from bodily fluids like 
blood, urine, cerebrospinal fluid, and saliva18. The contents of EVs reflect the status of 
the donor cell and can be used in diagnostics and to monitor treatment efficacy19,20. 
Indeed, EVs play a role in normal physiological processes, they are also associated 
with pathological processes like autoimmune diseases and cancer21,22. With their 
crucial role in intercellular communication, EVs play a significant role in both health 
and disease and their potential as a drug delivery platform is being explored23,24. 

 
Figure 1. Summary: The biogenesis of three types of extracellular vesicles (exosomes, 
microvesicles, and apoptotic bodies) and the components of exosomes are depicted in 
a scheme. Exosomes are vesicles secreted by cells and have a size of approximately 
100 nm. They contain a range of cellular components, such as mRNAs, miRNAs, 
proteins, enzymes, lipids, carbohydrates, etc. The surface of exosomes is adorned with 
various membrane proteins that carry out various physiological functions25. 
 
 
1.2.2 Isolation and characterization of EVs 
 
Several techniques are available for isolating and characterizing EVs, and each has 
unique factors that may affect yields13. The International Society for Extracellular 
Vesicles (ISEV) has released multiple papers emphasizing the importance of 
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  standardizing sample collection, EV separation and characterization methods, 
providing detailed information that should be recorded and published26,27,28. The newly 
established EV-TRACK database, created by an international consortium of 92 
researchers from 12 countries, aims to standardize EV isolation and characterization 
methods. The database evaluates and scores the experimental parameters of 1226 EV-
related articles using the EV-METRIC score29. The choice of an EV isolation method 
depends on the sample source. Separating EVs from cell culture typically involves 
centrifugation to remove dead cells and debris, followed by ultracentrifugation to 
collect EVs13. However, new techniques that include column enrichment or 
precipitation are continuously emerging. Ultracentrifugation is still widely used and 
considered the most popular primary isolation method. For complex biological fluid 
samples, it is recommended to use multiple methods to remove specific components 
before ultracentrifugation or alternative isolation methods such ultracentrifugation-
based, size-based, immunoaffinity capture-based, precipitation, and microfluidics13,30 
(Fig. 2). The best method depends on the purpose of research, as each has its own pros 
and cons. Once separated, EV populations require characterization for their intended 
downstream applications. There is a range of techniques available for this purpose such 
as transmission electron microscopy (TEM), scanning electron microscopy (SEM), 
atomic force microscopy (AFM), nanoparticle tracking analysis (NTA), dynamic light 
scattering (DLS), resistive pulse sensing, enzyme-linked immunosorbent assay 
(ELISA), flow cytometry, fluorescence-activated cell sorting (FACS), microfluidics 
and electrochemical biosensors, have been developed for research and clinical 
purposes to assess EVs purity and quantify EV cargo31,32 (Fig. 2).  
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Figure 2. Scheme for EV isolation, quantification, and characterization, including 
analysis of EV molecular content.30. 
 
1.3 Utilizing Extracellular Vesicles for Nanomedical Purposes 
 
1.3.1 EV-based Therapeutics: A Promising Advancement in Drug Delivery 
Systems 
EVs have a competitive advantage as a drug delivery system over synthetic reagents 
due to their reduced immunogenicity and toxicity33. Liposomes, which are synthetic 
lipid nanoparticles, are commonly used for delivering nucleic acids and small 
molecules34. The first liposomal anticancer drug, DoxilVR, was approved by the FDA 
in 199535. Despite the appearance of similar drugs, toxicity remains a problem that 
delays clinical applications36. Synthetic lipid nanoparticles tend to induce a toxic 
immune response, accumulate in the liver, and perform poorly in comparison to 
expectations37,38.  
Furthermore, EV therapy is recently considered an advancement from stem cell therapy 
for in vivo regeneration12. It is now believed that the benefits of stem cells come from 
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  the paracrine factors in EVs. Research has shown that administering pristine EVs alone 
can provide similar benefits and new therapeutic opportunities39,40. EVs from sources 
like MSCs have shown potential in animal models for various diseases and can be used 
to deliver drugs and vaccines41. Early clinical studies show EVs to be safe and effective 
as a therapy for cancer and graft-versus-host disease, and outer membrane vesicles 
from Neisseria meningitides (the EV-based product Bexsero®) has received a 
marketing authorization as a vaccine for meningitis42,43. EV-based therapies, as a cell-
free therapy, avoid the problems associated with cell-therapy, such as necrosis or 
abnormal differentiation44. The small size of EVs also has therapeutic benefits like 
reducing phagocytosis, improving injection, and extravaation through tumor blood 
vessels45. Although synthetic vectors have similar size benefits, EVs have unique 
therapeutic advantages like biocompatibility, stability, communication, and the ability 
to interact with cells. Some studies show that EVs have selective fusion, tissue 
specificity, and the ability to cross the blood-brain barrier46. EVs have a competitive 
advantage as drug delivery system due to their innate biocompatibility and limited 
immunogenicity compared to synthetic drug delivery agents like lipid 
nanoparticles44,47. For instance, siRNA-loaded exosomes were shown to inhibit 
pancreatic cancer in mice better than siRNA-loaded lipid nanoparticles without 
eliciting an immune response. Although EVs may accumulate in the liver and other 
organs, they are still considered to have limited immunogenicity and cytotoxicity 
compared to other delivery systems like adenoviruses, lentiviruses, retroviruses, and 
lipid transfection reagents48. Therapeutic EVs can also be modified through molecular 
engineering techniques, leading to different biological functions (Fig. 3). EVs can be 
loaded either exogenously by incorporating cargo on isolated EVs or endogenously by 
introducing cargo into the producer cell. The cargo can be therapeutic RNA molecules, 
proteins, or surface molecules like biologically active proteins or neutralizing 
molecules49,50,51. Surface ligands can target EVs to specific recipient cell types, 
enabling crossing of physiological barriers, like the blood-brain barrier. Additions to 
the EV surface can facilitate fusion with the recipient cell's plasma membrane or 
cytoplasmic release of cargo after endosomal uptake52. The method of administration 
of EVs affects their biodistribution, a factor to consider when developing therapeutic 
applications (Fig. 3). In recent decades, biological medications like monoclonal 
antibodies and cell therapies such as CAR T cells have made significant progress in 
managing disease. Currently, there are fewer than 100 studies, mostly proof-of-
concept, related to EV-based drug delivery systems and therefore, there is exciting 
potential to explore new functionalization technologies and achieve effective 
therapeutic outcomes from EVs treatments53. 
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Figure 3. Extracellular vesicles (EVs) play a role in both health and disease, with their 
bioactive cargo of proteins, lipids, and nucleic acids impacting target cells. 
Bioengineering of EVs can improve their functionality and specificity by modifying 
their surface or loading therapeutic cargo. Native and engineered EVs can be utilized 
as cell-free therapeutics for promoting health. However, EVs produced under 
pathological conditions by cancer or infected cells can contribute to the spread and 
progression of disease54. 
 
1.3.2 EV-based drug delivery vehicles 
 
EVs are being studied as a way to deliver various cargo, including drugs and small 
molecules with poor pharmaceutical properties46,55. Proteins and RNA, such as siRNAs 
and miRNAs, can also be delivered, despite their low cellular uptake, poor 
pharmacokinetics, off-target toxicity, or stability problems, as they have been shown 
to be effective once they reach their mRNA targets56. Studies have been conducted to 
explore ways of delivering therapeutic cargo to native EVs (Fig. 4). The incubation of 
EVs with curcumin led to a more bioavailable and anti-inflammatory drug in a mouse 
model of inflammation57. Also, the incubation of EVs with the immunosuppressive 
miR-150 produced a functional association between the miRNA and EVs58. The use of 
EVs as a delivery system for various small molecules, including curcumin, 
doxorubicin, and paclitaxel, has been studied59. Preclinical animal trials suggest that 
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  the EV-delivered small molecule treatment is more potent with improved 
pharmacokinetic profiles, including better delivery to the brain and tumors and efficient 
retention of cargo in tumor cells, compared to other delivery methods such as 
liposomes and synthetic nanoparticles60. Therefore, clinical trials are underway to test 
the use of EVs loaded with curcumin or chemotherapeutic drugs57,61. Recently, an 
improvement in loading RNA into extracellular vesicles (EVs) has been demonstrated 
using hydrophobic modified siRNA (hsiRNA) for Huntingtin mRNA silencing, which 
was efficient in vitro and in vivo62. Another study showed that using an anchor peptide 
(CP05) for targeting CD63 on EVs could effectively load functional cargos and restore 
dystrophin and improve phenotype in dystrophin-deficient mice63. Exogenous loading 
methods into EVs include electroporation, permeabilization, sonication, extrusion, and 
commercial cationic liposomes, however the results can vary greatly and it’s difficult 
to determine the loading efficiency64,65. Electroporation has shown poor loading 
efficiency due to formation of siRNA aggregates but many studies have also reported 
successful loading66. A study using fibroblast-EVs electroporated with siRNA and 
shRNA targeting oncogenic KRAS (iExosomes) showed suppression of cancer growth 
and increased survival in mouse models of pancreatic ductal adenocarcinoma67,68. A 
clinical-grade production of MSC-derived iExosomes showed increased survival of 
mice with PDAC and were stable after 5 months of storage at -80°C69. A clinical trial 
is ongoing to explore the potential of EVs as a delivery vehicle for RNA species. 
Endogenous loading refers to the expression of cargo (such as small RNA, small 
molecules, mRNA/protein, etc.) within the producer cell which is then sorted into 
extracellular vesicles (EVs). This allows the utilization of the cell’s machinery for 
sorting the cargo into EVs70,71,72,73. Engineered EVs can be modified to possess desired 
traits, such as increased targeting properties, through techniques such as transfection 
of the parental cell with a plasmid encoding Lamp2b fused with RVG74,75. Clinical 
trials are underway to assess the use of MSC-derived EVs loaded with miR-124 for 
treatment of acute ischemic stroke76,77. Other engineering techniques include 
displaying RNA aptamers, anti-EGFR nanobodies, or reporter moieties on EVs for 
targeted cancer therapy. A recent study used optogenetically engineered EVs to deliver 
proteins through the late-domain pathway68. A subtype of EVs called ARMMs 
(ARRDC1-mediated microvesicles) has been found to deliver NOTCH receptors and 
trigger NOTCH-specific gene expression, as well as transport other 
macromolecules78,79,80. The delivery of p53 protein and its mRNA, as well as CRISPR-
Cas9/guide RNA complex, has been demonstrated using ARRDC1 chimeric proteins79. 
To increase EV production, engineered cells called EXOtic devices overexpress three 
genes, leading to a 15-fold increase in EV yield. The devices are transfected with a 
mRNA packaging plasmid, an mRNA of interest, a cytosolic delivery helper, and a 
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  targeting plasmid, and have shown effectiveness in reducing neurotoxicity and 
neuroinflammation in Parkinson’s disease models.  
Hybrid EVs are emerging as a potential delivery strategy, with the fusion of EVs and 
synthetic liposomes modifying the exosomal surface to enhance stability, reduce 
immunogenicity, and extend half-life74. Another approach, EPNs (enveloped protein 
nanocages), uses membrane binding and self-assembly proteins for biogenesis and 
efficient delivery into target cells. The development of therapeutic EVs is based on a 
growing understanding of EV biology, including biogenesis, protein and RNA sorting, 
and the use of protein engineering, RNA posttranscriptional modifications, and RNA 
binding proteins for controlled RNA packing81,82. 
 

 
Figure 4. a) Strategies for engineering donor cells for EV production include co-
incubation and gene transfection to introduce cargo and extrusion and microfluidic 
techniques to fabricate EV-mimetic nanovesicles (NVs).  b) Strategies for EV 
engineering (exogenous loading) include sonication, electroporation, freeze-thaw, 
extrusion, and saponin permeabilization to introduce cargo, ligand-displaying to 
anchor targeting agents, mixing nanomaterials like liposomes and micelles with EV 
membranes to create hybrid EVs, and a bioinspired synthetic approach83.  
 
1.4 Challenges in the field of EV therapies 
 
Over the past decade, extensive research in the field of EVs has enhanced our 
knowledge of their biogenesis, molecular content, and biological functions. However, 

a) 
 b) 
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  challenges remain before EVs can be used as therapies84,85. Selecting and 
characterizing the appropriate cell source for EV production is crucial for the intended 
therapeutic application. The manufacturing of EV-based therapeutics and cosmetic 
formulations is mainly based on human mesenchymal stem cells (MSC), whose large-
scale production is neither sustainable, controllable nor economically viable86. The 
challenge is to ensure EV mass production for market roll-out when drug candidates 
reach the commercial clearance. Other important concerns are the still inefficient EV 
payload uptake and the need to commerce tropism and biodistribution while 
commercial adverse effects87. This has led the research community to explore 
alternative approaches to source EVs from other biological origins, such as bovine 
milk, bacteria and several edible plants including tomato and lemon88,89. However, the 
quest for the ideal EV source is still open as these alternatives still fail to meet the 
characteristics of safety, scalability, sustainability, quality and cost-effectiveness that 
are required by customers, especially when looking at the industrial phase. Currently, 
various manufacturing bioprocesses are being developed to isolate EVs, but finding the 
optimal method for producer cell expansion (i.e., MSCs) and scalable and clinical-
grade EV isolation is still ongoing. Stability and storage must be improved for EVs to 
be used as off-the-shelf therapies. Additionally, the potency of isolated EVs must be 
assessed in standardized potency assays, which are currently lacking. EVs must also 
be characterized in relevant preclinical models to assess their safety, toxicity, 
pharmacokinetic, and pharmacodynamic profiles for accurate clinical dose 
predictions84,85.  
 
1.5 Microalgae as renewable and natural source 
 
Microalgae are photosynthetic organisms, economically valuable biomass resources 
that are widely applied in food, pharmaceuticals and environmental remediation90. 
Several species of microalgae are rich in active components such as polysaccharides, 
pigments, proteins, vitamins, polyunsaturated fatty acids, antioxidants, which are 
beneficial in treating tumours, inflammation and cardiovascular disease91,92,93. Given 
these peculiar features, microalgae are increasingly considered worldwide as potential 
sources of food supplements and pharmaceutical compounds. Microalgae metabolites 
(lipid peroxidase, mycosporine-like amino acids (MAAs), carotenoid pigments (e.g. 
fucoxanthin), phytosterols (e.g. campesterol), vitamins (e.g. pro-vitamin), sulphated 
polysaccharides or flavonoids (e.g. catechin) have been shown to exhibit antioxidant-
like activity94. Has been reported that flavonoids such as kaempferol and quercetin, 
typical of some species of microalgae, can play an important role in brain function with 
positive effects on neuronal activity95. Polyunsaturated fatty acids, such as 
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  eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are the most valuable 
long chain polyunsaturated fatty acids (LC-PUFA) present in microalgae in relatively 
high proportions96. The beneficial role of these omega-3 fatty acids has been reported 
against atherosclerosis, hypertension or inflammation97.  In fact, they appear to be the 
most 17 commercialized biomolecules of microalgae. In addition, another important 
property that has aroused interest is the use of microalgae by antimicrobial action. 
Compounds such as cyanovirin, oleic acid, linoleic acid, palmitoleic acid, β-carotene, 
fucoxanthin or phycocyanin produced by different species of microalgae, have 
antioxidant or anti-inflammatory properties as well as antimicrobial activity, for 
example against Staphylococcus aureus and Methicillin-Resistant Staphylococcus 
aureu98. For this reason, already many species of microalgae have been subjected to 
increasingly frequent checks to detect new antibacterial drugs. The diversity of 
microalgae is immense, of the estimated millions of extant species, some 30,000 have 
been described, but only a dozen are grown on a large scale for biotechnological 
applications99. Considering the remarkable biodiversity of microalgae and the 
improvement in culture, screening, extraction and purification techniques, it is likely 
that these microorganisms will represent an important source of new products in the 
future as part of blue technology. Until now, bioactive compounds from cyanobacteria 
have been more investigated than those from eukaryotic microalgae, probably caused 
to their simpler culture methods, and have been the subject of several recent 
papers100,101,102,103. The current global challenges such as climate change, pandemic, 
increasing population and depletion of fossil fuels have driven research to search for 
new sustainable sources for food, feed, high-end chemicals, and energy production. 
Microalgae has gained significant relevance as an excellent renewable cell factory in 
developing products because of their unique bioactive components and the possibility 
to grow them at industrial-scale via economically and environmental sustainable 
processes104.  
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2.1 Introduction to the experimental work 

 
The development of a theranostic approach using EVs is challenged by their 
heterogeneity in size, composition, and function. Further, upscaling of the upstream 
cultivation of EV-producer human cells (i.e., MSCs) to satisfy the demand from the 
pharmaceutical and cosmetic industries is economically and technologically 
challenging. This hinders the practical use of EVs in clinical practice, despite 
significant attention from the scientific community and industry. The collection 
procedures of EVs have a significant impact on their yield, measurement, and 
composition, suggesting that the chosen isolation method can shape the identity of the 
EVs. Based on these challenges, this PhD project aims to advance the development of 
new and improved bioprocesses for producing EVs from a renewable biological source 
and functionalizing them. The goal is to facilitate their clinical translation and 
minimize the side effects that have hindered their use until now.  After identifying 
microalgae as a sustainable and natural bio-source for the mass production of EVs, as 
discussed in Chapter 31 the subsequent critical step was to identify the optimal species 
in collaboration with Dr. Nicolas Touzet of Atlantic Technology University (ATU) in 
Sligo, Ireland. Through the examination of nanoscale extracellular structures generated 
by eighteen species of microalgae, we discovered seven potential strains capable of 
producing EVs that belonged to distinct lineages. These findings indicate that the 
ability to produce EVs is a conserved evolutionary trait in microalgae. Specifically, 
two EV purification techniques were carried out: differential ultracentrifugation (dUC) 
and Tangential Flow Filtration (TFF). While both methods aim to separate vesicles 
based on their size, the focus has been on Tangential Flow Filtration due to its ability 
to preserve the integrity of liposomes and its capacity to handle larger starting volumes.  
Indeed, in Chapter 42 and in Chapter 53 it is discussed the optimal conditions for 
Tangential Flow Filtration, compared to differential ultracentrifugation. Subsequently, 
the isolation and preservation process of EVs was validated and standardized by 
evaluating their yield, heterogeneity, and presence of protein biomarkers characteristic 
of exosomes and/or microvesicles (such as Alix, Enolase, and ß-Actin proteins), using 
a multidisciplinary approach in collaboration with Dr. Mauro Manno’s group at 
Institute of Biophysics (IBF) at CNR, Palermo and Prof. Paolo Arosio at ETHZ, 
Switzerland.  In more detail, the size has been evaluated by Dynamic Light Scattering, 
the number of nanoparticles and their size distribution has been evaluated via the use 
of nanoparticle tracking analysis (NTA) and the analysis of morphology was performed 
using Scanning electron microscope (SEM), and atomic force microscopy. These 
results allowed us to define the microalgal-derived EVs, that we called 



 

 31  

Extracellular vesicles from a renewable natural source:  
development of new biomaterials 

  “nanoalgosomes”, as a new type of EV that can be produced at large scale through a 
scalable, GMP-compliant and sustainable bioprocess.  
Following on from the establishment of the optimal experimental parameters for 
vesicle isolation, the Chapter 64 reports the biological activity and toxicity of 
nanoalgosomes and how human and Caenorhabditis elegans cells take up labelled 
nanoalgosomes; we found that that is an energy-dependent mechanism and are 
localized in specific cells' cytoplasm for a prolonged period. Our results demonstrate 
that nanoalgosomes can be actively taken up by human cells in vitro and C. elegans 
cells in vivo (in collaboration with Dr. Elia di Schiavi, CNR, Napoli), supporting their 
potential use as nanocarriers for bioactive compounds in theranostic applications. 
Chapter 75 reports the results obtained during the experience conducted at ETHZ in 
the laboratories of Prof. Paolo Arosio. Specifically, the development of programmable 
coacervates made from zwitterionic polymers with ion exchange properties has created 
a new method for bioseparation. These coacervates are highly effective for purifying 
soft nanoparticles like extracellular vesicles (EVs) and liposomes. By designing the 
polymers, the coacervates can respond to different stimuli and recruit specific 
molecules. These polymeric coacervates have been shown to efficiently recruit and 
release intact liposomes, human EVs. In this scenario, this new approach has been 
applied on EVs derived microalgae for separating them from impurities such as 
proteins and nucleic acids. This innovative approach combines the simplicity and speed 
of precipitation methods, the programmability of chromatography, and the gentleness 
of aqueous two-phase separation to ensure product stability. This material has the 
potential to provide an alternative, low-shear, gentle, and selective purification process 
for EVs. 
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Abstract 
 
Safe, efficient and specific nano-delivery systems are essential for current and 
emerging therapeutics, precision medicine and other biotechnology sectors. Novel bio-
based nanotechnologies have recently arisen, which are based on the exploitation of 
extracellular vesicles (EVs). In this context, it has become essential to identify suitable 
organisms or cellular types to act as reliable sources of EVs and to develop their pilot- 
to large-scale production. The discovery of new biosources and the optimisation of 
related bioprocesses for the isolation and functionalisation of nano-delivery vehicles 
are fundamental to further develop therapeutic and biotechnological applications. 
Microalgae constitute sustainable sources of bio-active compounds with a range of 
sectorial applications including for example the formulation of health supplements, 
cosmetic products or food ingredients. In this study, we demonstrate that microalgae 
are promising producers of EVs. By analysing the nanosized extracellular nano-objects 
produced by eighteen microalgal species, we identified seven promising EV-producing 
strains belonging to distinct lineages, suggesting that the production of EVs in 
microalgae is an evolutionary conserved trait. Here we report the selection process and 
focus on one of this seven species, the glaucophyte Cyanophora paradoxa, which 
returned a protein yield in the small EV fraction of 1 µg of EV proteins per mg of dry 
weight of microalgal biomass (corresponding to 109 particles per mg of dried biomass) 
and EVs with a diameter of 130 nm (mode), as determined by the micro bicinchoninic 
acid assay, nanoparticle tracking and dynamic light scattering analyses. Moreover, the 
extracellular nanostructures isolated from the conditioned media of microalgae species 
returned positive immunoblot signals for some commonly used EV-biomarkers such 
as Alix, Enolase, HSP70, and b-actin. Overall, this work establishes a platform for the 
efficient production of EVs from a sustainable bioresource and highlights the potential 
of microalgal EVs as novel biogenic nanovehicles. 
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1. Introduction 

 
A major therapeutic objective of  modern  medicine  has  been the development of 
novel treatment strategies that can target specific organs, tissues and cells.1 As such, a 
variety of nano- particle-based drug  delivery systems  has been tested  over the last 
decades, including synthetic polymer- and lipid-based nanoparticles as well as other 
organic and inorganic material- based  nanovectors.2  Therapeutic  agents  such  as  
RNA  molecules, which are effective in vitro, often fail in vivo due to rapid clearance 
or biological barriers that prevent site-specific accumulation.3,4 Further, despite the 
appreciable success of synthetic nanomaterials to date, technical challenges involving 
their large-scale, cost-effective production and intrinsic toxicity still hinder their 
clinical and market translation.2 Biogenic nanovesicles have shown potential to 
naturally perform cell-specific drug release.5,6 Cell-secreted extracellular vesicles 
(EVs) are an example of biogenic lipid bilayer delimited nanocarriers.7 They have been 
observed in many human and animal body fluids including blood, urine, saliva, semen, 
bronchoalveolar lavage, bile, ascitic fluid, breast milk or cerebrospinal fluid.8,9 EVs are 
physiological nanocarriers recognised as mediators of inter-cellular signaling by which 
even distant cells can exchange membrane and cytosolic contents, including proteins 
and RNA.7,10,11 EVs are also important mediators of cell–cell communication in 
conditions such as metabolic, cardiovascular, neural and neoplastic pathologies. 
Interestingly, EVs can act by either promoting or counteracting the disease.12,13 
Moreover, they are naturally stable in various biological fluids, immunologically inert 
and able to pass through some biological barriers due to their small size, which could 
potentially overcome some of the limitations currently associated with synthetic 
liposomes.5,14 It has  also  been shown that EVs can exhibit organ-specific targeting 
abilities that are attributed to the interplay of several EV components.15 The finding 
that EVs may be used as natural carriers of small bioactive molecules has hence raised 
great interest from a number of scientific disciplines given that they could find 
promising applications for the delivery of miRNA, siRNA, mRNA, lncRNA, proteins, 
peptides, lipids, synthetic drugs or other cargo.16 EVs constitute vehicles for inter-
species communication, as evidenced from the microbiota and human gut cell 
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interactions, and from the interactions between plants and their pathogens; EVs have 
been indeed found in all the three domains of life: archaea, bacteria and eukarya.17–21 
There are various cell sources available to produce EVs and indeed several have been 
in the process of being exploited for therapeutic applications.22 However, one attractive 
source that has remained largely unexplored to date is microalgae. Microalgae are a 
heterogeneous group of protistean organisms of polyphyletic origins that constitute a 
rich reservoir of bioactive metabolites, including polysaccharides, lipids, proteins, 
pigments, vitamins, antioxidants and other bioactive compounds.23–25 Microalgae are 
perceived as renewable bioreources which have been considered for applications in a 
variety of fields including wastewater treatment, atmospheric CO2 sequestration, 
bioenergy, drug development, biofertilisation, feed manufacture or nutraceutical 
formulations.26–32 As such, a range of microalgae species interspersed in a variety of 
lineages have the capacity to synthesise high-value metabolites such as xantophyll 
pigments or the omega-3 long chain poly- unsaturated  fatty  acids  EPA  and  DHA,  
which  have  been claimed to have a wide range of beneficial health effects 
(e.g.antioxidant, anti-inflammation and  antibacterial  activities) and have high 
potential for niche markets.33–35 Microalgae are believed to hold a number of 
advantages over other photosynthetic crops as they have higher growth rates and can 
be cultivated on non-arable land. They also do not depend on seasonal fluctuation 
limitations as their growth requirements can be tailored all year round under controlled 
conditions in specifically designed photobioreactors. 
In the context of the H2020-FETOpen project VES4US (http://www.ves4us.eu) and in 
the present work we propose microalgae as novel sources of EVs to be used as tailor-
made products for different  industrial  sectors  such  as  nutraceutics, cosmetics or 
nanomedicine. To this end, we developed a plat- form for the production, isolation and 
characterisation of EVs from microalgae. Our results demonstrate that EVs can be 
isolated from different microalgae strains, exhibiting all the key features of EVs. As an 
important first step towards scaling-up production, we analysed a number of species 
interspersed across several microalgal lineages and identified those best suited for the 
future biorefining of EVs. 
 
2. Materials and methods 
 
2.1 Microalgae strain selection and cultivation 
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18 microalgae strains were grown for 30 days in triplicate borosilicate glass tubes 
containing 60 ml of f/2 medium.36 The selection of the strains was based on including 
members from the main microalgal lineages as well as considering a variety of features 
such as seawater and freshwater inhabitants, small and large sized cells, colonial and 
single cells and species with sequenced genomes (ESI File 1‡). The cultures were 
initiated with a 10% (v/v) starting inoculum from actively dividing stocks at 1.67 mg 
ml−1 (wet biomass). The incubation conditions consisted of a temperature of 20 °C ± 
1 °C and an illumination regime of 100 μmol m−2 s−1 with a light : darkness 
photoperiod of 14 : 10. The biomass of the strains was collected at day 30 of culture 
by centrifugation (2000g, 10 min) and freeze-dried overnight prior to subsequent 
analyses. The biomass of marine species was treated with 1 ml of 0.5 M ammonium 
formate for desalting prior to freeze-drying. 
 
2.2 Pigment extraction and analysis 
 
Pigment extraction was carried out according to Mc Gee et al.37 Samples of freeze-
dried biomass (2–3 mg) were mixed with 500 μl of ice cold 100% acetone and glass 
beads and placed in a FastPrep FP120 ribolyser for 40 s at full speed. Deionised water 
was added to bring the solution to 80% acetone (v/v) and vortexed. The extracts were 
then filtered through 0.22 μm PTFE membrane syringe filters to remove any residual 
particulate material. The extracts were transferred into amber vials and analysed within 
24 hours. Pigment extracts were analysed at constant room temperature on a Varian 
ProStar HPLC binary solvent delivery system equipped with a 20 μl sample loop, 
ProStar 310 UV and 335 PDA detectors. Pigments were separated using a Phenomenex 
Onyx C18 100 × 4.6 mm ID monolithic column fitted with a Phenomenex Onyx C18 
guard cartridge 10 × 4.6 mm ID employing a stepped gradient solvent programme with 
a flow rate of 3 ml min−1. Pigments were resolved using a gradient profile consisting 
of 10% B starting condition for 0.10 min, followed by a linear gradient to 65% B from 
0:10–2:00 min, isocratic hold at 65% B from 2:00 to 4:00 min, linear gradient from 
4:00 to 5:00 min followed by hold at 90% B for 1:00 min and a final re-equilibration 
at initial conditions from 6:01–7:50 min. The mobile phase A consisted of methanol :
ammonium acetate (0.5 M) (80 : 20 v/v) and mobile phase B was acetone : acetonitrile 
(70 : 30 v/v). Prior to injection, extracts were diluted (1 : 5) with 0.5 M ammonium 
acetate when necessary. Carotenoids and chlorophylls were detected with a diode-array 
detector, scanning absorbance spectra from 360 to 700 nm and monitoring at 450 nm 
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for optimal carotenoid detection. Probable pigment identification was achieved by 
comparing retention times and UV-vis spectral fine structures to pigment standards, 
DHI phytoplankton pigment Mix-115 and reference data sheets.38 
 
2.3 Lipid extraction and fame analysis 
 
The freeze-dried microalgal biomass of the 18 strains was extracted according to 
Ryckebosch et al.39 with slight modifications. First, 400 μl of methanol was added to 
dried biomass (2–15 mg), followed with 200 μl of chloroform and 40 μl of deionised 
water. The sample was then vortexed and centrifuged (2000 rpm, 10 min). The 
supernatant was discarded and the bottom chloroform layer collected. The residual 
biomass in the tube was re-extracted using 200 μl of methanol and chloroform, 
vortexed and centrifuged again. The upper layer was collected and the extraction was 
carried out twice more on the residual biomass. The four lipid extract layers were then 
pooled together into a 15 ml tube and Na2SO4 salts added for dewatering. Upon further 
centrifugation, the solution was placed in a new tube and the sample was then 
evaporated to dryness under a nitrogen stream. The residue was then resuspended in 
500 μl of chloroform : methanol (50 : 50) as final extract. Prior to analysis, 200 μl of 
sample was placed in a GC-MS vial fitted with a glass insert and supplemented with 
50 μl of trimethylsulfonium hydroxide (TMSH) for transesterification. The samples 
were maintained for at least 1 hour at room temperature prior to analysis by GC-MS. 
The separation of fatty acid methyl esters (FAMEs) in the microalgal extracts was 
carried out using a BPX70 120 m column with an internal diameter of 0.25 mm on an 
Agilent7890A/5975C GC-MS system equipped with the MassHunter software. 
Samples were injected at a split ratio of 100 : 1 at an inlet temperature of 250 °C with 
the helium flow rate set at 2 ml min−1 (48.51 psi) and the transfer line at 280 °C. The 
oven gradient temperature was as follows: an initial hold at 50 °C for 2 min followed 
by 20 °C min−1 ramp to 160 °C for 0 min, a 4 °C min−1 ramp to 220 °C for 5 min and 
finally a 4 °C min−1 ramp to 240 °C for 12.5 min. The mass spectrometry conditions 
had a solvent delay of 10.5 minutes. Identifications were carried out by comparing 
retention times against standards of the Supelco® 37 Component FAME Mix and using 
the MS NIST 08 library. 
 
2.4 Isolation and characterisation of microalgal EVs 
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2.4.1 Microalgal EV isolation. The microalgae cultures were centrifuged on day 30 at 
low speed (2000g) for 10 minutes to separate cells from the culture medium. Then, the 
isolation of EVs from the supernatant was performed by differential ultracentrifugation 
(dUC). Large EV nanoparticles (lEVs) were isolated in 50 ml Eppendorf polypropylene 
conical tubes at 10 000g for 30 minutes at 4 °C using an Eppendorf rotor F34-6-38. 
The resulting supernatant was then used to isolate small EVs (sEVs) that were collected 
into Beckman Coulter polypropylene open top tubes via centrifugation at 118 000g for 
70 minutes at 4 °C using a Beckman SW28 rotor. After a PBS washing step, the pellet 
was re-suspended in PBS for subsequent analyses. 
2.4.2 BCA assay and immunoblotting. The protein concentration of EV nanoparticles 
was measured using the BCA protein assay kit (Thermo Fisher Scientific, Rockford, 
IL, USA). This colorimetric method provides a relative concentration to a protein 
standard (bovine serum albumin, BSA), which is used for the preparation of a 
calibration curve. The relative absorbance of the BCA soluble compound was 
measured at 562 nm using a GloMax® Discover Microplate Reader. The signal rises 
linearly with protein concentration over a protein range of 20–2000 μg ml−1. 
Proteins were resolved by sodium dodecyl-sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE). 30 μg of cell lysate and EV samples (in PBS) were mixed with 5× 
loading buffer (0.25 M Tris-Cl pH 6.8, 10% SDS, 50% glycerol, 0.25 M dithiothreitol 
(DTT) and 0.25% bromophenol blue) at 100 °C for 5 min and loaded on 10% SDS-
PAGE for electrophoretic analyses. Proteins were blotted onto polyvinylidene fluoride 
(PVDF) membranes. The membranes were blocked with BSA-TBS-T solution (3% 
powdered with bovine serum albumin in TBST (50 mM Tris HCl pH 8.0, 150 mM 
NaCl,0.05% Tween 20)) for 1 hour at room temperature, followed by primary antibody 
incubation overnight at 4 °C. We tested different antibodies and found that antibodies 
anti-Alix (clone 3A9, dil. 1 : 150 in 3% BSA/TBS-T1X), anti-Enolase (clone A5, dil. 
1 : 400 in 3% BSA/TBS-T1X), anti-βActin (clone AC15, dil. 1 : 400 in 3% BSA/TBS-
T1X) and anti-HSP70 (clone W27, dil. 1 : 500 in 5% milk/TBS-T1X) (Santa Cruz 
Biotechnology, USA), raised against different mammalian EV markers,7 also showed 
cross-reactivity to microalgae and were used in the present study. After washing, 
membranes were incubated for 1 hour with secondary antibodies according to the 
manufacturer's instructions (horseradish peroxidase-conjugated secondary anti-mouse 
or anti-rabbit antibodies, cell signalling). Membranes were washed four times in TBST 
for 20 min. Immunoblots were revealed using SuperSignal™, Pierce™ ECL (Thermo 
Fisher Scientific). Densitometric analyses of protein bands in the immunoblot assays 
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were performed using the ImageJ software; biomarker optical densities (OD) were 
normalised against their equivalent band ODs measured in the positive control (C2C12 
lysate). 
2.4.3 Nanoparticle tracking analysis (NTA). Nanoparticle size distribution and 
concentration were measured using a NanoSight NS300 (Malvern Panalytical, UK). 
The instrument was equipped with a 488 nm laser, a high sensitivity sCMOS camera 
and a syringe pump. The EV particles were diluted in particle-free water to generate a 
dilution in which 20–120 particles per frame were tracked to obtain a concentration 
within the recommended measurement range (1–10 × 108 particles per ml). For each 
sample, 5 experiment videos of 60 seconds duration were analysed using NTA 3.4 
Build 3.4.003 (camera level 15–16) with syringe pump speed 30. A total of 1500 
frames were examined per sample, which were captured and analysed by applying 
instrument-optimised settings using a suitable detection threshold so that the observed 
particles are marked with a red cross and that no more than 5 blue crosses are seen. 
Further settings, such as blur size and Max Jump Distance were set to “automatic” and 
viscosity was set to water (0.841–0.844 cP). 
2.4.4 Dynamic light scattering (DLS). Scattered light intensity and its time 
autocorrelation function g2(t) were measured simultaneously on different samples at 
20 °C using a Brookhaven BI-9000 correlator (Brookhaven Instruments, Holtsville, 
NY, USA) equipped with a solid state laser tuned at 532 nm. The samples were diluted 
to a final total protein concentration ≤50 μg ml−1 for both sEVs and lEVs to avoid 
vesicle interaction and multiple scattering artefacts. Absolute values for scattered 
intensity (Rayleigh ratio) were obtained by normalisation to toluene, whose Rayeigh 
ratio at 532 nm was taken as 28 × 10−6 cm−1. Absolute intensity values were used to 
estimate the total content in small and large EVs. The intensity-averaged size 
distribution, namely the distribution of hydrodynamic radii Dh, was derived by fitting 
the autocorrelation function with a multi-peaked Schultz distribution for the particle 
diffusion coefficients D and then using the classical Stokes–Einstein relation D = 
(kBT)/(3πηDh), where kB is the Boltzmann constant, T is the temperature and η is the 
solvent viscosity.41 
2.4.5 Scanning electron microscopy (SEM). Samples were fixed in 0.4% 
paraformaldehyde and 2.5% glutaraldehyde in 300 mM PBS, at 4 °C. The pre-fixed 
samples were applied onto polycarbonate filters with pore-diameter of 0.05 μm 
(STERLITECH). The EV-containing filters were post-fixed in bath following the 
protocol of Lešer et al.42 Briefly, the primary fixatives were removed by three steps of 
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washing with distilled water (10 min incubation in each step). Samples were then 
incubated for 1 hour in 2% OsO4. They were washed with distilled water (three 
washing steps with 10 min incubation time), treated with saturated water solution of 
thiocarbohydrazide (15 min incubation time), washed again (three washing steps in 
distilled water, 10 min incubation time each) and subjected to 2% OsO4 again for 1 
hour. After the second incubation in OsO4, the unbound osmium was removed in 
another three steps of washing (in distilled water, 10 min incubation time each). The 
samples were dehydrated in graded series of ethanol (30–100%, 10 min incubation in 
each solution; absolute ethanol was replaced three times), followed by graded series of 
hexamethyldisilizane (mixed with absolute ethanol; 30%, 50% and 100%, 10 min in 
each solution) and finally air dried. The dried samples were Au/Pd coated (PECS Gatan 
682) and examined using a JSM-6500F field emission scanning electron microscope 
(JEOL Ltd, Tokyo, Japan). 
 
2.5 Decision grid for ranking strains according to their EV production potential 
 
A decision matrix was compiled to identify the species best suited for EV 
production.43,44 Each strain was given a score against a set number of selected criteria. 
A score of 0 or 1 was assigned for settling velocity based on the absence/presence of 
residual cells as determined by microscopy after low-speed centrifugation. The 
susceptibility to contamination was deemed more elevated for freshwater species 
(score = 1) than marine species (score = 2). Species with a sequenced genome (yes = 
1, no = 0) were given extra weighting in the context of facilitating subsequent 
proteomic analyses. For biochemical analyses, EV protein concentration (assessed with 
the BCA assay) and number of particles (assessed by NTA) were given a score of 3 for 
protein concentration greater than 0.6 μg ml−1 and number of particles per ml greater 
than 108, a score of 2 for values less than 0.6 μg ml−1 and number of particles per ml 
between 107 and 108, a score of 1 for values equal to 0 μg ml−1 and equal or lower than 
107 particles per ml. The matrix also included information derived from biophysical 
analyses: DLS signal quality (scores of 0 and 1 for low and good signals, respectively) 
and size distribution by DLS and NTA analyses (scores of 1, 2 and 3 for wide, medium 
and narrow distributions, respectively). For protein markers, densitometric analyses of 
protein bands in the immunoblot assays were performed using the ImageJ software; 
biomarker optical densities (OD) were normalised against their equivalent band ODs 
measured in the positive control (C2C12 cell lysate). Scores of 2, 1 and 0 were assigned 
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to each marker for OD ratios >1, <1 and = 0, respectively. Finally, strains were given 
scores of 3, 2 and 1 for good, medium and bad shapes and features as determined by 
SEM analysis (or score of 0 when not determined for samples with low EV yield and 
concentration). These criteria were also given differential weights (1 = low; 2 = 
medium; 3 = high impact) based on their relative importance in the decision process 
(ESI File 2‡). The tallies for all the criteria were then added to give each strain a final 
score. 
 
2.6 Toxicity analyses on mammalian cell lines 
 
2.6.1 Cell cultures. C2C12 cell line is a myoblast line established from normal adult 
mouse muscle. MDA-MB 231 cell line is an epithelial, human breast cancer cell line. 
Both cell lines were obtained from ATCC (ATCC-LGC, Wesel, Germany) and were 
maintained at 37 °C in a humidified atmosphere (5% CO2) in Dulbecco's modified 
Eagle's medium (DMEM) (Sigma-Aldrich, St Louis, MO, USA) containing 15% (v/v) 
fetal bovine serum (FBS) (Gibco, Life Technologies) plus 2 mM L-glutamine, 100 U 
ml−1 penicillin and 100 mg ml−1 streptomycin (Sigma-Aldrich) for the C2C12 cell line, 
and 10% (v/v) FBS plus 2 mM L-glutamine, 100 U ml−1 penicillin and 100 mg 
ml−1 streptomycin for the MDA-MB-231 cell line. 
2.6.2 Cell viability assay. Tumoral (MDA-MB 231) and normal (C2C12) cell lines 
were seeded in 96-well plates at a density of 2 × 103 cells per well and maintained using 
suitable culture conditions. The assay was carried out with EVs isolated 
from Cyanophora paradoxa, which scored as one of the most promising strains in the 
screening analysis. Similar to other studies carried, the EVs were used at concentrations 
ranging 0.1 to 2.0 μg ml−1.45–47 Under our experimental conditions, this is equivalent to 
∼104–105 EVs per cell, the estimated number of vesicles considered necessary to cover 
the surface of a cell.48 Thus, 24 hours after seeding, the cells were incubated for 24, 48 
and 72 hours with Cyanophora paradoxa-derived EVs. The cells treated with PBS 
alone were used as control. Cell viability was evaluated using the CellTiter 96® 
AQueous one solution reagent (Promega) according to the manufacturer's instructions. 
The mean optical density (OD, absorbance) of four wells in the indicated groups was 
used to calculate the percentage of cell viability as follows: percentage of cell viability 
= (Atreatment − Ablank)/(Acontrol (untreated) − Ablank) × 100 (where, A = 
absorbance at 490 nm). Values were expressed as means ± SD of three biological 
samples, each performed in triplicate. 
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2.6.3 Genotoxicity assay. MDA MB 2311 cells were plated onto glass coverslips and 
grown in DMEM complete medium for 24 hours. Cells were then incubated with 2 μg 
ml−1 of Cyanophora paradoxa-derived EVs for 48 and 72 hours. Thereafter, the 
medium was removed and cells were washed twice with PBS and subsequently stained 
with Acridine orange/PBS solution (Sigma) at 100 μg ml−1 for 10 seconds at room 
temperature and quickly examined by epi-fluorescence microscopy (Leica, DFC450C). 
Acridine orange is a cell permeating nucleic acid binding dye that emits green 
fluorescence when bound to double-strand DNA and red fluorescence when bound to 
single-strand DNA or RNA. This staining technique allows discriminating between 
intact (green nuclei) and damaged DNA in cells (red nuclei). 
 
 2.7 Quality management system  
 
We developed a quality management system (QMS) compatible with UNI EN ISO 
9001:2015 standard to efficiently deal with the targeted innovation level of this work, 
its interdisciplinarity and the multi-site structure of the study. Our QMS supported all 
scientific activities inside the study, including the identification and sharing of best 
practice and standard operating procedures (SOPs) so as to increase the reliability and 
reproducibility of the results as well as the overall performance of the project. 
Customised lab notebooks and SOP models were developed, distributed and utilised 
among the participating laboratories. Quality assurance and quality control activties, 
including checklists, audit and review meetings were regularly performed to monitor 
the specific activities of partners and associated deliverables and outcomes.49 
 
2.8  EV-track  
We have submitted all relevant data of our experiments to the EV-TRACK 
knowledgebase (EV-TRACK ID: EV200076). 50 
 
3.  Results  
 
3.1 Pigment profiling and fame signature of microalgae  
 
Prior to characterise the attributes of EVs isolated from the cultures, the chemical 
signatures of the microalgal biomass of each strain were first determined in terms of 
pigment and FAME contents. The pigment composition of the 18 strains selected were 
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typical of their corresponding phytoplankton groups (Fig. 1). For example, similarities 
in pigment profiles were visible amongst the chlorophyte species or fucoxanthin- 
containing chromophytes. Promising contents in the high value xantophylls 
fucoxanthin, lutein and zeaxanthin were identified in strains Phaeothamnion sp. 
LACW34, Ankistrodesmus sp. DMGFW08 and Cyanophora paradoxa CCAP981/1, 
respectively. The carotenoid ß, ß carotene was also prominent in the strain Tetraselmis 
chuii CCAP66/21B. Cluster analysis of the strains based on pigment profile 
composition largely grouped them according to their evolutionary history with two 
main groups, one containing the stramenopiles and a second one with two sister clades 
of mostly chlorophytes. An example of chromatogram obtained for the Glaucophyte 
species Cyanophora paradoxa is provided in Fig. 2. The fatty acid methyl ester 
(FAME) signatures of the 18 microalgae strains were analysed by GC-MS (Fig. 3). The 
profiles were complex and showed amongst the strains sub- stantial variation in 
saturated and unsaturated fatty acids content. Interestingly, the high-value long chain 
PUFAs EPA (C20:5) and/or DHA (C22:6) were found in 12 strains. Of those, 
Nannochloropsis sp. CCAP211/46, Amphidinium sp. LACW42 and Diacronema sp. 
GMC45 showed higher contents in EPA and DHA. The clustering of the strains based 
on FAME compo- sition did not group them according to their overall phylogeny but 
rather on their relative content in fatty acids with Ankistrodesmus sp., Kirchneriella 
sp., Nannochloropsis sp. and Amphidinium sp. clustering together as the species with 
the highest yields. An example of FAME profile obtained for the Glaucophyte species 
Cyanophora paradoxa is provided in Fig. 4.  
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Fig. 1 HPLC-UV-DAD based pigment profiling in extracts of 18 microalgae strains. 
The right panel delineates groups of strains based on hierarchical clustering analysis 
(Ward’s method and square Euclidean distance measure). Pigment presence is 
indicated by the ‘+’ sign. The cluster analysis was carried out after column 
standardisation to return values comprised between 0 and 1.  
 

 
Fig. 2 HPLC-UV-DAD chromatogram obtained for an extract of the glaucophyte 
Cyanophora paradoxa CCAP981/1 indicating the main pigments detected. 
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Fig. 3 GC/MS based FAME profiling in extracts of 18 microalgae strains. The right 
panel delineates groups of strains based on hierarchical clustering analysis (Ward’s 
method and square Euclidean distance measure). Fatty acid presence is indicated by 
the ‘+’ sign. The cluster analysis was carried out after column standardisation to return 
values comprised between 0 and 1.  
 

 
Fig. 4 GC/MS chromatogram obtained for an extract of the glaucophyte Cyanophora 
paradoxa CCAP981/1 indicating the fatty acids detected.  
 
3.2 Microalgal EVs: purification and characterisation 

After the removal of cells and cellular debris from the microalgae-conditioned media, 
the samples were processed using a well-established and standardised differential 
ultracentrifugation (dUC) protocol. 40,51 EV fractions were characterised following the 
recommendations of the International Society for Extracellular Vesicles known as 
MISEV guidelines.7 The analyses focused on sEV enriched fractions. Specifically, 
dUC-isolated particles from each strain were biochemically and biophysically analysed 
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in two independent experiments. As such, total protein content and the expression of 
selected cellular and EV markers (Alix, Enolase, HSP70, and à-actin) cross-reacting 
with microalgal proteins were determined together with the number and size 
distribution of EV particles. The morphology of the sEVs was analysed by SEM. 
Negative control samples with no EVs were also prepared with the same SEM protocol 
and did not return major artefacts (ESI File 3‡). Far more nanoobjects were visible by 
SEM in the microalgae-derived sEV preparations with sizes and shapes aligned with 
what is expected of EV morphology. Results were used to prepare a microalgae-
derived sEV identity card for each strain (ESI 4–9‡). Fig. 5 provides an example of 
identity card for the EV particles isolated from the glaucophyte Cyanophora paradoxa. 
BCA assay-based analysis of samples from this strain returned for the sEV fraction a 
yield of 1.45 ± 0.3 µg of total EV-protein per ml of microalgal conditioned media, 
corresponding to ~ 2 µg of proteins per mg of dry weight of microalgal biomass. The 
subsequent immunoblot analyses showed strong positive signals for Alix, enolase, 
HSP70 and à-actin proteins in the sEV fractions. Weaker signals were observed for the 
lEV preparations for all EV markers. The sEV preparations showed the highest Alix 
expression compared to both microalgal lysates and lEVs. Particle quantification in the 
samples by NTA showed a high concentration of extracellular nano-objects in the 
conditioned medium (1.1 × 109 ± 3.8 × 107 sEV particles per ml in microalgal 
conditioned medium, corresponding to ~ 2 × 109 particles per mg of dry weight 
microalgal biomass). SEM analysis of the ultracentrifuge-processed sEV samples of 
the conditioned medium of Cyanophora paradoxa also revealed the presence of nano-
objects with expected EV morphologies. The size distribution as determined by NTA 
of this particular fraction showed a main population of particles with a mode of 122.0 
nm and average size of 170 ± 10 nm (polydispersity index: 0.25), which corroborated 
the DLS results (mode: 125 nm; average size: 180 ± 10 nm; polydispersity index: 0.30).  
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Fig. 5.	Microalgal EV identity card: characterisation of extracellular nanoparticles 
isolated from Cyanophora paradoxa conditioned media. (A) Summary scheme on the 
taxonomy of Cyanophora paradoxa; (B) total protein quantification and number of 
particles of sEV and lEV fractions (data were calculated in triplicate cultures; results 
are presented by the average value ± standard deviation); (C) nanoparticle tracking 
analysis (NTA) of sEVs (the distribution error, in red, is calculated using 5 
measurements of the same sample); (D) dynamic light scattering (DLS) analysis of 
sEVs (the distribution error, in red, is calculated using 3 measurements of 3 different 
samples); (E) representative images of SEM of the sEV fractions; (F) a representative 
immunoblot of a positive control (lysate of a mammalian cell line, C2C12), 
Cyanophora paradoxa lysate, sEV, and lEV fractions.  

3.3 Identification of promising EV-producing microalgae strains 

In order to select the most promising EV-producing microalgae strains, several 
properties related to the quality and quantity of the sEV population were considered to 
build a “performance” matrix for all the strains, including (i) the EV protein content, 
(ii) the expression of protein markers (e.g., Alix, Hsp70, enolase, ß-actin), (iii) the total 
scattering signal or the total particle number, as measured by DLS and NTA, 
respectively, and (iv) the sEV average size and size range. An initial statistical analysis 
was carried out by computing the correlation matrix of these variables for all the strains 
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(ESI File 10‡). The overall correlation between each pair of variables was always lower 
than 50%. In addition, a principal component analysis (PCA) highlighted a lack of 
correlation between each pair of variables measured over the observed samples with 
no distinct clustering of samples on the basis of the considered properties (data not 
shown). This confirmed the suitability of these variables as independent criteria for 
sample screening. As described in the methods, these EV attributes were hence 
considered along with other criteria to construct a matrix for the selection of the best 
EV-producing microalgae strains (ESI File 2‡). The sum of the weighted scores 
returned a final tally for each strain based on which the most promising ones could be 
identified (Table 1). Cyanophora paradoxa obtained the highest score of 31, followed 
by Tetraselmis chuii, Amphidinium sp. and Rhodella violacea. Diacronema sp., 
Dunaliella tertiolecta, and Phaeodactylum tricornutum also returned high scores, but 
below 26. Pediastrum sp. and Phaeothamnion sp. returned the lowest score of 11.  

 

3.4 Cellular response to Cyanophora paradoxa-derived EVs 

After identifying Cyanophora paradoxa as the most promising strain, we tested the 
cytotoxicity and genotoxicity of sEVs obtained by this species using well-established 
assays on a mammalian normal cell line (myoblast C2C12 cell line) and a tumoral cell 
line (breast cancer MDA-MB 231 cell line). Cell viability was first assessed using the 
MTS assay (Fig. 6). sEVs derived from Cyanophora paradoxa did not show toxicity 
both on the tumorigenic MDA-MB 231 breast cancer and C2C12 myoblast cell lines, 
over time and at different concentrations (Fig. 6A and B, respectively). A slightly 
beneficial effect of sEVs at the higher dose tested was observed, mainly after 72 hours, 
for the C2C12 normal cell line (Fig. 6B). This may result from an experimental 
fluctuation or may correspond to cell viability enhancement by possibly bioactive 
metabolites in the microalgal sEVs used, making the future 49rganized49zation of the 
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cargo content of microalgal EVs an important task. Orange acridine staining was also 
carried out to evaluate the genotoxic effect of Cyanophora paradoxa-isolated sEVs (2 
µg ml-1) on MDA-MB 231 cells incubated for 48 or 72 hours (Fig. 7b and b’). EV-
treated MDA MB 231 cells showed mainly uniform bright green nuclei with 
50rganized structures similar to the untreated controls (Fig. 7 a and a’), thereby 
excluding the presence of morphological nuclear changes associated with apoptotic 
events (Fig. 7b’). 

Fig. 6 
Cytotoxicity of Cyanophora paradoxa-derived sEVs in (A) tumoral (MDA-MD 231 
cell) and (B) normal mammalian cell lines (C2C12 cells), at different concentrations 
and for different timing of incubation (24, 48, and 72 hours). Values were expressed as 
means ± SD of three independent experiments.  
 

 
Fig. 7 Epi-fluorescence microscopy images of MDA-MB 231 cells treated with 2 µg 
ml-1 of Cyanophora paradoxa-derived sEVs (b and b’) and untreated cells (control, a 
and a’) for 48 (a and b) and 72 hours (a’ and b’). Magnification 20×.  

4. Discussion 
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Native and drug-loaded EVs obtained from mammalian cells (e.g., mesenchymal stem 
cells, MSCs) have been the focus of a rapidly growing research field known as “cell-
free therapy”.52 As such, recent clinical trials evaluating MSC-derived EVs in different 
diseases (including diabetes, ischemic stroke, melanoma and lung cancer) have been 
ongoing, suggesting the feasibility and short-term safety of EV administration. 12, 53 

Alternative cell sources, including bovine milk or bacteria derived EVs, have shown 
limited pharmaceutical acceptability because of their provenance.54,55 In spite of the 
appreciable success of synthetic nanomaterials or EVs as drug delivery vehicles, 
technical challenges involving their large-scale, cost- effective production and intrinsic 
toxicity have limited to date their clinical and market translation22. In the present study, 
microalgae are proposed as novel and sustainable sources of EVs. Microalgae are 
polyphyletic unicellular organisms for which mechanisms of secretion of EVs are 
apparently known only in relation to primary and motile cilia/ flagella; for example, in 
the chlorophyte Chlamydomonas reinhardtii, extracellular particles, named ectosomes, 
are derived from the flagellar membrane and are involved in flagellar resorption 56, 57.  
However, the isolation and description of EVs obtained from photosynthetic 
microalgal sources do not seem to have previously been reported with much detail. The 
capacity for microalgae to produce EVs is somehow curious; similar to plants, 
microalgae possess outside their plasma membrane a cell wall of varying thickness and 
chemical composition, which would have been expected to act as a physical barrier to 
the release of EVs. Yet, both plants and microalgae such as Chlamydomonas sp. appear 
able to do so. In addition, other major lineages of microalgae such as diatoms and 
dinoflagellates possess a silica frustule or a cell wall equipped with ornamental thecal 
plates, which might have made them less suitable as possible candidates for EV 
production. Yet, the present study still showed the presence of EVs in the culture 
medium of all the strains tested. The nanoparticles isolated from batch cultures of 
microalgae were characterised using biophysical and biochemical methods, showing 
attributes expected of sEVs as detailed in the literature in terms of morphology, size 
distribution protein content and immunoreactivity. 58 sEVs from the six best-scoring 
strains had size distributions with modes ranging 90–160 nm (Table 1). The 
information and data retrieved from the screening of the selected microalgae was 
summarised into EV identity cards for each strain considering some of the criteria listed 
in the MISEV 2018 guidelines for describing EVs.7 Under the cultivation regime and 
conditions used in this study, the freshwater glaucophyte Cyanophora paradoxa, 
marine chlorophyte Tetraselmis chuii, marine dinoflagellate Amphidinium sp. and 
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rhodophyte Rhodella violacea returned the highest scores. These results represent a 
milestone in microalgal EV studies and exploitation, constituting the foundations for 
their future production and their potential use as tailor-made bio-products. Focusing on 
Cyanophora paradoxa, we reported here bio-chemical and biophysical results and 
carried out an evaluation of the biological activity of sEVs produced by this 
microalgae. Analysis of the sEV fraction isolated as a 100 000g pellet via a dUC based 
protocol returned a yield of ~ 2 µg of total sEV- protein (corresponding to ~ 2 × 109 

particles as per DLS and NTA measurements) per ml of microalgal conditioned media, 
or ~ 2 µg of proteins per mg of dry weight of microalgal biomass. These results are 
consistent with the estimate of 109 EV particles per μg-protein.48 The subsequent 
immunoblot analyses showed strong positive signals for EV markers (e.g., Alix, 
enolase, HSP70 and ß-actin). Higher lEV protein yield (3 μg proteins per ml), smaller 
particle number (108 μg-1 of lEV proteins) and substantially weaker EV marker signals 
were observed for the lEV preparations (10 000g pellet of dUC protocol), suggesting 
the presence of contaminants in the lEV preparations. Focusing on ultracentrifuge-
processed sEV samples, SEM analysis revealed the presence of nano-objects with 
expected EV morphologies together with other types of particles. Other methods of EV 
isolation such as gradient ultracentrifugation, size exclusion chromatography or 
tangential flow filtration may improve the purity and the homogeneity of preparations 
in future work. Nevertheless, the size distribution showed a main sEV population of 
particles with a mode of 130 ± 5 nm. These results obtained for Cyanophora paradoxa 
sEVs are in line with those obtained from plant-derived vesicles, which include both 
intra- and extra-cellular vesicles, as reported for citrus juice, in which EVs showed a 
smaller size but similar yield (2.5 μg ml-1 of lemon juice) 45. This is also aligned with 
the yields of 4–24 μg ml-1 (or 4–16 × 109 ml-1) of GMP-grade MSC-derived exosomes 
obtained from a 250 ml bioreactor.59 Greater yeld ( 451 μgr ml-1, or 2 x 1013 ml-1) were 
however retrieved from prolific exosome producing B16F10 tumor cells (from murine 
melanoma) cultured in a flask (CELLine AD1000 type, 72 ml).60 Nevertheless, the 
apparent lack of toxicity of Cyanophora paradoxa sEVs on mammalian cells supports 
the long-term possibility of using microalgae as novel bio-resources for medium- to 
large-scale production of EVs for human-centered applications. The development of 
new therapies using functionalised microalgal EVs may be conceivable once their 
uptake by mammalian cells is confirmed. As a further step in this direction, we 
developed a QMS compatible with the UNI ISO9001:2015 standard and all the 
experiments were performed according to the agreed standard operating procedures 
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identified.49 Microalgae constitute a rich reservoir of bioactive metabolites such as 
pigments and PUFAS that have already application in a variety of sectors.61,62  The 
results of this study and the mechanisms underlying their ability to release EVs now 
allow exploiting the potential of these microalgal EVs as novel membranous 
bionanomaterials. Significantly, several species of microalgae have now obtained 
GRAS status (generally regarded as safe) and are increasingly being considered as 
health foods and ingredients in nutraceutical formulations.63  The potential exploitation 
of microalgae as novel biofactories of EVs hinges on their natural and sustainable 
origins, making them probably more societally acceptable (and less risky in terms of 
bioethics) as EV sources for formulation preparations, especially when considering the 
medicinal and cosmetic sectors. The use of these protistean photosynthetic 
microorganisms as novel producers of EVs to be further functionalised as nanovehicles 
of bioactive chemicals has not been explored yet and appears promising. As such, 
biorefining pipelines could be designed on the one hand to isolate EVs from the 
microalgal cultivation medium and on the other hand to exploit the variety of high-
value metabolites present in the residual biomass. Adapting the cultivation process 
from glass tubes to large reactors is not a trivial scale-up since additional growth 
parameters need consideration, in particular for semi- and continuous production 
systems.25 However, given that microalgae can be grown in industrial contexts in 
thousands of litres volumes in closed photobioreactors,23 the refining of large amounts 
of microalgal EVs and their post-harvest purification will make future pre-clinical trials 
largely feasible. The study of EVs is a rapidly expanding emerging field that still needs 
harmonisation with respect to the best practice approaches needed to isolate, purify, 
store and characterise such promising nano-biomaterials. Further investigations are 
now needed to acquire more in-depth biophysical and bio- chemical knowledge on 
microalgal EVs. Their potential bioactivity also needs to be further explored using a 
variety of in vivo and in vitro models together with the possibility of functionalising 
their membranes or loading them with bioactive molecules such as siRNA.  

5. Conclusion 

Extracellular nanoparticles were purified from batch cultures of several microalgae 
species and were characterised using bio-physical and biochemical methods, indicating 
attributes of small EVs (e.g., exosomes) as detailed in the literature from other 
biological sources. This is the first biophysical and bio- chemical description of such 
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membranous nanovesicles from photosynthetic microalgae. These results indicate that 
some strains are better suited for the isolation of EVs. Follow-on experiments will 
further assess their potential as new generation biogenic nanocarriers of bioactive 
molecules.  
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Abstract 
 

Cellular, inter-organismal and cross kingdom communication via extracellular vesicles 
(EVs) is intensively studied in basic science with high expectation for a large variety 
of bio-technological applications. EVs intrinsically possess many attributes of a drug 
delivery vehicle. Beyond the implications for basic cell biology, academic and 
industrial interests in EVs have increased in the last few years. Microalgae constitute 
sustainable and renewable sources of bioactive compounds with a range of sectoral 
applications, including the formulation of health supplements, cosmetic products and 
food ingredients. Here we describe a newly discovered subtype of EVs derived from 
microalgae, which we named nanoalgosomes. We isolated these extracellular nano-
objects from cultures of microalgal strains, including the marine photosynthetic 
chlorophyte Tetraselmis chuii, using differential ultracentrifugation or tangential flow 
fractionation and focusing on the nanosized small EVs (sEVs). We explore different 
biochemical and physical properties and we show that nanoalgosomes are efficiently 
taken up by mammalian cell lines, confirming the cross kingdom communication 
potential of EVs. This is the first detailed description of such membranous nanovesicles 
from microalgae. With respect to EVs isolated from other organisms, nanoalgosomes 
present several advantages in that microalgae are a renewable and sustainable natural 
source, which could easily be scalable in terms of nanoalgosome production. 
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1 Introduction 
 

Cells communicate with each other and respond to a variety of stimuli by releasing 
membrane‐enclosed vesicles, which are found in extracellular fluids (Yáñez‐Mó et al., 
2015). Several types of cell‐derived vesicles are commonly distinguished according to 
their formation mechanism and size. Extracellular vesicles (EVs) have recently 
emerged as important entities used by cells to mediate several physiological processes 
or affect various pathological conditions associated with the activation of an immune 
response or the spread of cancer and virus infections (Dhondt et al., 2020; Maacha et 
al., 2019; Urbanelli et al., 2019). EVs constitute also cross‐species communication 
means and have been found in all kingdoms of life (Bleackley et al., 2020; Cai et al., 
2018; Gill et al., 2019; Muraca et al., 2015; Soares et al., 2017). Beside mammalian 
cells, there are various sources available to produce EVs, including bacteria, bovine 
milk and plants, and indeed several have been studied for therapeutic applications 
(Bitto & Kaparakis‐Liaskos, 2017; Gerritzen et al., 2017; Kim et al., 2015; Munagala 
et al., 2016; Paganini et al., 2019; Pocsfalvi et al., 2018; Raimondo et al., 2015; Wang 
et al., 2013). The exploitation of the biotechnological potential of EVs as carriers of 
bioactive compounds for different theranostic applications is of increasing interest. The 
growth of this field is evident from the surge in recent years in the number of 
publications, patents, companies, and clinical trials related to EVs (Kosaka et al., 2019; 
Shaimardanova et al., 2020; Zipkin, 2019). As such, in the context of better 
harmonizing research efforts also aimed at valorising the potential of EVs, Théry and 
Witwer et al. (2018) recently revised the required parameters for the robust description 
of EVs (Théry et al., 2018). Microalgae are microorganisms constituting a rich 
reservoir of bioactive metabolites such as pigments, polyunsaturated fatty acids, 
antioxidants or antimicrobial compounds, which are being increasingly exploited in 
commercial ventures (Cuellar‐Bermudez et al., 2015; Friedl et al., 2021; Khan et al., 
2018; Leu & Boussiba, 2014; Zhu, 2015). Microalgae are also heralded as promising 
feedstock in the context of the bio‐based economy and the better valorisation of natural 
and renewable bioresources for the production of biofuels, animal feeds and other 
valuable commodities. This polyphyletic group of microorganisms shows high genetic 
diversity and has colonised many habitats due to the unique metabolic attributes that 
some species possess (Friedl et al., 2021). Many microalgae species are suitable for 
growth in industrial scale photobioreactors under controlled cultivation conditions and 
are seen as highly productive crops when compared with terrestrial plants (Khan et al., 
2018). In the context of the H2020‐FETOpen project VES4US (www.ves4us.eu) here 
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we propose microalgae as potential bioresources for the production of EVs with 
applications for the nanomedicine, cosmetics or nutraceutics sectors. In this study, we 
considered the guidelines of MISEV 2018 and the well‐established knowledge in the 
EV research field (EV‐TRACK) (Théry et al., 2018; Van Deun et al., 2017) to define 
a new generation of microalgal EV‐based nanoproducts, using different methodologies 
and specific approaches for EV bio‐refinement, separation and characterisation. Our 
check‐list (developed from MISEV guidelines and applied in the framework of the 
VES4US project) includes the identification of methods for the microalgal‐derived EV 
separation, enrichment and characterization (including EV quantification, EV identity 
in terms of protein composition, size, morphology, topology, EV stability, EV quality 
in terms of purity and density and EV bioactivity), as well as protocols for microalgae 
cultivation and quantification (Table 1). This list is also reported as supporting 
information with more details (Supporting Table 1), with the purpose to highlight and 
list the different items we addressed within MISEV 2018. Since the microalgal EVs 
have to our best knowledge never been described in detail, in accordance with the 
MISEV 2018 recommendation, we decided to use its suggested nomenclature. Indeed, 
we refer to the small extracellular particles separated either by differential 
ultracentrifugation or tangential flow fractionated. The term “nanoalgosome" is here 
then introduced to describe such microalgal small EVs (sEVs) isolated from the marine 
photosynthetic microalgal chlorophyte Tetraselmis chuii, which is surrounded by a 
membrane, contains EV biomarkers and has a typical EV size distribution and density 
(Théry et al., 2006, 2018). Tetraselmis chuii is a chlorophyceaen photosynthetic marine 
microalgae possessing an array of bioactive pigments and essential fatty acids (Pereira 
et al., 2019), which contribute to making it a promising source of EVs. The production 
of nanoalgosomes is an evolutionarily conserved trait within the microalgae strain as 
demonstrated by similar results obtained using the sEVs isolated from batch cultures 
of other microalgae species, including another chlorophyte strain, the Dunaliella 
tertiolecta, and the dinoflagellate strain Amphidinium sp. A drawback limiting progress 
in current EV research has been the typically low EV yields obtained for subsequent 
clinical trials, making the roll out of EV‐based treatments for humans still some 
distance away (György et al., 2015; Paganini et al., 2019). In this context, we envision 
that microalgae such as Tetraselmis chuii can offer a remarkable opportunity to 
overcome this limitation thanks to their scalable EV production and increased EV 
yield. 
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2 Materials and methods 
 
2.1 Microalgae cultivation 
 
A stock culture of the marine chlorophyte Tetraselmis chuii CCAP 66/21b was grown 
in borosilicate glass vessels in f/2 medium (Guillard, 1975) into its exponential phase 
growth and used via a 10% v/v inoculum to start 50 ml batch‐cultures, in glass tubes, 
or 7.5 litre cultures, in a photobioreactor PB 200 (GroTech GmbH, Germany), at an 
initial concentration of 0.5 mg/ml (wet weight). Tubes and reactor were maintained at 
a temperature of 20 ± 2°C, a white light intensity of 100 μE m−2 s−1 and 14:10 
light/dark photoperiod for 30 days prior to processing by EVs separation. Aeration was 
provided using a 0.22 μm airline and homogenisation was carried out manually every 
3–4 days. The same batch cultivation procedures were used for other two microalgal 
strains: Dunaliella tertiolecta and the Amphidinium sp. An aliquot of the biomass of 
microalgal cells was collected at day 30 by centrifugation (2000 × g 10 min) and 
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freeze‐dried overnight prior to weight or storage at ‐20°C. The biomass was treated 
with 1 ml of 0.5 M ammonium formate for desalting prior to freeze‐drying. 
2.1.1 Pigment extraction and analysis: Pigment extraction was carried out according 
to Mc Gee et al. (2018). Samples of freeze‐dried biomass (2‐3 mg) were mixed with 
500 μl of ice cold 100% acetone and glass beads and placed in a FastPrep FP120 
ribolyser for 40 s at full speed. Deionised water was added to bring the solution to 80% 
acetone (v/v) and vortexed. The extracts were then filtered through 0.22 μm PTFE 
membrane syringe filters to remove any residual particulate material. The extracts were 
transferred into amber vials and stored at ‐80°C and analyzed within 24 h. Pigment 
extracts were analysed at constant room temperature on a Varian ProStar HPLC binary 
solvent delivery system equipped with a 20 μl sample loop, ProStar 310 UV and 335 
PDA detectors. Pigments were separated using a Phenomenex Onyx C18 100 × 4.6 
mm ID monolithic column fitted with a Phenomenex Onyx C18 guard cartridge 10 × 
4.6 mm ID employing a stepped gradient solvent programme with a flow rate of 3 
ml/min. Pigments were resolved using a gradient profile consisting of 10% B starting 
condition for 0:10 min, followed by a linear gradient to 65% B from 0:10–2:00 min, 
isocratic hold at 65% B from 2:00 to 4:00 min, linear gradient from 4:00 to 5:00 min 
followed by hold at 90 B for 1:00 min and a final re‐equilibration at initial conditions 
from 6:01–7:50 min. The mobile phase A consisted of methanol: 0.5 M ammonium 
acetate (80:20 v/v) and mobile phase B was acetone: acetonitrile (70:30 v/v). Prior to 
injection, extracts were diluted (1:5) with 0.5 M ammonium acetate when necessary. 
Carotenoids and chlorophylls were detected with a diode‐array detector, scanning 
absorbance spectra from 360 to 700 nm and monitoring at 450 nm for optimal 
carotenoid detection. Probable pigment identification was achieved by comparing 
retention times and UV‐vis spectral fine structures to pigment standards, DHI 
phytoplankton pigment Mix‐115 and reference data‐sheets.  
2.1.2 Lipid extraction and fame analysis: The freeze‐dried microalgal biomass was 
extracted according to Ryckebosch et al. (2012) with slight modifications. First, 400 μl 
of methanol was added to dried biomass (2‐15 mg), followed with 200 μl of chloroform 
and 40 μl of deionised water. The sample was then vortexed and centrifuged (2,000 
rpm, 10 min). The supernatant was discarded and the bottom chloroform layer 
collected. The residual biomass in the tube was re‐extracted using 200 μl of methanol 
and chloroform, vortexed and centrifuged again. The upper layer was collected, and 
the extraction was carried out twice more on the residual biomass. The four lipid extract 
layers were then pooled together into a 15 ml tube and Na2SO4 salts added for 
dewatering. Upon further centrifugation, the solution was placed in a new tube and the 
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sample was then evaporated to dryness under a nitrogen stream. The residue was then 
resuspended in 500 μl of chloroform:methanol (50:50) as the final extract. Prior to 
analysis, 200 μl of the sample was placed in a GC‐MS vial fitted with a glass insert and 
supplemented with 50 μl of trimethylsulfonium hydroxide (TMSH) for 
transesterification. The samples were left for at least 1 h at room temperature prior to 
analysis by GC‐MS. The separation of Fatty Acid Methyl Esters (FAMEs) in the 
microalgal extracts was carried out using a BPX70 120 m column with an internal 
diameter of 0.25 mm on an Agilent7890A/5975C GC‐MS system equipped with the 
MassHunter software. Samples were injected at a split ratio of 100:1 at an inlet 
temperature of 250°C with the helium flow rate set at 2 ml/min (48.51 psi) and the 
transfer line at 280°C. The oven gradient temperature was as follows: an initial hold at 
50°C for 2 min followed by 20°C/min ramp to 160°C for 0 min, a 4°C/min ramp to 
220°C for 5 min and finally a 4°C/min ramp to 240°C for 12.5 min. The mass 
spectrometry conditions had a solvent delay of 10.5 min. Identifications were carried 
out by comparing retention times against standards of the Supelco 37 Component 
FAME Mix and using the MS NIST 08 library. 
 
2.2 Separation of nanoalgosomes from microalgae‐conditioned media 
 
2.2.1 Centrifugation‐based EV purification methods: differential centrifugation 
The 50 ml batch‐cultures were centrifuged on day 30 at low speed to separate cells 
from the culture medium. Then, the separation of microalgae‐derived EVs was 
performed by differential centrifugation (dUC) (Romancino et al., 2013). Large EVs 
(lEVs) were isolated in 50 ml Eppendorf polypropylene conical tubes at 10,000 × g for 
30 min at 4°C using an Eppendorf rotor F34‐6‐38. Small EV (sEVs) were then 
collected from the supernatant into Beckman Coulter polypropylene open top tubes via 
centrifugation at 118,000 × g for 70 min at 4°C using a Beckman SW28 rotor. After a 
Phosphate‐buffered saline (PBS 1X, without Calcium and magnesium, Thermo Fisher 
Scientific) washing step, the pellet was re‐suspended in PBS for subsequent analyses, 
these sEV preparations are the dUC‐isolated nanoalgosomes. 
2.2.2 Filtration‐based EV purification methods: Tangential flow filtration Cell 
clarification and EV concentration were performed using a TFF ÄKTA Crossflow 
system (GE Healthcare, USA) and three GE Healthcare polysulfone hollow fibre 
membranes. After 30 days of cultivation, the reactor (containing typically 7.5 L of cell 
culture) was connected to the TFF system and the cell suspension was clarified by 
microfiltration with a 450 nm hollow fibre cartridge housed in the ÄKTA Crossflow. 
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Feed flow and transmembrane pressure (TMP) were kept constant at 110 ml/min and 
0.05 bar, respectively. The first retentate (> 450 nm sized particles) was concentrated 
into a final volume of 100–200 ml and used to observe by light microscopy the integrity 
of cells. The 450 nm permeate (< 450 nm sized particles) was processed for a second 
microfiltration step using a 200 nm hollow fibre membrane with a 140 ml/min feed 
flow and 0.05 bar TMP. The ensuing permeate (< 200 nm sized particles) was 
concentrated using a 50 kDa MWCO hollow fibre membrane with feed flow and TMP 
of 42 ml/min and 0.45 bar, respectively; these TFF preparations corresponds to the 
sEVs and are considered as the TFF‐isolated nanoalgosomes. 
2.2.3 Density‐based EV purification methods: gradient ultracentrifugation Gradient 
ultracentrifugation was used to further purify selected samples enriched in sEVs either 
by TFF or dUC. Samples containing about 200 μg of sEVs (expressed in protein 
content and measured by BCA) were concentrated by ultracentrifugation at 110,000 × 
g for 2 h at 4°C using a Ti70 rotor. The resulting pellets were homogenized in 10 mM 
Tris‐HCL pH 8.6 buffer in a final volume of 50 μl. Samples were vigorously mixed for 
20 min to disaggregate vesicles. A 50% (w/v) iodixanol working solution was prepared 
by diluting OptiPrep (Merck) according to the manufacturer's instruction. A 
discontinuous gradient containing 1.5 ml of 50%, 30% and 10% gradient cushions was 
prepared and the samples containing the EVs of interest were layered on top of the 
gradient. Ultracentrifugation was carried out at 110,000 x g for 24 h at 4°C using an 
SW55Ti rotor. Ten fractions of 500 μl each were collected from the top of the tubes. 
The percentage of iodixanol in each fraction was measured using a UV 
spectrophotometer (Nanodrop 200, Thermo Scientific) at 340 nm, from which the 
density was calculated according to the manufacturer's method. Protein concentration 
in each fraction was measured by micro‐BCA (Thermo Scientific) using a UV 
spectrophotometer (Nanodrop 200, Thermo Scientific) at 562 nm. 
 
2.3 Characterisation of nanoalgosomes 
 
2.3.1 BCA assay and immunoblotting: The protein content of microalgal EVs was 
measured using the micro‐bicinchoninic BCA Protein Assay Kit (Thermo Fishers 
Scientific). This colorimetric method provides a relative concentration to a protein 
standard (bovine serum albumin, BSA), which is used for the preparation of a 
calibration curve. The relative absorbance of the BCA soluble compound was 
measured at 562 nm using a GloMax Discover Microplate Reader. Proteins were 
separated by sodium dodecyl‐sulfate polyacrylamide gel electrophoresis (SDS‐PAGE) 
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(10%). A total of 30 μg of cell lysate and EV samples (in PBS) were mixed with proper 
volumes of 5X loading buffer (0.25 M Tris‐Cl pH 6.8, 10% SDS, 50% glycerol, 0.25 
M dithiothreitol (DTT), 0.25% bromophenol blue). Then, the samples were heated at 
100°C for 5 min and loaded in a 10% sodium dodecyl sulfate‐polyacrylamide gel for 
electrophoretic analyses. Proteins were blotted onto polivinilidenfluoro‐membranes 
(PVDF), which were blocked with BSA‐TBS‐T solution (3% powdered with bovine 
serum albumin in TBST (50 mM Tris HCl pH 8.0, 150 mM NaCl with 0.05% Tween 
20) for 1 h at room temperature, followed by primary antibody incubation overnight at 
4°C. The antibodies anti‐Alix (clone 3A9, dil. 1:150 in 3%BSA/TBS‐T1X), anti‐
Enolase (clone A5, dil. 1:400 in 3%BSA/TBS‐T1X), anti‐β‐actin (clone AC15 dil. 
1:400 in 3%BSA/TBS‐T1X) and anti‐HSP70 (clone W27 dil. 1:500 in 5% Milk/TBS‐
T1X) (Santa Cruz Biotechnology, USA), raised against different mammalian EV 
markers (MISEV 2018), also showed cross‐reactivity to microalgae and were used in 
the present study. Anti H+/ATPase (dil. 1:1000 in 3% BSA/TBS‐T1x, Agrisera), with 
a predicted reactivity for microalgae, are incubated for 1 h at room temperature. After 
washing, the membranes were incubated for 1 h with secondary antibodies according 
to the manufacturer's instructions (horseradish peroxidase‐conjugated secondary anti‐
mouse or anti‐rabbit antibodies, Cell Signaling). The membranes were washed four 
times in TBST for 20 min. The immunoblots were revealed using SuperSignal Pierce 
ECL (Thermo Fisher Scientific). 
2.3.2 Nanoparticle tracking analysis: Nanoparticle size distribution and 
concentration were measured using a NanoSight NS300 (Malvern Panalytical, UK) at 
CNR and a ZetaView instrument (Particle Metrix) at ETH Zurich. The first instrument 
was equipped with a 488 nm laser, a high sensitivity sCMOS camera and a syringe 
pump and the second a 405 laser and a CMOS camera. At CNR, EV samples were 
diluted in particle‐free water (Water, HPLC grade, Sigma‐Aldrich, filtered by 20 nm 
using Whatman Anotop filters) to generate a dilution in which 20–120 particles per 
frame were tracked, to obtain a concentration within the recommended measurement 
range (1–10  ×  108 particles/ml). Five experiment videos of 60‐s duration were 
analyzed using NTA 3.4 Build 3.4.003 (camera level 15–16). A total of 1500 frames 
were examined per sample, which were captured and analysed by applying instrument‐
optimized settings with a suitable detection threshold so that the observed particles are 
marked with red crosses and that no more than 5 blue crosses are seen. Further settings, 
such as blur size and Max Jump Distance were set to ‘automatic’ and viscosity to that 
of water (0.841 ‐ 0.844 cP). At ETH Zurich, the EV samples were diluted in particle‐
free PBS to obtain particle concentrations between 107 and 109 particles/ml. Each 
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sample was injected with a 1 ml syringe in the sample chamber which was calibrated 
daily with polystyrene nanoparticles. Videos were acquired at 11 positions in the 
chamber at a frame rate of 30/s, with a trace length of 15 frames and using 80% 
scattering intensity and 150 shutter in light scattering mode. The experiments were 
repeated in triplicates and analysed with the ZetaView analysis software (ZetaView 
8.04.02 SP2). 
2.3.3 Fluorescence nanoparticle tracking analysis (F‐NTA): We explored several 
staining strategies including commercial apolar dyes for lipid membrane staining (e.g., 
DiI and DIOC16) and photoactivatable probes to stain apolar environments (e.g. Di‐8‐
ANEPPS). Therefore, we labelled nanoalgosomes with the dye Di‐8‐ANEPPS, whose 
fluorescence is activated in apolar environments, and specifically enhanced when 
bound to the lipid membrane of EVs, with a higher quantum yield with respect to any 
binding to hydrophobic protein regions. This makes it the Di‐8‐ANEPPS fluorescent 
signal highly EV‐specific. For F‐NTA, the fluorescent Tetraselmis chuii‐derived EVs 
(f‐EVs) were produced as follows: 5 × 1010 EV particles/ml were stained with 500 nM 
of 4‐(2‐[6‐(dioctylamino)‐2‐naphthalenyl]ethenyl)‐1‐(3‐sulfopropyl)pyridinium, DI‐
8‐ANEPPS (Ex/Em: 467/631 nm, ThermoFisher Scientific), previously filtered by 20 
nm filters (Whatmann Anotop filters). After 1 h at room temperature, NTA analyses 
were carried out by using NanoSight NS300 (Malvern Panalytical, UK) with a 500LP 
filter (laser wavelength 488 nm), with optimized manual settings for camera level and 
with high flow rate for the syringe pump (setting 150 μl/s) so that fluorescent EVs (f‐
EVs) cross the field of view of the main NTA screen in 5 to 10 s. Further settings were 
set as described in the previous NTA section. As negative control, we tested that the 
probe alone does not emit fluorescence signal with F‐NTA. 
2.3.4 Fluorescence correlation spectroscopy (FCS): FCS experiments were 
performed on nanoalgosomes labelled with Di‐8‐ANEPPS by using a Hamamatsu 
C9413‐01 instrument equipped with a 473 nm excitation source. Along with the 
samples, a 10 nM Alexa‐488 solution was used in the multi‐well glass container as a 
calibrant for concentration and characteristic diffusion times to optimize the optical 
setup (Montis et al., 2017; Pánek et al., 2018; Ries & Schwille, 2012). In the Supporting 
Information, further details are reported on the experimental set up and the analysis to 
obtain the size distribution function. 
 2.3.5 Multi angle dynamic light scattering (DLS): Multi angle DLS experiments 
were repeated at two different laboratories of our consortium, CNR (Italy) and MPIP 
(Germany), by using a slightly different procedure. Briefly, samples were diluted to a 
final total protein content below 50 μg/ml to avoid vesicle interaction and multiple 
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scattering, and then either centrifuged at 1000 × g for 10 min and poured into a quartz 
cylindrical cell or directly filtered into the cell by Millex‐LCR 0.45 μm syringe filters 
(Merck, Germany) at CNR or MPIP, respectively. At CNR, cells were placed at 20°C 
in a thermostated cell compartment of a Brookhaven Instrument BI200‐SM goniometer 
equipped with a solid state laser tuned at a wavelength λ = 532 nm, and a Brookhaven 
BI‐9000 correlator (Brookhaven Instruments, Holtsville, NY, USA). At MPIP, multi‐
angle DLS was performed with an ALV spectrometer (ALV‐GmbH, Germany), 
including a goniometer and an ALV/ LSE‐5004 multiple‐tau full‐digital correlator with 
320 channels and equipped with a He‐Ne laser with λ = 632.8 nm. Scattered intensity 
and intensity autocorrelation function g2(t) were measured simultaneously at different 
scattering angle ϑ to measure the z‐averaged hydrodynamic diameters Dh0, the average 
diameter Dg, which is twice the radius of gyration, and eventually the fullsize 
distribution (Mailer et al., 2015; Noto et al., 2012; Prima et al., 2020; Schmitz, 1990). 
Full details about the analysis are reported in the Supporting Materials and Method's 
Section and Supporting Figure S1. 
Analogous DLS experiments were performed at different pHs. The TFF‐separated 
sEVs were pelleted by ultracentrifugation and then resuspended in a 10 mM buffer 
solution with 150 mM NaCl. The buffers used were phosphate buffer (pH 6.1, 7.4 and 
7.8), acetate buffer (pH 4.3 and 5.3), or carbonate buffer (pH 8.8).DLS experiments 
with detergents were performed at the same vesicle concentration using different 
detergents concentrations. Samples were incubated overnight, centrifuged at 1000 × g 
for 10 min and supernatants poured in quartz cells for DLS measurements. Both SDS 
and Triton X‐100 were purchased from Sigma Aldrich, diluted in buffer solution and 
filtered using 200 nm syringe filters. For comparison the same experiments were 
performed on large unilamellar vesicles (LUV) made with 2‐Oleoyl‐1‐palmitoyl‐sn‐
glycero‐3‐phosphocholine (POPC), 2‐Oleoyl‐1‐palmitoyl‐sn‐glycero‐3‐phospho‐L‐
serine sodium salt (POPS), both purchased from Avanti Polar Lipids Inc. (Alabaster, 
AL, USA), and Cholesterol (Merck Life Science). LUV were made with the relative 
content of POPC:POPS:Cholesterol (81:9:10) by extrusion through a 100 nm 
polycarbonate filter by using a miniextruder (AVESTIN, Germany). 
2.3.6 Atomic force microscopy (AFM): Atomic Force Microscopy images were 
captured by using a Nanowizard III scanning probe microscope (JPK instruments, AG 
Germany) equipped with a 12 μm scanner. Nanoalgosomes were initially concentrated 
by ultracentrifugation and resuspended in MilliQ water to a final concentration of 5 × 
1011 particles/ml, as previously estimated by NTA. 
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For measurements on dry samples, a 30 μl drop of the samples was directly deposited 
on freshly cleaved mica, incubated for 10 min, and then gently dried under nitrogen 
flow. Measurements were performed in tapping mode by using a NSC‐15 
(Mikromasch) cantilever (spring constant 40 N/m, typical tip radius 8 nm). 
Measurements with softer cantilevers (data not shown) were carried out with MSNL‐
10 cantilevers (Bruker; lever D, spring constant 0.03 N/m, nominal tip radius 2 nm). 
2.3.7 Scanning electronic microscopy: Samples were fixed in 0.4% 
paraformaldehyde and 2.5% glutaraldehyde in 300 mM PBS at 4°C. The pre‐fixed 
samples were applied onto polycarbonate filters with pore‐diameter of 0.05 μm 
(STERLITECH) until the filter got blocked. Then, the EV‐covered filters were taken 
from holders and post‐fixed in a bath following the protocol adopted from (Lešer et al. 
(2009). In brief, the primary fixatives were removed by three washing steps with 
distilled water (10 min incubation for each). Samples were then incubated for 1 h in 
2% OsO4. They were washed with distilled water (three washing steps with 10 min 
incubation time), treated with saturated water solution of thiocarbohydrazide (15 min 
incubation time), washed again (three washing steps in distilled water, 10 min 
incubation time each), and subjected to 2% OsO4 again for 1 h. After the second 
incubation in OsO4, the unbound osmium was removed in three additional washing 
steps (in distilled water, 10 min incubation time in each step). The samples were 
dehydrated in graded series of ethanol (30%‐100%, 10 min incubation in each solution; 
absolute ethanol was replaced three times), followed by graded series of HMDS (mixed 
with absolute ethanol; 30%, 50% and 100%, 10 min in each solution) and finally air 
dried. The dried samples were Au/Pd coated (PECS Gatan 682) and examined by JSM‐
6500F Field Emission Scanning Electron Microscope (JEOL Ltd., Tokyo, Japan). 
2.3.8 Cryo‐transmission electron microscopy (cryo‐TEM): The sEV samples, with 
an original particle concentration of 5 × 1010 per ml, were concentrated 10x (using 
Amicon Ultra‐2 μl Centrifugal Filters, Molecular weight cut‐off (MWCO): 30 kDa, 
Merck, Germany) and afterwards 10 μl were placed onto a 400 mesh copper grid 
covered with lacey film, which was treated with oxygen plasma to make it hydrophilic, 
and immobilized using high pressure freezing (Engineering Office M. Wohlwend 
GmbH, Switzerland). The specimen (sapphire discs with cells) was enclosed and 
protected in a small volume between two specimen carriers and locked inside the 
specimen pressure chamber by blotting two times for 3 s each. Liquid nitrogen was 
used as cooling medium. After the preparation, the samples were carefully transferred 
into liquid nitrogen for further imaging. Imaging was performed on a TEM (FEI Tecnai 
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F20) microscope. For the Cryo‐TEM analysis, the acceleration voltage was 200 kV and 
the device was coupled with an axis Gatan US1000 2k CCD camera. 
2.3.9 Stability and surface properties: zeta‐potential and amino‐groups of 
nanoalgosome surface A Zetasizer Nano Z (Malvern Panalytical GmbH, Germany) 
with disposable folded capillary cells was used to determine the zeta‐potential (ζ‐
potential) of the nanoalgosomes. Basically, 50 μl of each sample were diluted with 1 
μl of a 1 mM potassium chloride (KCl) solution. The measurement was performed at 
25°C after 2 min of equilibration. Each measurement was repeated in triplicate and 
mean values, as well as standard deviations, were calculated. The amount of NH2 
groups present on the nanoalgosome surface was determined based on a fluorescamine 
assay (FA assay). Hexylamine, which contains primary amine groups, was selected as 
a reference for establishing the standard calibration curve. For the assay, 250 μl 
fluorescamine stock solution (concentration of 0.3 mg/μl) and 25 μl sample solution 
(H2O as the control), as well as 725 μl borate buffer (0.1 M, pH = 9.5), were added into 
a 2 μl Eppendorf tube. The mixture was vortexed (Heidolph REAX2000 at maximum 
speed) for 30 s and then immediately analyzed in a plate reader (Tecan AG, 
Switzerland) at 25°C by exciting at 410 nm and detecting the fluorescence emission at 
470 nm. Samples were concentrated 10x before the quantification using Amicon Ultra‐
2 μl Centrifugal Filters, Molecular weight cut‐off (MWCO): 30 kDa, Merck, Germany. 
All fluorescence measurements were repeated three times (3 × 100 μl in a well of a 96‐
well‐plate). 
2.3.10 Stability in biological fluids: The stability of nanoalgosomes was analysed in 
undiluted human blood plasma using multiangle dynamic light scattering. Human 
citrate blood plasma was collected from 10 healthy donors at the Transfusion Centre 
of the University Clinic of Mainz, Germany, according to standard guidelines. It was 
pooled and stored at ‐20°C. To remove cell fragments and additional protein 
precipitates, it was centrifuged at 20,000 × g and 4°C for 1 h (Sigma 3–30K, Germany) 
before use. The nanoalgosome samples were centrifuged at 10,000 × g for 10 min prior 
to analysis to remove dust. The citrate plasma (200 μl) was filtered through 0.2 μm 
Millex‐GS syringe filters (Merck, Germany) directly into cylindrical quartz cuvettes 
(18 mm diameter, Hellma, Germany). The cuvettes were cleaned in an acetone fountain 
prior to usage for removing dust. Then, 10 μl of Tetraselmis chuii‐derived 
nanoalgosomes were added. For reference, 10 μl of pure nanoalgosomes were diluted 
in 200 μl PBS buffer. Similarly, 200 μl of plasma were measured without the addition 
of nanoalgosomes. Samples were incubated at 37°C for 1 h before the measurement. 
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Multi‐angle DLS was performed with an ALV spectrometer (ALV‐GmbH, Germany) 
at 37°C. The set‐up consisted of a goniometer and an ALV/LSE‐5004 multiple‐tau full‐
digital correlator with 320 channels. As a light source, a He‐Ne laser was used at a 
wavelength of 632.8 nm. Data analysis was performed using a multicomponent fitting 
method according to Rausch et al. (2010). 
 
2.4 Bioactivity and cellular uptake of nanoalgosomes 
 
2.4.1 Cell cultures: The following cell lines were used for the bioactivity and cellular 
uptake analyses: (i) 1–7 HB2, a normal mammary epithelial; (ii) MDA‐MB 231, an 
epithelial human breast cancer and (iii) HepG2 a human hepatocarcinoma (ECACC 
cell lines). All cell lines were maintained at 37°C in a humidified atmosphere (5% 
CO2) in Dulbecco's Modified Eagle's Medium (DMEM) (Sigma‐Aldrich) containing 
10% (v/v) Fetal Bovine Serum (FBS) (Gibco, Life Technologies) plus 2 mM L‐
glutamine, 100 U/ml Penicillin and 100 mg/ml Streptomycin (Sigma‐Aldrich) for the 
MDA‐MB‐231; DMEM low glucose plus 5 μg/ml Hydrocortisone and 10 μg/ml, 
Bovine Insulin (Sigma‐Aldrich) for 1–7 HB2 cell line; RPMI 1640 Medium containing 
10% (v/v) Fetal Bovine plus mM L‐glutamine, 100 U/ml Penicillin and 100 mg/ml 
Streptomycin was used for HepG2 cell line. 
2.4.2 Cell viability assay: Tumoral (MDA‐MB 231 and HepG2) and normal (1‐7 HB2) 
cell lines were seeded in 96‐well plates at a density of 2 × 103 cells per well and 
maintained using suitable culture conditions. The assay was carried out with EVs 
isolated from Tetraselmis chuii conditioned media. Similar to other studies carried out 
with plant‐derived EVs, the nanoalgosomes were used at concentrations ranging from 
0.1 to 2.0 μg/ml (Kim et al., 2015; Montis et al., 2017; Raimondo et al., 2015). This is 
equivalent to ∼104‐105 EVs/cell, corresponding to the estimated number of vesicles 
considered necessary to cover the surface of a cell (Sverdlov, 2012). 24 h after seeding, 
the cells were incubated for 24, 48 and 72 h with Tetraselmis chuii‐derived EVs. The 
cells treated with PBS alone were used as control. Cell viability was evaluated using 
the CellTiter 96 AQueous One Solution Reagent (Promega) according to the 
manufacturer's instructions. The mean optical density (OD, absorbance) of four wells 
in the indicated groups was used to calculate the percentage of cell viability as follows: 
percentage of cell viability = (Atreatment − Ablank)/(Acontrol (untreated) − Ablank) 
× 100% (where, A = absorbance490nm). Values were expressed as means ± SD of 
three biological samples, each performed in triplicate. 
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2.4.3 Genotoxicity assay: MDA‐MB 231, HepG2 and 1–7 HB2 cells were plated in 
24‐well plates containing sterile coverslips in complete medium, for 24 h. Cells were 
then incubated with 2 μg/ml of Tetraselmis chuii‐derived EVs for 48 and 72 h. 
Thereafter, the medium was removed and the cells were washed twice with PBS and 
subsequently stained with Acridine Orange/PBS solution (Sigma) at 100 μg/ml for 10 
s at room temperature and quickly examined by epi‐fluorescence microscopy (Leica, 
DFC450C). Acridine Orange is a cell permeating nucleic acid binding dye that emits 
green fluorescence when bound to double‐strand DNA and red fluorescence when 
bound to single‐strand DNA, RNA or lysosomes. This staining technique allows for 
discrimination between intact (green nuclei) and damaged DNA in cells (red nuclei). 
2.4.4 Cellular uptake: MDA‐MB 231 and 1–7 HB2 cell lines were grown at a density 
of 5 × 103 cells/well in 12‐well plates containing sterile coverslips in complete medium 
for 24 h. F‐EV samples (see F‐NTA section), were dialysed to remove free probe (D‐
Tube Dialyzer Midi, MWCO 3.5 KDa, Sigma‐Aldrich) against PBS, for 24 h at 4°C. 
As negative control, we used dUC isolates (at 118,000 × g) using not‐conditioned f/2 
media incubated with Di‐8‐ANEPPS, similarly to f‐EV samples. Before and after 
dialysis, both f‐EVs and negative control were checked for fluorescence and size 
distribution by NTA. Next, cell lines were incubated with different amount of f‐EVs 
(0.5 and 2 μg/ml) at 37°C or 4°C, as well as with an equivalent amount of negative 
control. After different incubation times (3, 6 and 24 h), cells were washed twice with 
PBS, fixed with 3.7% paraformaldehyde for 15 min, and washed again twice with PBS. 
F‐actin cytoskeleton was detected by staining with Alexa Fluor 594 phalloidin 
(ThermoFisher Scientific) in 1% BSA‐PBS solution at 400 μgr/ml for 60 min at room 
temperature. Afterwards, the nuclei were stained with VECTASHIELD Mounting 
Medium with DAPI. The f‐EV cellular localization was monitored by fluorescence 
microscopy analysis (Nikon Eclipse 80i), confocal laser scanning microscopy 
(Olympus FV10i, 1 μm thickness optical section was taken on total of about 15 sections 
for each sample) and analysed using ImageJ 1.52t. The reported relative green 
fluorescence intensities correspond to the fluorescence intensities of 5 different images 
of each sample, normalized to the number of nuclei, and relative to the control sample 
(i.e., cells treated with the dUC‐isolates from not‐conditioned f/2 media). Experiments 
were repeated using three independent nanoalgosome preparations; data were 
expressed as the mean ± standard deviation (SDs). 
 
2.4.5 Statistical analyses: Experiments were independently repeated at least in 
triplicate. Error bars in the graphical data represent standard deviations. A Student's t‐
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test was used for statistical analysis, and statistical significance was claimed when the 
P‐values were ≤ 0.0001 (****) and ≤ 0.001 (***).  
 
2.5 Quality management system 
 
We validate and applied a Quality Management System (QMS) compatible with UNI 
EN ISO 9001:2015 standard to assure standardization of the procedures as well as 
reliability and reproducibility of the results among the different laboratories. Our QMS 
supported the scientific activities of the study, including the sharing of standard 
operating procedures (SOPs) to increase the reliability and reproducibility of the 
results. Customized lab notebooks and SOP models were developed, distributed and 
utilized among the participating laboratories. Quality Assurance and Quality Control 
activities, including checklists and review meetings, were performed to monitor the 
specific activities of partners (Liguori & Kisslinger, 2020). 
 
2.6 EV‐track 
 
We have submitted all relevant data of our experiments to the (EV‐TRACK ID: 
EV200075) (Van Deun et al., 2017). 
 
3 Results 

 
The following paragraphs describe an in depth biochemical, biophysical and biological 
characterization of the microalgal‐derived small extracellular vesicles, sEVs, which we 
named nanoalgosomes. 
 
3.1 Characterization of the nanoalgosome bioresource: Tetraselmis chuii 
 
The marine photosynthetic chlorophyte species Tetraselmis chuii CCAP66/21b was 
identified in the present study as a new source of nanoalgosomes. First, we determined 
the chemical signatures of the microalgal biomass in terms of pigment and fatty acid 
methyl ester (FAME) contents. Interestingly, we found high‐value carotenoid (e.g., 
Neoxanthin, Violaxanthin, Lutein, and β carotene) and long‐chain polyunsaturated 
fatty acids (LC‐PUFA), such as the eicosapentaenoic (EPA, 20:5n‐3) (Supporting 
Figure S2). 
 
3.2 Separation and quantification of microalgal extracellular vesicles 
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Next, from the microalgae‐conditioned culture media we isolated extracellular by‐
products, which consist of two EVs sub‐populations: nanovesicles (small EVs, sEVs) 
and microvesicles (large EVs, lEVs). While differential ultracentrifugation (dUC) is 
the classical method for EV enrichment (Romancino et al., 2013; Théry et al., 2006), 
tangential flow filtration (TFF) has been increasingly applied in the field, as gentler 
(low shear stress) purification method to optimise the recovery of intact EVs with 
consistent purity both in small and large‐scale processes (Busatto et al., 2018; Paganini 
et al., 2019). Both dUC and TFF procedures allowed a reproducible separation of sEVs; 
the yield of sEV production was slightly affected by the scaling‐up of the microalgal 
culture from small‐ (50 ml) to medium‐scale (7.5 L) and the use of two different 
separation protocols (Table 2). The EV yields, in terms of sEV protein content and sEV 
number, were consistent with the estimate of 109 EV particles/μg EV proteins, as 
reported by Sverdlov (2012) (Sverdlov, 2012). Based on the above analyses, we have 
validated and optimized the TFF separation method and were able to produce sufficient 
amount of sEVs for the in‐depth characterization, in line with those obtained from 
plant‐derived vesicles, as reported for citrus juice‐derived nanovesicles (Raimondo et 
al., 2015). 
 

 
 
3.3 Nanoalgosome identity: biophysical analyses of particle size 
 
Microalgal sEVs, i.e. nanoalgosomes, were analyzed by different techniques for 
determination of their average size and size distributions. 
Multi‐angle dynamic light scattering (DLS). Simultaneous static and dynamic light 
scattering measurements were performed at multiple scattering angles on TFF‐isolated 
nanoalgosomes to derive the average diameter Dg and the z‐averaged hydrodynamic 
diameters Dh0, as shown in Figure 1a. In order to validate the experimental outcomes, 
the experiments were repeated at two different laboratories of our consortium, by using 
a slightly different procedure. The average values obtained after sample filtration at 
MPIP (Dg = 120 nm, Dh0 =  100 nm) are slightly lower than those obtained after sample 



 

 79  

centrifugation at CNR (Dg  =  135 nm, Dh0  = 113 nm), since in the first case a more 
effective depletion of the EV population with larger size may be expected. In both 
cases, the ratio Dg/Dh0 is about 1.2. While for monodisperse colloidal particles a value 
larger than 1 indicates a non‐spherical shape, for the heterogeneous nanoalgosome 
mixture this value is likely due to the sample polydispersity and to the asymmetric 
shape of its size distribution. To account also for smaller size objects such as proteins, 
which were sporadically observable in the sample, from the DLS measurements we 
derived the complete distribution of hydrodynamic diameters P(Dh) (Figure 1b). The 
distribution of the nanoalgosome samples are typically peaked at Dmode = 70 nm and 
have a tail at larger sizes; nanoalgosomes have the corresponding average size of Davg 
= 135 nm. We note that the latter moment of the distribution is not equivalent to the z‐
averaged size, obtained e.g. by cumulant method, which is a harmonic average of 
hydrodynamic diameters and therefore attains a lower value (Dho = 95 nm, Figure 1b).  
Nanoparticle tracking analysis (NTA). The size distribution of diluted sEV samples 
was measured by nanoparticle tracking which was also used to measure the particle 
concentration (Figure 1b). Two NTA experiments are reported on the same samples, 
made by using two different equipment (namely NanoSight NS300 at CNR and 
ZetaView at ETH). As NTA is typically more accurate on larger size particles, we 
observed a distribution peaked at Dmode = 125 nm, with a slightly higher average size. 
Comparison of size distribution of nanoalgosomes isolated by dUC and TFF . We next 
applied the techniques described above to compare the size distribution of dUC‐ and 
TFF‐isolated Tetraselmis chuii‐sEVs. The NTA and DLS analyses showed that both 
separation methods produce sEVs with comparable size distributions (Figure 1c). As a 
minor difference, one notes that TFF‐isolated sEVs have a slightly sharper size range 
with respect to dUC‐isolated sEVs. Also, a residual population of larger vesicles is 
more often observed in dUC‐isolated sEVs. 
Fluorescence nanoparticle tracking analysis (F‐NTA). To confirm the presence of 
lipid membranes in the isolated nanoalgosomes, we applied F‐NTA to determine the 
size distribution of particles stained with Di‐8‐ANEPPS, an EV specific fluorescent 
dye (inset of Figure 1b). Both F‐NTA and standard (scattering mode) NTA give a 
largely overlapping distribution and also a comparable particle number (Supporting 
Figure S3). In addition to validate the presence of nanoalgosomes with lipid 
membranes, this analysis shows the absence of large number of non‐vesicle 
contaminants, such as lipoproteins and protein aggregates. 
 Fluorescence Correlation Spectroscopy (FCS). To further confirm this result, we 
applied the same fluorescence staining used for F‐NTA experiments to perform FCS 
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measurements and determine the distribution of the hydrodynamic radii of fluorescent 
labelled species (inset of Figure 1b). It is worth noting that FCS is more accurate in 
detecting smaller particles with respect to F‐NTA. The analysis further confirmed the 
presence of lipid membranes in the isolated nanoalgosomes. 
Size distribution of nanoalgosomes by different techniques: conclusion. Overall, the 
different techniques and analyses described above provided consistent size 
distributions, with slight differences depending on the weight given to large and small 
particles and to the sampling method ( Supporting Figure S4 ). With respect to NTA, 
DLS has no limit in the detection of diffusing vesicles also smaller than 70 nm. On the 
other hand, it measures a size distribution that is weighted on the square of particle 
mass. Thus, while the z‐averaged hydrodynamic diameter is a robust experimental 
parameter (multi angle DLS cumulant analysis, Figure 1a), one can obtain a more 
reliable esteem of the size of greatest number of particles by referring to the mode of 
the distribution (DLS analytic fit, Figure 1b). NTA is able to track single particles in 
the sample and, therefore, by definition it measures a number size distribution (NTA, 
Figure 1b). However, its capability for sampling small particles is affected by the 
detection sensibility and the tracking speed, as well as by lower light scattering of small 
particles, which is covered by the signal of larger particles. This determines a closer 
analogy between NTA distribution and the weight average distribution observed in 
DLS experiments. A further drawback of NTA is due to its intrinsic limitation in the 
lower particle range; a limitation that can be overcome by using fluorescent dyes (F‐
NTA, inset of Figure 1b). When we deal with a broad size distribution, as in the present 
case and in the case of EVs in general, NTA represents a routinely tool to identify the 
average size of a broad population. Indeed, the peak observed by NTA typically mirrors 
the average values measured by DLS. As a second step, one can perform a more 
detailed DLS analysis, as we highlight in the present work, to pin point the sEV size 
that appears most frequently in the distribution (DLSmode). 
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FIGURE 1 Size and size distribution of nanoalgosomes isolated by TFF. (a) Multi 
Angle Light Scattering (MALS) experiments. Form factor S(q), black, and apparent 
hydrodynamic diameter Dh(q), green, as a function of the square of the scattering 
vector q2. Two experiments are reported on the same samples, performed at CNR 
(CNR, circles, solid curves) and MPIP (MPI, squares, dashed curves). The continuous 
curve represents a linear regression to data, as described in the text. The parameters 
Dh0, derived from the intercept in the fit of Dh(q)−1, are the z-averaged hydrodynamic 
diameters; the parameters Dg, derived from the slope in the fit of S(q)−1, are the double 
of the average radius of gyration. (b) Nanoalgosome size distribution by Dynamic 
Light Scattering (DLS), green curve, and Nanoparticle Tracking Analysis (NTA), 
performed at CNR, blue curve, and ETH, black curve. Inset: Size distribution of 
nanoalgosomes stained with Di-8-ANEPPS measured by fluorescence NTA (F-NTA), 
cyan curve, and Fluorescence Correlation Spectroscopy (FCS), red curve. NTA 
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analysis is also shown (blue). (c) Size distribution of nanoalgosomes isolated by TFF 
and dUC and analyses by DLS and NTA. The bold solid lines represent the 
distributions errors, that are calculated either on 5 replica of the same sample or on 3 
different preparations of the same sample for NTA or DLS, respectively. Inset: Size 
distributions of the main panel displayed in log scale.  

3.4 Nanoalgosome identity: morphology 

Since morphology is another important property of EVs, after characterizing the size 
distribution of our nanoalgosomes we applied different microscopy techniques to 
define their morphology and shape. 
Atomic force microscopy (AFM). Figures 2a‐d show AFM images of nanoalgosomes 
at different magnifications allowing to observe the details of single particles and the 
heterogeneity of a complete sEV sample. The close‐up image in Figure 2b and its 3D 
reconstruction in Figure 2d highlight a small dip in the middle of sEVs. This dip is 
caused by the strength of the AFM cantilever, which actually pushes the sEV surface 
causing the curvature of the membrane and of the whole particle since the edges cannot 
be adequately squeezed. To verify this hypothesis, we repeated the measurements with 
a softer cantilever and no depression was indeed observed. This observation supports 
the potential of AFM to study the structural and mechanical properties of EVs (Paolini 
et al., 2020; Ridolfi et al., 2020). 
Scanning electron microscopy (SEM). SEM images of nanoalgosomes isolated from 
Tetraselmis chuii show globular particles, heterogeneous in size and shape, sometimes 
organized in clusters. Images of sEVs of isolates obtained by TFF are shown in Figure 
2e‐f, while additional images of dUC‐ and TFF‐isolated sEVs are given in Supporting 
Figures S5‐S6. 
Cryo‐Transmission Electron Microscopy (cryo‐TEM). In cryo‐TEM imaging, the 
nanoalgosome samples are directly applied onto an EM grid, vitrified and visualized, 
therefore allowing us for characterization near their native state, avoiding dehydration, 
chemical fixation, and/or staining which can alter the sample (as in SEM). The cryo‐
TEM imaging revealed that the nanoalgosomes are spherical core‐shell nanoparticles, 
possessing a lipid bilayer structure, which is expected for these vesicles (Figure 2e‐f). 
Smaller amorphous structures, which are currently under investigation, are barely 
observable in the background. 
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FIGURE 2. Morphology of Tetraselmis chuii nanoalgosomes isolated by TFF. (a) and 
(b) Zoom-up tapping mode AFM images in air of selected nanoalgosomes. (c) Wide-
field tapping mode AFM images in air showing several sEVs. The coloured scale on 
the right indicates the height for all AFM images. (d) 3D reconstruction of a single 
nanoalgosomes from panel (b). (e) and (f) SEM and (g) and (h) cryo-TEM images. 
Representative images are presented of three independent experiments (n = 3). 
 
3.5 Nanoalgosomes identity: protein markers and density 
 
After determining size distribution, morphology and shape, following the VES4US‐
MISEV guidelines, we evaluated the biochemical features of nanoalgosomes purified 
from Tetraselmis chuii culture.  
Vesicle protein biomarkers. Selected biomarkers enriched in the EV fraction and 
putatively conserved during evolution were evaluated by immunoblot analyses. First, 
we checked for their cross‐reactivity against the relative microalgal orthologs, then, we 
compared their expression in the lysates as well as in the sEVs and lEVs fractions 



 

 84  

obtained by Tetraselmis chuii. Target protein biomarkers, chosen according with 
MISEV guidelines, were Alix, Enolase, HSP70, and β‐actin. This analysis was crucial 
to discriminate EVs from other contaminants. Immunoblot results showed the 
enrichment of three target proteins (i.e., Alix, Enolase, and β‐actin) in the sEV samples 
compared to the lysates and lEVs (Figure 3).  
Plasma membrane H+/ATPase as a biomarker of nanoalgosomes. The plasma 
membrane H+/ATPase is a transmembrane protein of about 100 kDa, which extrudes 
protons to generate electrochemical proton gradients, using ATP energy. The 
generation of this gradient is critical in providing energy for secondary active transport 
through the plasma membrane (Stevens & Forgac, 1997). The plasma membrane 
H+/ATPase plays a key role in plant physiology, in normal growth conditions and 
under abiotic stresses (Zhang et al., 2019). It is present also in several intracellular 
compartments of mammalian cells, including clathrin‐coated vesicles, endosomes, 
lysosomes, Golgi‐derived vesicles, chromaffin granules, synaptic vesicles, and 
multivesicular bodies (Han et al., 2017; Moriyama et al., 1992). It is of note that the 
high concentrations of solutes in secretory organelles such as chromaffin granules, 
synaptic vesicles, and microvesicles is allowed by specific transporters that are coupled 
to the proton gradient or to the membrane potential generated by the H+/ATPase. In 
this context, the presence of H+/ATPase was reported in human prostasomes and its 
expression alteration in urinary exosomes (Pathare et al., 2018). Most studies regarding 
H+/ATPase have been performed in plants and fungi and, due to the lack of genetic 
information, much less is known about plasma membrane H+/ATPase in microalgae 
(Pertl‐Obermeyer et al., 2018). 
To find a possible biomarker of nanoalgosomes, we evaluated the presence of this 
highly conserved plasma membrane H+/ATPase in nanoalgosome samples. For this 
purpose, here, we use H+/ATPase polyclonal antibody with high reactivity and 
specificity for microalgae. Figure 3 shows the presence of H+/ATPase in 
nanoalgosome samples, isolated by TFF from two independent sEV preparations from 
Tetraselmis chuii (Figure 3). To support the specificity of H+/ATPase for sEVs, we 
demonstrated the presence of this protein marker in Tetraselmis chuii sEV fraction 
isolated by dUC and TFF and separated by iodixanol gradient (Figure 4d). 
Determination of nanoalgosome density. Density gradient ultracentrifugation in 
iodixanol was used to determine the nanoalgosome density and to purify and further 
separate sEVs isolated either by dUC or TFF. After 24 h of centrifugation, a light 
coloured band was observed in the tube with dUC sample but none was observed in 
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the tube with the TFF sample. Ten fractions were collected from the top of each tube 
to determine the density and the protein concentration (Figure 4a). 
Mammalian cell‐derived sEVs (i.e., exosomes) are characterized by density between 
1.15 – 1.19 g/ml (Théry et al., 2006). The density of the fraction containing the visible 
band (Fraction 5) was measured to be slightly lower (i.e., 1.13 g/ml) than the density 
of mammalian exosomes. 
Fractions 1–4 corresponding to the soluble protein fractions showed very less to no 
protein content in both the samples (Figure 4b). Fraction 6 (partially could be 
overlapping with 5 and 7) has a density of 1.12 ± 0.01 g/ml (n = 3) that corresponds to 
the density of mammalian exosomes showed high protein content in the TFF sample. 
Fraction 5 (the visible layer) has a density of 1.16 ± 0.1 g/ml showed high protein 
content in dUC sample. Fractions 8–10 had higher densities than sEVs, and they could 
be nuclei, DNA, proteins, cell fragments that co‐purify with dUC and TFF separation 
methods. 
DUC and TFF isolated sEVs separated by gUC were analysed by immunoblotting 
(Figure 4d). In fractions 5 and 6 where sEVs were expected based on density, the 
presence of nanoalgosomes could be confirmed by Alix and H+/ATPase positivity. 
Based on these analyses we can conclude that the nanoalgosomes have a slightly lower 
density than mammalian sEVs and it is 1.13 g/ml. 
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FIGURE 3. Representative immunoblot analyses of Alix, H+/ATPase, Enolase and β-
actinin Tetraselmis chuii cell lysates (Microalgae lysate), sEVs and lEVs isolated by 
dUC and TFF from Tetraselmis chuii cultures; a mammalian cell line is used as positive 
control (C2C12 lysate). [C2C12 (10 μg) and microalgae (20 μg) lysates, dUC-isolated 
and TFF-isolated sEV (13 μg) and lEV (equal volumes) samples were loaded on gels. 
Alix, H+/ATPase, Enolase, and β-actin are enriched in the sEV samples. Three 
independent experiments (n = 3) were performed. Ponceau red staining is shown as 
loading control (bottom panel); lower exposures of lysate immunoblots are shown to 
indicate the specific bands 
 
 

 
FIGURE 4 Iodixanol gradient to determine the nanoalgosome density. (a)The density 
of the ten fractions measured in the gradient ultracentrifugation (gUC) of TFF and dUC 
samples. (b) The quantity of protein measured in each gUC fraction. (c) The ratio of 
numbers of particles (determined by NTA) relative to μg of proteins measured in 5-6-
7 gUC fractions of TFF samples. (d) Representative immunoblot analyses of 
nanoalgosomes isolated by dUC and TFF, and loaded on iodixanol density gradient. 
20 μg of microalgae lysate and whole fractions were loaded on gel. Fraction 5 (density 
1.13 g/ml) of dUC and TFF separated nanoalgosomes and at a less extent the fraction 
6 (density 1.2 g/ml) are positive for EV specific biomarkers (Alix and H+/ATPase). 
Two independent biological replicas (n = 2) were performed. 
 
3.6 Nanoalgosome identity: topology 
 
The topology of different components of EVs, as recently pin‐pointed by the MISEV 
2018, is an important characteristic in defining EVs functionality. Here we report a first 
assay performed on nanoalgosomes in regard of surface functionality. 
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 Amino‐groups on nanoalgosome surface: Amino groups on the nanoalgosome 
surface are originating from amino acid side chains of membrane proteins. These 
groups can later be utilized as an anchoring point for further functionalization. The 
presence of functional amino groups (‐NH2) on the EVs surface was quantified by a 
fluorescamine assay (FA) in TFF‐isolated sEVs. For the FA assay, we assumed that 
the diameter of sEVs is 100 nm, therefore, around 15000 ± 2500 NH2 groups per EV, 
which were isolated from Tetraselmis chuii, were detected. This is the first step to 
consider a functionalization strategy by click chemistry (Tian et al., 2018). Indeed, the 
presence and quantification of NH2 groups allow the conjugation of sEVs with linkers 
via the NHS ester reaction, e.g. NHS‐PEG4‐DBCO. Different biomacromolecules, e.g. 
CD11c antibody for dendritic cell targeting (Gai et al., 2020) or apolipoprotein A1 for 
brain endothelial cells targeting (Zensi et al., 2010), can be clicked on the EVs surface 
after their azidation (‐N3 groups) via bio‐orthogonal strain‐promoted alkyne–azide 
cycloaddition (SPAAC) click chemistry reaction, where Cu (I) as a catalyst can be 
avoided. 
 
3.7 Vesicle stability 
 
 Zeta‐potential: Biological membranes of cells (including EV membranes) possess a 
negative surface charge, mainly due to the negatively charged network of glycosylated 
proteins intercalated within the lipid bilayer. The surface charge of EV is reflected by 
its zeta potential, in turn, specific populations of EVs are expected to have certain 
surface charges (Midekessa et al., 2020). Large differences in zeta potential values 
have been reported for sEVs from different body fluids, tissues or cell cultures (Beit‐
Yannai et al., 2018). For these highly heterogeneous lipid‐bilayer nanovesicles, the 
surface potential of the EVs, which is measured by zeta potential, is a crucial parameter 
for the colloidal stability study. Furthermore, it is also a key indicator for characterizing 
the EVs’ surface before/after functionalization with various conjugated linkers (e.g., 
antibody, protein, peptide) as these change the zeta potential depending on their own 
net charge. It also worth to point out that the surface charge of the EVs could be 
changed significantly while changing its dispersion phase conditions: e.g. saltwater, 
phosphate‐buffered saline (PBS) of various phosphate ionic concentrations (0.01, 0.1, 
and 1 mM), with or without detergent (Tween‐20), or in the presence of different salts 
(10 mM NaCl, KCl, CaCl2 or AlCl3) and at different pH values (Midekessa et al., 
2020). The zeta potential of nanoalgosome samples TFF‐isolated from Tetraselmis 
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chuii cultures in neutral pH (7) buffer (KCl 0.1 M) was equal to ‐13 ± 12 mV, which 
confirms the expectation of a negative surface charge due to the presence of proteins. 
Stability at different pH and temperature. DLS measurements were performed upon 
the same TFF isolated nanoalgosome samples buffered at different pH in the range 4–
9. The size distribution of nanoalgosome sample completely unchanged over the all pH 
range (Supporting Figure S7 ), eliciting a striking stability at acidic and basic 
environments, which may be important for different biomedical applications. The same 
stability is preserved up to 50°C. 
Stability in biological fluids. The stability of EVs obtained from the microalgae 
Tetraselmis chuii was assessed in human blood plasma after 1 h incubation at 37°C. 
DLS measurements were subjected to a multicomponent fitting procedure as described 
by Rausch et al. (2010) (Rausch et al., 2010), and showed that no aggregates were 
present and the analyzed nanoalgosomes were stable in blood plasma (Supporting 
Figure S8 ). This is a key prerequisite for further application in a biomedical context. 
 Stability against detergents. Detergents are a powerful mean to solubilize and 
disassemble lipid structure. To determine the detergent resistance of the nanoalgosome 
membranes, we incubated the nanoalgosomes with different concentrations of SDS, 
Triton X‐100, and Nonidet P. We then checked EV integrity by measuring the size 
distribution by DLS, as well as the total scattering signal, in terms of Rayleigh ratio. 
Our experiments show that a fraction of nanoalgosomes is destroyed upon incubation, 
thus giving an additional assessment to the lipid nature of the nanoalgosome envelope. 
Interestingly, the larger fraction of EVs resisted the incubation with detergent 
(Supporting Figure S9), while liposomes, prepared as a positive control, were 
immediately dissolved under the same conditions. This opens novel perspective to the 
study of EV resistance in relation to their membrane composition. 
 
3.8 Bioactivity and cellular uptake of nanoalgosomes 
 
Finally, after characterizing several biophysical and biochemical properties, we studied 
the biological activity, toxicology and cellular uptake of nanoalgosomes using a series 
of well‐established in vitro assays. 
 
Toxicity assays. The cytotoxicity of microalgal sEVs was evaluated by the cell 
viability MTS (3‐(4,5‐dimethylthiazol‐2‐yl)‐5‐(3‐carboxymethoxyphenyl)‐2‐(4‐
sulfophenyl)‐2H‐tetrazolium) assay. Nanoalgosomes derived from Tetraselmis chuii 
did not show significant toxicity both on the tumorigenic MDA‐MB 231 breast cancer 
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cell line and on the non‐tumorigenic 1–7 HB2 mammary luminal epithelial cell line, 
over time and at different concentration (Figure 5a). For the genotoxicity assay, we 
used the Acridine Orange (AO) staining. As it can be observed in Figure 5b (a‐a’’), 1–
7 HB2 cells, treated or untreated, show a normal epithelial disposition and cell shape, 
with well‐organized nuclear structures and no signs of DNA damage (i.e., the number 
of damaged red nuclei were unchanged compared to control cells). Also, MDA‐MB 
231 cells show uniform bright green nuclei with organized structures, similarly to the 
untreated cells, excluding the classical morphological changes associated with 
apoptotic events, also after 72 h of treatment (Figure 5b, b‐b’’), in agreement with the 
cell viability assay. Subsequently, we tested the effect of Tetraselmis chuii 
nanoalgosomes on human hepatocarcinoma cell (Hep G2 cell line), as a useful model 
to obtain data on any EV‐effects on the metabolism of cells of hepatic origin and to 
assess the risk of hepatotoxicity. To this aim we analysed the in vitro hepatotoxicity by 
using the MTS assay (Figure 5a) and observed no significant toxic or metabolic effects 
induced by the microalgal sEVs on the hepatic cells, at different concentrations and 
over time (Figure 5a). The AO staining was used for hepato‐genotoxicity evaluations, 
following treatment with microalgal EVs. Figure 5b (c‐c’’) shows the AO images of 
Hep G2 cells incubated with Tetraselmis chuii nanoalgosomes, for 48 or 72 h. Also in 
this case, we observed no genotoxic changes after nanoalgosome treatment with respect 
to the control ones. 

 
FIGURE 5 (a) Test of cytotoxicity activities of Tetraselmis chuii nanoalgosomes in: 
normal (1‐7 HB2), tumoral (MDA‐MB 231), and Hep G2 at different EVs 
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concentrations (0.1‐0.5‐2 μg/ml) and for different time of incubation (24, 48 and 72 h). 
Cell viability is assessed by using MTS (3‐(4,5‐dimethylthiazol‐2‐yl)‐5‐(3‐
carboxymethoxyphenyl)‐2‐(4‐sulfophenyl)‐2H‐tetrazolium) assays. Values were 
expressed as means ± SD of three independent experiments. By Student's t‐test, 
differences of treated cells were determined not statistically significant when compared 
with the control (p > 0.6). (b) Genotoxicity assay by Acridine Orange staining on three 
different cell lines: (a) untreated 1–7 HB2, (a’) 1–7 HB2 treated with 2 μg/ml 
Tetraselmis chuii sEVs for 48 h and (a’’) 1–7 HB2 treated with 2μg/ml Tetraselmis 
chuii sEVs for 72 h; (b) untreated MDA‐MB 231, (b’) MDA‐MB 231 treated with 
2μg/ml Tetraselmis chuii sEVs for 48 h and (b’’) MDA‐MB 231 treated with 2μg/ml 
Tetraselmis chuii EVs for 72 h; (c) untreated Hep G2, (c’) Hep G2 treated with 2μg/ml 
Tetraselmis chuii EVs for 48 h and (c’’) Hep G2 treated with 2μg/ml Tetraselmis chuii 
EVs for 72 h. Representative images of three independent experiments are showed. 
Magnification 20X.  
 
Cellular uptake. Once established that Tetraselmis chuii EVs are not cytotoxic, 
hepatotoxic or genotoxic at different concentrations and timing, we have determined 
the cross‐kingdom communication among the microalgal sEVs and the human cells, 
by testing the cellular uptake. Cells were incubated with different concentrations of Di‐
8‐ANEPPS‐stained Tetraselmis chuii‐derived sEVs (f‐EVs) (i.e., 0.5 and 2 μg/ml) for 
different incubation times, namely 3, 6 and 24 h. To confirm that nanoalgosomes 
actively bypass cell membrane and that they were uptaken through an energy 
dependent mechanism, we incubated cells at 4°C, as negative control. As shown in 
Figure 6a, the f‐EVs rapidly bypass the cellular membrane in MDA‐MB 231 cells, to 
accumulate intracellularly after 3 h, only at the temperature of 37°C. Their distribution 
in the cytoplasm compartment was mostly evident after 24 h (Figure 6a, c), respect to 
samples incubated at 4°C in which there were no detectable fluorescence (Figure 6a, 
left rows). Similarly, the normal 1–7 HB2 cells have uptaken the f‐EVs, although 
slowly (> 6 h) and in a significant lower amount (Figure 6b‐c). In addition, we excluded 
aspecific green fluorescence by repeating the same studies using as a further negative 
control the dUC‐isolates using not‐conditioned f/2 media and stained with DI‐8‐
ANEPPS. No fluorescence signal was detected from negative control images, for all 
the conditions analysed (Figure 6a‐b). These results are confirmed by confocal analyses 
that show the intracellular localization of fluorescent nanoalgosomes in MDA‐MB 231 
cells (Figure 7a‐d). Thus, we could conclude that both human cell lines were able to 
uptake nanoalgosomes in a specific dose‐ and time‐dependent manner (Figure 6a‐c, 7a‐
d). 
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FIGURE 6 Representative fluorescence microscopy images showing the cellular 
uptake of Di‐8‐ANEPPS fluorescent nanoalgosomes (green) in MDA‐MB 231 (a) and 
1–7 HB2 (b) cell lines (nuclei in blue), incubated with different concentrations of f‐
EVs at 37°C for 3, 6 and 24 h. DUC‐isolates using not‐conditioned f/2 media and 
stained with DI‐8‐ANEPPS and 4°C incubation are shown as negative controls. 
Magnification 40X. (c) The relative green fluorescence intensities of MDA‐MB 231 
and 1–7 HB2 cell lines incubated with 2 μg/ml f‐EVs, at 37°C for 3, 6 and 24 h, or with 
0.5 μg/ml f‐EVs at 37°C for 24 h are reported as relative values against the green 
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fluorescent intensities of cells treated with the dUC‐isolates from not‐conditioned f/2 
media at 37°C for 24 h. The data are presented as means ± SD (*** P < 0.001, **** P 
< 0.0001) 
 

 
FIGURE 7 Confocal microscopy analysis of nanoalgosome internalization in MDA‐
MB 231 cells (nuclei stained with DAPI in blue; F‐actin stained with Alexa Fluor 594 
phalloidin in red), incubated with 2 μg/ml of Di‐8‐ANEPPS fluorescent 
nanoalgosomes (green) at 37°C for 24 h. (a‐b) Representative confocal microscopy 
images showing optical mid‐sections (at focal depth of 7 μm over a total scanning 
thickness of ∼15 μm), at 10x and 60x of magnification, respectively. (c) Representative 
confocal Z‐stack acquisition and (d) its orthogonal projections. Scale bars are showed. 
Three independent biological replicas were performed.  
 
4 Discussion 

Nanoalgosomes are novel membranous biogenic nanomaterial refined for the first time 
from a sustainable and renewable bioresource (i.e., microalgae), which can be used as a 
new natural delivery system for high‐value microalgal substances (such as antioxidants, 
pigments, lipids and complex carbohydrates), bioactive biological molecules (e.g., 
proteins, miRNA, siRNA, mRNA, lncRNA, peptides) and/or synthetic drugs. Different 
separation procedures (e.g., dUC, TFF and gUC) allowed to isolate nanoalgosomes from 
the Tetraselmis chuii‐conditioned media. As experimentally demonstrated by their 
sensitivity to the detergent SDS and their positivity to the membrane staining with Di‐8‐
ANEPPS, we could conclude that nanoalgosomes are biogenic lipidic membranous 
nanovesicles. They contain one or more established EV protein markers, such as Alix 



 

 93  

and the additional protein marker, plasma membrane H+/ATPase, and can be efficiently 
and safely taken up by mammalian cells, confirming the cross kingdom communication 
potential of EVs (Gill et al., 2019). The study presented here is promising in using 
nanoalgosomes in therapy. Also, future in vivo, pre‐clinical and clinical testing would 
allow to evaluate whether nanoalgosomes are not toxic, low immunogenic, and well‐
tolerated by the organism. Further, their engineering is already ongoing to confer 
targetability feature to specific cell or tissue. Also, we have been able to isolate EV‐like 
nanoparticles from several microalgae strains. In particular, nanoalgosomes were 
purified and characterized from two other strains: the Tetraselmis chuii‐related 
chlorophyte Dunaliella tertiolecta, and the distant phytoplankton group dinoflagellate 
Amphidinium sp. (Supporting Figure S10). Despite the polyphyletic origin, we can 
conclude that the nanoalgosome production is an evolutionary conserved trait within this 
heterogeneous group of protistean organisms. It is well known that EVs constitute 
vehicles for inter‐organisms communication. For instance, bacterial EVs perform several 
functions, including molecular transport, mediation of stress response, biofilm formation 
and the influence on hosts (Bleackley et al., 2020; Cai et al., 2018; Gill et al., 2019; 
Muraca et al., 2015; Soares et al., 2017; Yáñez‐Mó et al., 2015). Vesicle release has been 
also observed in a variety of cultured marine cyanobacteria (Biller et al., 2014). Further, 
field studies demonstrated that in natural environments, such as the aquatic ecosystem, 
bacterial‐derived extracellular vesicles are abundant, and they likely play a role in the 
ecology of marine microbial ecosystems (Biller et al., 2014). It has been postulated that 
the cyanobacteria vesicles can serve as food parcels for marine organisms and/or as a 
defence agent against phage attack (cellular decoys), and with implications for marine 
carbon cycling, mechanisms of horizontal gene transfer (Biller et al., 2014). The 
concentration of vesicles would vary from place to place in ocean ecosystems, reflecting 
the balance between species‐specific production rates, degradation rates, and 
consumption rates by the marine food web. In this context, future studies may help to 
establish the biological function of the extracellular vesicles produced by microalgae, 
the most abundant primary unicellular organism found in all the aquatic systems. The 
use of microalgae as a natural source for EVs would provide a number of advantages. 
Indeed, the metabolic attributes of microalgae are actively researched worldwide to 
address strategic priorities, with a particular focus on biofuel generation, bioremediation 
developments and biosynthesis of high‐added value biochemicals (Blanch, 2012; 
Khozin‐Goldberg et al., 2016; Pulz & Gross, 2004; Sun et al., 2013; Yáñez‐Mó et al., 
2015). Recent advances in microalgal biotechnology have generated much optimism for 
a viable industrial production of microalgae‐derived compounds such as antioxidants or 
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omega‐3 polyunsaturated fatty acids. Nanoalgosomes presented here would offer a 
number of advantages compared to mammalian cell‐, plant‐, bacteria‐, and milk‐derived 
EVs in that microalgae cells have high growth rates, can be cultured on non‐arable land 
under controlled environmental conditions in large scale photobioreactors and produce 
nanoalgosomes with a yield comparable to other sources (Bitto & Kaparakis‐Liaskos, 
2017; Gerritzen et al., 2017; Kim et al., 2015; Munagala et al., 2016; Paganini et al., 
2019) (Figure 8; Pocsfalvi et al., 2018; Raimondo et al., 2015; Wang et al., 2013). In 
addition, the natural and sustainable origin of nanoalgosomes grants them a likely greater 
societal acceptance (with reduced sensitive ethical questions) as a source for formulation 
preparations. 

 
FIGURE 8.The scalability, sustainability and economical viability of nanoalgosome 
production compared to the most common sources of therapeutic vesicles. [The ranking 
represents an arbitrary evaluation based on the analysis of the nanoalgosome 
production in the context of current bioprocesses (Paganini et al., 2019)] 
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Abstract 

Extracellular vesicles (EVs) play a crucial role as potent signal transducers among 
cells, with the potential to operate cross-species and cross-kingdom communication. 
Nanoalgosomes are a subtype of EVs recently identified and isolated from microalgae. 
Microalgae represent a natural bioresource with the capacity to produce several 
secondary metabolites with a broad range of biological activities and commercial 
applications. The present study highlights the upstream and downstream processes 
required for the scalable production of nanoalgosomes from cultures of the marine 
microalgae Tetraselmis chuii. Different technical parameters, protocols, and conditions 
were assessed to improve EVs isolation by tangential flow filtration (TFF), aiming to 
enhance sample purity and yield. The optimization of the overall bioprocess was 
enhanced by quality control checks operated through robust biophysical and 
biochemical characterizations. Further, we showed the possibility of recycling by TFF 
microalgae cells post-EVs isolation for multiple EV production cycles. The present 
results highlight the potential of nanoalgosome production as a scalable, cost-effective 
bioprocess suitable for diverse scientific and industrial exploitations. 
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1 Introduction 

Extracellular vesicles (EVs) are a diverse group of membranous nanoparticles 
originated from cells and involved in several biological processes (Yáñez-Mó et al., 
2015; Margolis and Sadovsky, 2019). EVs perform specific and selective cargo release 
to cells or target tissues via different mechanisms, including endocytosis, fusion, or 
receptor interaction, and in general they take part in intercellular signal transduction 
(Van Niel et al., 2018; Raposo and Stahl, 2019; Limongi et al., 2021a). Beyond their 
physiological functions, EVs have a role in several diseases, including cancer (Vagner 
et al., 2018; Raimondi et al., 2020), and in numerous pathological conditions, for 
instance, in stimulating an immune response (Zhou et al., 2020) or intervening in 
multidrug resistance in cancer treatments (Samuel et al., 2017; Pasini and Ulivi, 2020) 
and in virus infections and transmission (Urbanelli et al., 2019; Pocsfalvi et al., 2020). 
Due to their intrinsic capability to vehicle biological materials and information, EVs 
have high potential as drug delivery systems (Armstrong and Stevens, 
2018; Kooijmans et al., 2021). Indeed, there is an increasing interest to exploit EVs as 
therapeutics (Witwer et al., 2019; Silva et al., 2021; Limongi et al., 2021b) and in a 
large variety of biotechnological applications (Paganini et al., 2019). A growing 
interest is also arising from the study and exploitation of EVs or, more in general, of 
micro- and nano-sized vesicles, derived from non-human sources, such as bacteria 
(Bitto and Kaparakis-Liaskos, 2017), bovine milk (Kleinjan et al., 2021; Samuel et al., 
2021), and edible plants (Wang et al., 2014; Raimondo et al., 2015; Bokka et al., 
2020; Stanly et al., 2020; Raimondo et al., 2021). In particular, plant-derived vesicles 
are currently considered as biocompatible, sustainable, green, next-generation 
nanocarriers (Kameli et al., 2021; Urzì et al., 2021). In such a context, we recently 
identified microalgae as a novel natural source of EVs, called nanoalgosomes or simply 
algosomes (Adamo et al., 2021; Picciotto et al., 2021). Microalgae are microorganisms 
(mostly photosynthetic and autotrophic) considered a promising source of natural 
bioactive macromolecules such as pigments, polyunsaturated fatty acids, vitamins, and 
polysaccharides (Cuellar-Bermudez et al., 2015; Khan et al., 2018). These compounds 
are well known to possess a wide range of biological functions including antioxidant, 
antibacterial, antiviral, and anticancer activities. Microalgae operate the biosynthesis 
of numerous health beneficial compounds; thus, they are exploitable as natural 
ingredients in functional foods or cosmetics, with a corresponding attention from 
industries (Caporgno and Mathys, 2018; Khan et al., 2018; Jacob-Lopes et al., 
2019; Morocho-Jácome et al., 2020). In our previous studies, we evaluated different 
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microalgal species for their capability to produce EVs (Picciotto et al., 2021) and we 
identified the marine chlorophyte microalga Tetraselmis chuii (T. chuii) as one of the 
most promising biosource for a large-scale production of EVs (Adamo et al., 2021). 
Beyond its capability to produce EVs with a high yield, T. chuii has also an interesting 
content of valuable natural pigments, including lutein and β-carotene (Picciotto et al., 
2021), and it has been approved as a novel food for human consumption (European 
Commission, 2017). Nanoalgosomes exhibit remarkable benefits in comparison with 
EVs derived from other sources, such as mammalian cells, plant, bacteria, or milk, 
since microalgae are a non-animal, sustainable biosource and also a fast-growing 
organism that can be easily cultured in large scale under controlled conditions (Adamo 
et al., 2021). In the present work, we focus on the isolation of nanoalgosomes and we 
optimize an efficient bioprocess for a sustainable, scalable, and renewable EVs 
production, along with a robust quality control procedure, as defined in our previous 
work (Adamo et al., 2021) in accord to the guidelines and the consensus from the 
scientific community (Théry et al., 2018). A cost-effective and reliable EVs 
production, which is also suitable for an industrial or large scale exploitation, requires 
a fine tuning of both upstream and downstream processes (Paganini et al., 
2019; Buschmann et al., 2021; Grangier et al., 2021; Staubach et al., 2021). Here, we 
discuss and define a clear manufacturing practice for the implementation of 
nanoalgosome production, with optimized protocols for microalgal cultivation 
(upstream processing ) and isolation of EVs by Tangential Flow Filtration (TFF), an 
isolation technique allowing to process large volumes of microalgae cultures, reaching 
concentrated EV samples ( downstream processing ). Our production pipeline is 
optimized thanks to quality controls, ensured by an extensive biophysical and 
biochemical characterization by different techniques, including dynamic light 
scattering (DLS), nanoparticle tracking analysis (NTA), immunoblot analysis (IB 
analysis) of protein markers, atomic force microscopy (AFM), and BicinChoninic Acid 
assay (BCA assay) (Romancino et al., 2018; Adamo et al., 2021; Paganini et al., 2021). 
Moreover, we demonstrate the possibility to recycle microalgal biomass after EVs 
harvesting to renew the cell culture and continue EVs production in a cyclic bioprocess 
(renewable processing ). This capability to go through several production/isolation 
cycles further increases the interest of microalgae as a sustainable and renewable 
biosources of EVs. 

2 Materials and methods 
 



 

 108  

2.1 Microalgae cultivation 
 
A stock culture of the microalgae Tetraselmis chuii (T. chuii) (CCAP 66/21b) was 
grown in borosilicate glass bottles in modified f/2 medium (Guillard, 1975) and used 
to start new cultures in bottles via a 25% v/v inoculum. Cultures were kept for 4 weeks 
at a temperature of 22°C ± 2°C under continuous air flow and exposed to white light 
with a photoperiod of 14 h light and 10 h dark. Bottles were gently shaken every 2 days 
in order to homogenize cultures. Microalgae were cultured in sterile conditions by 
using 0.22 μm filters at the bottle inlets. The cell growth was monitored every week by 
optical density at 600 nm, and cell counting (see Supplementary Figure S1). 
 
2.2 Tangential flow filtration 
 
The KrosFlo® KR2i TFF System from Repligen (Spectrum Labs, Los Angeles, CA, 
USA) was used to isolate microalgae-derived EVs. Microalgae cultures (1.6 L) were 
clarified by sequential micro- and ultra-filtration using TFF hollow fiber filters 
(MiniKros Sampler) with cut-off of 650 nm (S04-E65U-07-N, Spectrum Labs), 
200 nm (S04-P20-10-N, Spectrum Labs), and 500-kDa (S04-E500-10-N, Spectrum 
Labs). Three different settings were evaluated: feed flow 750 ml/min and permeate 
flow 60 ml/min, feed flow 450 ml/min and permeate flow 6 ml/min, and feed flow 
450 ml/min and permeate flow 6 ml/min followed by a wash of the TFF cartridges with 
100 ml of culture medium. During all filtration processes transmembrane pressure 
(TMP) was kept constant at 0.02 bar. The small and large EVs recovered from the 
retentate of the 500-kDa and 200 nm cut-off TFF filter modules, respectively, were 
concentrated until a final volume of almost 150 ml. Subsequently, using a smaller 500-
kDa cut-off TFF filter module (C02-E500-10-N, Spectrum Labs, MicroKros) with a 
feed flow 75 ml/min and a permeate flow 2 ml/min, samples were further concentrated 
and diafiltrated seven times with PBS, reaching a final volume of approximately 5 ml. 
 
2.3 Microalgae cultivation recycling protocol 
 
After culture clarification, the retentate obtained from the 650 nm cut-off TFF cartridge 
(100 ml) was diluted in modified f/2 medium to reach the initial batch volume (1.6 L) 
and used to start renewed cultures in bottles via a 25% v/v inoculum. After 4 weeks of 
cultivation, microalgae were again processed by TFF to isolate EVs. In order to 
maintain sterile conditions, necessary for the recycle of the microalgae cell culture, the 
650 nm TFF membrane filter was washed with 1 L of sterile water before starting the 
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clarification process. Moreover, for the first TFF step the instrument and the 
bioreactors are connected in a closed system to maintain sterility. 
 
2.4 Nanoparticle tracking analysis	
 
Measurement of nanoparticle size distribution and concentration was performed using 
NanoSight NS300 (Malvern Panalytical, United Kingdom). The NTA instrument is 
composed of a 488 nm laser, a high sensitivity sCMOS camera, and a syringe pump. 
In order to achieve the suggested concentration measurement range (107 ÷ 
108 particles per ml) in which 20 ÷ 120 particles per frame were tracked, the EVs-
enriched samples have been diluted in particle-free water. The analysis of the samples 
was executed using the NanoSight Software NTA 3.4 Build 3.4.003 (camera level 15–
16, syringe pump speed 30) acquiring five videos of 60s duration and examining 1,500 
frames for each sample. The frame analysis was carried out setting a detection 
threshold so that the observed particles are marked (red crosses in the software) and no 
more than five particles are rejected (blue crosses). Medium viscosity was set to water 
viscosity. As in our previous work (Adamo et al., 2021), nanoalgosomes may be 
equivalently diluted both in water and in PBS since ionic strength has no effect on their 
integrity (see supporting information, Supplementary Figure S2). 
 
2.5 Protein content (BCA assay) 
 
The EVs protein content was quantified using the colorimetric BCA protein assay 
(Thermo Fisher Scientific, Rockford, IL, USA). The protein concentration was 
measured at 562 nm, according to the manufacturer’s instructions, using a 
GloMax® Discover Microplate Reader. 
 
2.6  Immunoblotting 
 
The Western blot analysis was executed using sodium dodecyl-sulfate (SDS) 
polyacrylamide gel electrophoresis (PAGE); 10 μg of cell lysate and 5 μg EV samples 
(in PBS) were incubated at 100°C for 5 min with 5× loading buffer (0.25 M Tris-Cl pH 
6.8, 10% SDS, 50% glycerol, 0.25 M dithiothreitol, 0.25% bromophenol blue) and 
loaded on 10% SDS polyacrylamide gel for electrophoresis. Polyvinylidene fluoride 
(PVDF) membranes are used to blot proteins. The membranes were blocked with BSA-
TBS-T solution [3% powdered with bovine serum albumin in TBST (50 mM Tris HCl 
pH 8.0, 150 mM NaCl, 0.05% Tween 20)] for 1 h at room temperature, followed by 
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primary antibody incubation. The antibody anti-Alix (clone 3A9, dil. 1:150 in 3% 
BSA/TBS-T1X), incubated overnight at 4°C, is raised against a mammalian EV marker 
and is cross-reactive for microalgae. The antibody anti-H+/ATPase (dil. 1:1,000 in 3% 
BSA/TBS-T1x, Agrisera), incubated for 1 h at room temperature, is raised against 
H+/ATPase a membrane protein specific for plants and protists. After washing, 
membranes were incubated for 1 h with secondary antibodies according to the 
manufacturer’s instructions (horseradish peroxidase-conjugated secondary anti-mouse 
or anti-rabbit antibodies, cell signaling), and then washed four times in TBST for a 
total of 20 min. Immunoblots were revealed using SuperSignal™, Pierce™ ECL 
(Thermo Fisher Scientific). 
 
2.7 Dynamic light scattering 
 
An aliquot of vesicle solution was pipetted and centrifuged at 1,000×g for 10 min at 
4°C in order to remove any dust particles. The supernatant was withdrawn by pipet tips 
(previously washed by MilliQ water), put directly into a quartz cuvette and incubated 
at 20°C in a thermostated cell compartment of a BI200-SM goniometer (Brookhaven 
Instruments) equipped with a He-Ne laser (JDS Uniphase 1136P) with wavelength λ = 
633 nm and a single pixel photon counting module (Hamamatsu C11202-050). 
Scattered light intensity and its autocorrelation function g 2(t) were measured 
simultaneously at a scattering angle ϑ = 90° by using a BI-9000 correlator (Brookhaven 
Instruments). Absolute scattered intensity, namely excess Rayleigh ratio, Rex , was 
obtained by normalization with respect to	toluene:  where 
I, I B , and I T  are the	 scattered intensities of sample, buffer, and toluene, 
respectively; 𝑛˜ = 1.336 7	and 𝑛˜𝑇 = 1.499 6 are the refractive indexes of buffer and 
toluene at 633 nm, respectively; and R T is the toluene Rayleigh ratio at 633 nm (R T = 
14 × 10−6 cm−1) (Noto et al., 2012). The intensity autocorrelation function g 2(t) is 
related to the size σ of diffusing particles and to their size distribution Pq (σ), by the 
relation ,where  β  is an instrumental	parameter, 

  is the scattering vector, and D(σ) is the diffusion coefficient of a 
particle of hydrodynamic diameter D h = σ, determined by the Stokes-Einstein 
relation D(σ) = k B T [3πησ]−1, with T being the temperature, η the medium viscosity, 
and k B the Boltzmann constant (Berne and Pecora, 1990). The size distribution P q (σ) 
is calculated by assuming that the diffusion coefficient distribution is shaped as a 
Schultz distribution, which is a two-parameter asymmetric distribution, determined by 
the average diffusion coefficient   and its variance   (Berne and Pecora, 
1990; Romancino et al., 2018). This approach is justified by the typical noise level in 
the autocorrelation functions (Mailer et al., 2015). Two robust parameters may be 
derived from this analysis: Dz , the z-averaged hydrodynamic diameter (the diameter 
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corresponding to the average diffusion coefficient  ), and PDI, the polydispersity 
index  , which is an estimate of the distribution width. The integrity of 
nanoalgosomes has been shown by measuring DLS autocorrelation function in 
different hypo and hyper tonic solutions from 0 to 300 mM NaCl. The same EVs 
sample has been dialyzed against the different solutions for 2 h at room temperature 
and, after dialysis buffers change, overnight at 4°C. No effect is observable in both size 
distribution and particle number (see supporting information, Supplementary Figure 
S2).  
 
2.8 Atomic force microscopy 
 
A 40μl vesicle solution, diluted in MilliQ water to a final concentration of a few μg/ml, 
was deposited onto freshly cleaved mica, incubated for 20 min, and gently dried under 
nitrogen flow. Tapping mode AFM measurements were carried out by using a 
Nanowizard III scanning probe microscope (JPK Instruments AG, Germany) equipped 
with a 15 μm z-range scanner and NSC-15 (Mikromasch) cantilevers (spring constant 
40 N/m, typical tip radius 8 nm); 2 × 2 μm2 images were acquired at 256 × 256pixel 
resolution. Setpoint was fixed at 70% of free oscillation amplitude (20 nm). Other 
measurements were performed in liquid by quantitative imaging upon deposition on a 
functionalized substrate (see supporting information, Supplementary Figure S3). 
 
3 Results and discussion 
 
3.1 Upstream processing 

In the present work, we isolated EVs from the marine chlorophyte microalgae T. chuii 
(Figure 1A). This species was selected from a set of several microalgal strains as one 
of the best candidates for EVs production (Adamo et al., 2021; Picciotto et al., 2021). 
We established a permanent platform for microalgae cultivation at pilot scale. Different 
cultivation methods are available for microalgae, in brief (Henley, 2019): 

• batch —a given volume of culture medium is inoculated with cell culture at low 
density and then processed during exponential growth to obtain a maximum yield; 

• fed batch —a supplement of culture medium and nutrients periodically feeds the cell 
culture without removing the biomass before harvesting; 

• semicontinuous —a fixed volume of cell culture is harvested at given time intervals 
and replaced with fresh culture medium; 
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• continuous —the harvested culture is drained out of and the fresh medium is fluxed 
in the bioreactor continuously to maintain a constant biomass concentration. 

Although a continuous method may in principle allow a higher yield, we preferred to 
implement on a lab/pilot scale a batch cultivation in small bioreactors (a few liters 
each), since it is reliable and it facilitates the setting of sterile conditions. Both the 
method and the apparatus are well suitable for scaling-out. Thus, we typically cultivate 
several liters of cultures, which are synchronously inoculated, grown, and distributed 
in different bioreactors, as shown in Figure 1B. The harvested cultures are then pooled 
and processed at the same time. The harvesting time depends upon the life cycle of T. 
chuii as well as the culture conditions, such as the amount of the inoculated culture. 
Specifically, after 4 weeks the cell density increases to reach a maximum, as measured 
by periodic optical density measurements and cell counting. Along with the cultures 
fated to EV production, we maintained a refreshed stock culture, as described in the 
general flow chart of Figure 1C. 

 
FIGURE 1 | Microalgal cultivation. (A) Microscopy image (60×) of T. Chuii cells. (B) 
Lab cabinet with parallel bioreactors. (C) Flow chart of the cultivation timing.  
 
3.2 Downstream processing 
 
3.2.1 Isolation by differential tangential flow filtration. Differential ultra-
centrifugation (dUC) is the classical methods for EV isolation and purification (Théry 
et al., 2006). It consists of a series of subsequent centrifugation and eventually 
ultracentrifugation steps to progressively remove and fractionate cells, debris, large 
particles, and small particles. While its protocols are well established (Théry et al., 
2018), dUC is not easily suitable for large-scale EV production, since it is time-
consuming and low throughput, due to the various centrifugation steps (Coumans et 
al., 2017). Also, it presents further drawbacks, including EV aggregation (Linares et 
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al., 2015; Yuana et al., 2015); coisolation of contaminants, e.g. protein aggregates 
(György et al., 2011; Paolini et al., 2016); and damage of EV structure due to high 
shear forces (Ismail et al., 2013; Coumans et al., 2017). Other isolation methods have 
been used for viruses or virus-like particles and then exploited for EV isolation, due to 
their close structural analogy (Merten et al., 2016). These methods include density 
gradient ultracentrifugation (gUC), filtration, and various chromatographies (Staubach 
et al., 2021), such as size exclusion chromatography (SEC), ion exchange 
chromatography (IEX), and affinity chromatography (AC) (Paganini et al., 2019). A 
reliable method extensively used for liposomes (Worsham et al., 2019) as well as for 
virus isolation (Loewe et al., 2019) and now adopted in the EV field is tangential flow 
filtration (TFF) (Heinemann et al., 2014; Busatto et al., 2018; Haraszti et al., 2018). In 
TFF, the particle solution, or the cell culture, flows tangentially over a membrane with 
a given size cut-off. The feed solution is circulated with low pressure by a peristaltic 
pump in a closed loop through the reservoir and the filter unit (which it typically a 
hollow fiber). A part of the solution permeates the filter and is then recovered with a 
content of particle with a size smaller than the pore size (permeate). At the same time, 
the feed volume is reduced and depleted of small particles (retentate). The same process 
may be used for diafiltration or effective volume reduction of the retentate, which is 
extremely important for subsequent use of EV products, e.g. for therapeutic application 
(Witwer et al., 2019). With respect to dead-end filtration, TFF considerably reduces 
membrane fouling and the formation of the undesirable filter cake due to the crowding 
of small-size particles. With respect to dUC, TFF induces a low shear stress, thus 
providing more gentle processing and resulting in high yield (Busatto et al., 2018; 
Haraszti et al., 2018). In general, TFF allows the processing of large volumes in a short 
time with high reliability and reproducibility. The process is then easily scalable and 
suitable for the production of GMP-compliant products (Bari et al., 2018). In our 
previous work, we have used both differential ultracentrifugation (dUC) and tangential 
flow filtration (TFF) to isolate EVs from microalgae, confirming the above described 
expectations for TFF performance (Adamo et al., 2021). Thus, we implemented the 
following procedure based on sequential TFF filtration steps (Figure 2). 
1) Clarification 
The harvested cell culture is fluxed through a fiber with a cut-off of 650 nm to remove 
the biomass. 
2) Isolation 
The clarified permeate from the previous step is fluxed through a fiber with a cut-off 
of 200 nm; this step allows to isolate EVs smaller than 200 nm in the permeate by 
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removing larger objects, including large EVs or cellular debris which escaped the first 
clarification. 
3) Ultrafiltration and volume reduction 
The isolated permeate from the previous step is fluxed through a fiber with a cut-off of 
500 kDa, which corresponds to approximately 20 nm; this step allows to remove small 
particles, such as proteins, maintaining small EVs in the retentate; at the same time, the 
retentate volume is reduced down to the fiber volume (150 ml in the current setting). 
4) Concentration and diafiltration 
The ultrafiltered retentate from the previous step is fluxed through a fiber with the same 
cut-off (500 kDa) and a lower volume and filter surface; this step allows to further 
concentrate the sample by reducing the volume down to the volume of the filter module 
and the tubing (5 ml in the current setting).  
The isolation of nanoalgosomes actually occurs in step 2 after filtration via a 200 nm 
filter. At this stage, the retentate mainly consists of a subpopulation of large particles 
at very low concentration as well as a fraction of small EVs that were not brought in 
the permeate. The subsequent TFF ultrafiltration steps (3 and 4) are quite important to 
achieve a rapid volume reduction. Moreover, they are very efficient in removing any 
small particle, such as freely diffusing proteins. In the case of T. chuii culture, this 
purification step is made easier by the simplicity of the microalgal culture medium. At 
the opposite, EV purification from a complex culture medium, such as for instance in 
the case of mammalian cells, may require a further purification step to remove small 
particles (typically size exclusion chromatography), as reported in other studies and 
according to our own experience (Staubach et al., 2021). Indeed, a culture with high 
protein content may result in quick membrane fouling affecting all TFF steps and 
preventing an efficient recovery.  
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FIGURE 2 | Scheme of TFF steps showing the retentate, permeate, and feed for the 
three filters used in sequence: (i) 650 nm, (ii) 200 nm, (iii) 20 nm (namely 500 kDa).  

3.2.2 TFF parameters optimization. In order to optimize the TFF protocol, the 
specific parameters controlling the process must be adjusted individually for each type 
of culture medium (Moleirinho et al., 2019). Two important parameters to maximize 
EV yield are the inlet and outlet flow rates: more specifically, the feed flow rate, F in, 
and the permeate flow rate, F out. We evaluated three different conditions for each 
filtration step: 
(A) Fin = 750 ml min−1, Fout = 60 ml min−1; 
(B) Fin = 450 ml min−1, Fout = 6 ml min−1; 
(C) Fin = 450 ml min−1, Fout = 6 ml min−1 and filter module wash. 
The condition (C) adds to condition (B) the eventual wash of each cartridge with a 
100 ml culture medium to avoid EVs losses on the filter membrane. In order to compare 
the different TFF conditions, a 1.6 L microalgae culture was portioned in three equal 
volume samples (≈530 ml), which were then processed by TFF. The EV-enriched 
samples (5 ml) resulting from the retentate of the last small column (step 4), underwent 
several biophysical and biochemical analyses aiming to quantify small EV isolation 
yields. EVs yields, for each small EVs sample obtained by TFF, were evaluated in term 
of protein content using the BCA assay and in terms of particles number calculated by 
NTA (both normalized per mg of dry microalgal biomass). Additionally, their average 
size and size distributions were determined by DLS and NTA (Figure 3 and Table 1). 
The biophysical characterization allows a straightforward evaluation of the EV yield 
in the chosen conditions. Figure 3 and Table 1 show that the size distribution, along 
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with the average size, are identical in the three preparations. Other parameters are 
related to the amount of isolated particles, namely, the particle number measured by 
NTA, the total protein mass measured by BCA assay, and the excess Rayleigh ratio, 
corresponding to the absolute value of scattered intensity and proportional to particle 
concentration. Therefore, Table 1 shows that a slow flow rate determines a higher EV 
recovery (conditions B and C), likely due to the prevention of any membrane fouling. 
An additional washing step (condition C) may also improve 
particle  recovery. 

 
FIGURE 3 | Nanoalgosomes size distribution in three TFF conditions as described in 
the text, measured by DLS (A) and NTA (B).  
 

 	
 
3.3 Renewable processing 
 
After the optimization of upstream and downstream processing, we were able to 
produce EVs at a lab scale, with a maximum yield of 2 mg EVs for every 5 L of cell 
culture and approximately every 5 g of dry biomass. Also, our production platform 
showed high reproducibility and quality over different production cycles, as discussed 
in the present work and in our previous studies (Adamo et al., 2021; Picciotto et al., 
2021). Now, we explore the possibility to link upstream and downstream processes by 
implementing a cyclic bioprocess for nanoalgosomes isolation. Since microalgae cells 
are concentrated during the first TFF filtration step, the corresponding retentate could 
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be used to seed a new culture via appropriate dilution with fresh medium (modified f/2 
medium) and subjected to further sequential filtration after 4 weeks. This requires that 
microalgal cells are not damaged during the first TFF step, when the cell culture is 
depleted from the released vesicles. In order to demonstrate the capability of such a 
production for high throughput EVs production, we characterized the nanoalgosomes 
obtained from a fresh culture and its subsequent TFF-based subculture cycles (up to 3). 
BCA assay and NTA were performed to compare and quantify the EV sample yields 
(Table 2). Furthermore, the average size and size distributions of the small vesicles 
were measured by DLS and NTA (Figure 4). Finally, the biochemical characterization 
was completed by assessing the presence of EVs in each sample by immunoblot 
analysis, emphasizing the expression of particular biomarkers (e.g., H+/ATPase and 
Alix) in accord with the MISEV 2018 guidelines (Théry et al., 2018) and our previous 
work (Adamo et al., 2021). Immunoblot results showed the enrichment of specific 
biomarkers (H+/ATPase and Alix) in Nanoalgosomes samples Figure 5. Specifically, 
semiquantitative densitometric analysis of immunoblotting showed an increase in the 
expression of target proteins in nanoalgosomes isolated from renewals of the T. chuii 
cultures. As a negative control, we perform immunoblot analysis to verify the absence 
of the biomarker TET8, which is an orthologue of mammalian tetraspanins in plants 
and bacteria, that is not present in T. chuii and here used as a negative control for the 
presence of bacterial contaminants. In addition to the enrichment of biomarkers, we 
can also observe a slight increase of EV amount over subsequent recycling, in terms of 
protein mass, measured by BCA assay and of total particle number determined by NTA 
(Table 2). The overall population of nanolgosomes was not altered by TFF-based 
recycling, as shown by the unchanged size distributions, measured by DLS and NTA 
(Figure 4). Also the morphology of nanoalgosome was not altered, as clearly shown in 
the AFM images of Figure 6. Other AFM images were taken by using a functionalized 
substrate for amine groups, and no significant changes were observed after TFF-based 
subcultivation cycles (see supporting information, Supplementary Figure S3). In some 
cases, we observed that the recycled samples displayed a wider concentration of 
particles, namely, sample impurities. This may warrant further purification steps, for 
instance by size exclusion chromatography. The functional behavior of 
nanoalgosomes, which is currently under study, is not addressed in the present work. 
Nevertheless, given the growth of cells in culture after each TFF-based recycling 
regime (see supporting information, Supplementary Figure S1), it is possible that their 
functional properties would not be altered. 
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FIGURE 4 | Nanoalgosomes size distribution from a fresh culture (R0) and after 1, 2, 
and 3 recycling (R1, R2 and R3, respectively), measured by DLS (A) and NTA (B). 
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FIGURE 5 | Immunoblot analysis of specific biomarkers (H+/ATPase and Alix) in 
Tetraselmis chuii cells lysate (Microalgae lysate; 10 μg) and nanoalgosomes isolated 
by TFF from Tetraselmis chuii fresh culture (R0), and after 1, 2, and 3 subculturing 
steps (R1, R2, and R3, respectively) (upper panel). Ponceau red staining is shown as 
loading control (bottom panel). Three independent experiments (n = 3) were performed  

 
FIGURE 6 | AFM images (2 × 2 μm2) of nanoalgosomes (A) from a fresh culture and 
(B) from a culture after multiple recycles. 

 
3.4 Hard numbers for a fast quality check 
We reported different quantities related to the amount of vesicles in solution: 
 
1) cp , protein mass concentration determined by BCA assay 
This quantity is a standard parameter in the EV field; its measure can be done by using 
a specific kit and a spectrophotometer or a colorimeter; thus it is quite cheap and easily 
accessible in every laboratory. Also, it is a widely used procedure and thus it is very 
useful to compare measurements from different studies and different samples. Other 
colorimetric methods measuring protein mass concentration, such as the popular 
Bradford assay, may be equivalently performed. On the other hand, an accurate 
measurement of protein concentration typically requires a concentrated sample, so it is 
often taken after a concentration step, which introduces the possibility of sample loss 
and a biased measurement. 
 
2) Np, particle number concentration measured by NTA 
The number of particles is the ideal quantification for each sample and it is becoming 
another standard parameter with the increasing availability of NTA instruments, or also 
Resistive Pulse Sensing techniques, which allow to track and count each particle in a 
sample. There are two main drawbacks: the first is the intrinsic limit of detection of 
NTA instruments which are less sensitive to objects with a size below 100 nm (or with 
a very large size), giving a constitutive bias to the measure of number concentration; 
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the second is the intrinsic incomplete sampling of the particle population; indeed, both 
a short experimental duration and a different setting of the acquisition parameters may 
lead to large differences in the particle count, and hence in the particle concentration, 
which only a highly trained operator can reliably and partly suppress. 
 
3) Rex , excess Rayleigh ratio measured by DLS 
This quantity is an absolute measure of the intensity scattered at a given angle. While 
the measure requires an appropriate instrumentation (not every light scattering 
commercial device is adequate), it is very easy and requires a very low sample amount, 
if taken at 90°. Most importantly, since DLS intrinsically performs an exhaustive 
ergodic sampling of all the particles in solution, the measure is quite robust, carries an 
almost irrelevant error, and is not biased by any instrumental parameter or analytic 
method. For such a reason, it is a reliable quantity suited for the comparison of different 
samples or different batches. On the other hand, its physical meaning is not 
straightforward. It is proportional to the total mass concentration c of the particles in 
solution. However, it also proportional to the weight average mass of the particles Mw 
and to their z-averaged form factor Pz (q), which is related to the average shape of the 
particles and depends upon the scattering angle ϑ, or the scattering vector q: Rex (q) ∼ 
cMw Pz (q) (Berne and Pecora, 1990). 
After several iterations of different purifications of nanoalgosomes with different yield 
but comparable quality, we are able to put some order in the information derived from 
these quantities. First, we observed an expected correlation between the protein 
concentration cp and the particle number Np , as shown in Figure 7A: Np = Sc p , where 
S = 10.5 × 109 μg −1, which is slightly higher than the constant calculated by Sverdlov 
(Sverdlov, 2012). If the correlation is evident, one may note that the variability in the 
data does not allow to infer one quantity by simply measuring the other one. For this 
reason, we recommend to measure both quantities to complete any batch 
characterization. 
Furthermore, Figure 7B shows that both quantities are correlated with Rex. This result 
is not trivial in the case of particles with a heterogeneous size distribution. One may 
argue that the two quantities, the weight average mass Mw (proportional to D2), and 
the z-averaged form factor P z (q) (roughly proportional to D −2 at high q) average out, 
thus making Rex directly proportional to the mass concentration c (Montis et al., 2017). 
However this could be assumed for large particles and at large angle (i.e. in back 
scattering). Otherwise, in order to unravel the relation between scattered intensity and 
particle concentration, a more complex multi-angle analysis would be required. In our 
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case, the strict correlation between particle number and Rayleigh ratio is likely due to 
the reproducible size distribution of our preparations (as observable in the quite 
constant average size of Figure 7B). 
In any case, the correlation shown in Figure 7B works as an a posteriori calibration of 
the particle number with respect to the “hard number” of Rayleigh ratio, which can be 
quickly measured to assess EV concentration and make a reliable and accurate batch 
to batch comparison. For instance, a 90° excess Rayleigh ratio of 42 × 10–6 cm −1 
corresponds to a number concentration of 1010 particles mL−1. 
 

 
FIGURE 7 | Correlation among concentration parameters: (A) particle concentration 
measured by NTA (black circles) vs. protein concentration measured by BCA assay. 
(B) Protein concentration measured by BCA assay (blue circles), particle concentration 
measured by NTA (green circles), and z-averaged hydrodynamic diameter (red circles) 
vs. excess Rayleigh ratio, Rex; The solid lines show a linear regression to data for BCA 
vs. Rex (blue line) and NTA vs. Rex (green line). 

 
4 Conclusion 
 
The role of EVs in cell communication is attracting increasing interest from several 
clinical and biological fields. This emerging relevance is also supported by the 
application of EVs for clinical diagnosis and liquid biopsy (Ayers et al., 2019; Trino et 
al., 2021). Also, their potential exploitation as efficient drug delivery systems boosted 
the interest in their biotechnological exploitation. In order to fulfill the increasing 
demand for EVs, it is required to adopt new strategies for their massive production at 
high purity level or, at least, with a controlled batch reproducibility. Here, we addressed 
the production of nanoalgosomes, EVs derived from microalgae recently identified and 
characterized in our recent work (Adamo et al., 2021; Picciotto et al., 2021). Both 
upstream and downstream processing steps have been optimized to maximize EV 
yields. Moreover, we showed that it is possible to operate microalgal production cycles 
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using TFF-derived culture inocula to facilitate a cyclical production of nanoalgosomes. 
The optimization of EV production was achieved by implementing quality control 
checks, which included the use of several biophysical and biochemical methods for EV 
characterization. As highlighted in the present work and accounted in previous studies 
(Paganini et al., 2019; Adamo et al., 2021), nanoalgosomes have different competitive 
advantages with respect to EVs derived from other sources (Figure 8): 1) 
Sustainability. They are obtained by a sustainable “green” biosource: they can be seen 
as more appealing for an exploitation as drug carriers than EVs from human or animal 
sources, which have inherent safety and ethical issues. 2) Scalability. The optimized 
TFF based bioprocess is suitable for a large scale production: for any large-scale 
exploitation, a cell suspension has a definitive advantage with respect to other green 
sources, such as higher plants, which require more time-consuming and expensive 
treatments. 3) Renewability—the potential recycling of TFF-concentrated microalgal 
cells to facilitate the scaled production. 

 
FIGURE 8 | Schematic representation of EV production as a sustainable (cultivation 
of microalgae), scalable (isolation by TFF), and renewable bioprocess. 
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Abstract 

 
Extracellular vesicles (EVs) are lipid membrane nano-sized vesicles secreted by 
various cell types for intercellular communication, found in all kingdoms of life. 
Nanoalgosomes are a subtype of EVs derived from microalgae with a sustainable 
biotechnological potential. To explore the uptake, distribution and persistence of 
nanoalgosomes in cells and living organisms, we separated them from a culture of the 
chlorophyte Tetraselmis chuii cells by tangential flow filtration (TFF), labelled them 
with different lipophilic dyes and characterized their biophysical attributes. Then we 
studied the cellular uptake of labelled nanoalgosomes in human cells and in C. elegans, 
demonstrating that they enter the cells through an energy dependent mechanism and 
are localized in the cytoplasm of specific cells, where they persist for days. Our data 
confirm that nanoalgosomes are actively uptaken in vitro by human cells and in vivo 
by C. elegans cells, supporting their exploitation as potential nanocarriers of bioactive 
compounds for theranostic applications. 
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1 Introduction 
Adhering to principles and practices of environmental sustainability in nanotechnology 
manufacturing is a multifaceted issue with myriads of applications, which range from 
the development of natural nanomedical devices to novel green nanomaterials suitable 
for several industrial sectors. The production of environmentally sustainable 
nanomaterials requires responsible nano-manufacturing practices so as to minimise the 
use of toxic chemicals, to reduce waste and to generate less greenhouse gases (Nel et 
al., 2013). Efforts are ongoing to develop new nanomaterials to be utilised as 
nanocarriers for specific targets or controlled drug delivery for diagnosis and disease 
treatment, but also as ingredients for new cosmetic and nutraceutical formulations 
(Arrad et al., 1992; Adamo et al., 2016; Adamo et al., 2017). There has been growing 
interest in microalgae, which are increasingly viewed as sustainable resources with 
applications in different fields (Sutherland et al., 2021). A range of microalgae species 
from varying lineages have been investigated for their potential to synthesise and 
accumulate value-added products with remarkable biological qualities (Orejuela-
Escobar et al., 2021). For instance, it has been found that many microalgae can produce 
a variety of natural metabolites with high antioxidant potential (Tiwari et al., 2012; 
Zhu, 2015). Within the VES4US consortium, we developed a platform for the 
production of extracellular vesicles (EVs), called nanoalgosomes, which are isolated 
from the cultivation medium of microalgal reactors (Adamo et al., 2021; Picciotto et 
al., 2021). EVs, which are lipid membrane nano-sized vesicles secreted by various cell 
types, play critical roles in inter-cellular as well as inter-species communication 
(Muraca et al., 2015; Soareset et al., 2017; Cai et al., 2018; Gill et al., 2019; Bleackley 
et al., 2020; Picciotto et al., 2020). Nanoalgosomes show several attributes expected 
from EVs in terms of morphology, size, distribution, protein content and 
immunoreactivity (Adamo et al., 2021; Picciotto et al., 2021). Moreover, 
nanoalgosomes offer a number of advantages compared to mammalian cell-, plant-, 
bacteria- or milk-derived EVs in that microalgal cells have high growth rates, can be 
cultured on non-arable land under controlled environmental conditions in photo-
bioreactors, and can produce, in a renewable manner, nanoalgosomes with a yield 
comparable to those of other sources (Wang et al., 2013; Kim et al., 2015; Raimondo 
et al., 2015; Munagala et al., 2016; Bitto and Kaparakis-Liaskos, 2017; Gerritzen et al., 
2017; Pocsfalvi et al., 2018; Paganini et al., 2019). In addition, the natural origin and 
sustainable trait of nanoalgosomes grant them greater societal acceptance and make 
them less subject to sensitive to ethical questions in the context of using them as new 
natural nano-materials. Previous results have shown nanoalgosomes to be uptaken by 
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different cellular systems and to be non-cytotoxic at the doses tested (Adamo et al., 
2021; Picciotto et al., 2021). Here, a more detailed analysis is provided using different 
EV staining methods so as to better characterise their concentration, size distribution 
and cellular uptake in vitro (Verweij et al., 2021). Our knowledge is further extended 
by the use of an in vivo model organism Caenorhabditis elegans (Nematoda). This is 
carried out in the context of biosafety assessments in whole organisms of nanoparticles. 
As such, invertebrate in vivo assays have been recently considered highly suitable tests 
(Hunt, 2016; Wu et al., 2019). Unlike higher organisms, invertebrate models such as 
C. elegans are faster, less expensive and raise less ethical concerns for scientific 
research, hence fulfilling the 3R principles (Li et al., 2021). In addition, owing to its 
body transparency, C. elegans has been used to study nanoparticle uptake, toxicity and 
biodistribution (Scharf et al., 2013), to understand EVs secretion and function (Beer et 
al., 2016), or to explore the modulation of probiotic bacteria-derived EVs on host 
immune responses (Li et al., 2017). Our data show that nanoalgosomes can be 
efficiently taken up by mammalian cells in culture and by C. elegans intestinal cells, 
suggesting a potential role in cross-kingdom communication. 
 
2 Materials and Methods 
 
2.1 Microalgae Cultivation 
A stock culture of the marine chlorophyte Tetraselmis chuii CCAP 66/21b was grown 
in borosilicate glass flask in f/2 medium (Guillard, 1975) up to its exponential growth 
phase and then used, via a 10% v/v inoculum, to inoculate a 7.5 L culture in a 
photobioreactor PB 200 (GroTech GmbH, Germany) at an initial concentration of 0.5 
mg/ml (wet weight). The cultures were maintained at a temperature of 20 ± 2°C, with 
a white light intensity of 100 μE m−2 s−1 and a 14:10 light/dark photoperiod for 30 
days. 
 
2.2 Nanoalgosome Purification Methods: Tangential Flow Filtration 
Nanoalgosome isolation was performed using the KrosFlo® KR2i TFF System from 
Repligen (Spectrum Labs., Los Angeles, CA, United States) and three modified 
polyethersulfone hollow fiber membranes (S04-E65U-07-N, S04-P20-10-N and S04-
E500-10-N, Spectrum Labs.). Briefly, after 30 days, the microalgae cultures were 
clarified by microfiltration using a 650 nm hollow fiber cartridge housed in the 
KrosFlo® KR2i TFF System. Feed flow and transmembrane pressure (TMP) were kept 
constant at 450 ml/min and 0.05 bar, respectively. The first retentate (>650 nm sized 
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particles) was concentrated into a final volume of 150 ml, and the 650 nm permeate 
(<650 nm sized particles) was then processed for a second microfiltration step using a 
200 nm hollow fiber membrane at a 450 ml/min feed flow and 0.05 bar TMP. The 
resulting permeate (<200 nm sized particles) was processed for the last ultrafiltration 
step using a 500 kDa MWCO hollow fiber membrane with a feed flow of 450 ml/min 
and 0.05 bar TMP, prior to concentration to a final volume of 150 ml. Subsequently, 
the samples were further concentrated and diafiltrated seven times with PBS using a 
smaller 500-kDa cutoff TFF filter module (C02-E500-10-N, Spectrum Labs., 
MicroKros) and a feed flow of 75 ml/min and 0.25 bar TMP, returning a final volume 
of approximately 5 ml. 
 
2.3 Nanoalgosome Fluorescent Labelling 
The protein content of nanoalgosomes was measured using the micro-bicinchoninic 
BCA Protein Assay Kit (Thermo Fishers Scientific) (Romancino et al., 2018) and the 
nanoparticle size distribution and concentration were measured using a NanoSight 
NS300 (Malvern Panalytical, United Kingdom) as described in Adamo et al., 2021. 
After performing nanoalgosome quality control checks (Figure 1), EV labelling was 
carried out using three specific lipophilic dyes (Di-8-Anepps, PKH26 and DiR). 
Nanoalgosome staining with the Di-8-Anepps was performed as in Adamo et al., 2021. 
Briefly, 500 nM of Di-8-Anepps (Invitrogen, filtered 20 nm with Anotop filter) was 
incubated with 5 × 1010 particles/mL for 30 min at room temperature. The samples 
were dialysed (Slide-A-Lyzer MINI Dialysis Device, 3.5 KDa MWCO, Thermo 
Fishers Scientific) against PBS to remove unbound fluorophore. The red fluorescent 
staining of nanoalgosomes was carried out using PKH26, a fluorescent cell linker used 
for cell membrane labelling (Ex/Em: 551/567 nm, Sigma-Aldrich). As for Di-8-
Anepps, PKH26 fluorescence is activated in apolar environments and is specifically 
enhanced when bound to the lipid membrane of cells or EVs. The third lipophilic dye, 
DiR (1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindotricarbocyanine Iodide, Invitrogen, 
filtered 20nm, Anotop filter) is weakly fluorescent in H2O but fluorescent and photo-
stable when incorporated into lipid membranes. Prior to staining, PKH26 in the Diluent 
C (supplied by Sigma-Aldrich with PKH26) vehicle was incubated at 37°C for 15 min 
to a final concentration of 3 μM (dye solution), while DiR was used at 0.5, 1, 3.5 μM 
(dye solutions). In parallel, particle-free PBS was used as a control for both dyes, using 
the specific amount of free probe for each. For the labelling of nanoalgosomes, 5 × 1010 
particles/mL were incubated with dye solutions. After 1 h at room temperature, the 
stained nanoalgosomes were diluted to 3 ml with PBS and pelleted by 
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ultracentrifugation at 118,000 × g for 70 min at 4°C using a Beckman SW55Ti rotor to 
remove the unbound dyes (Wiklander et al., 2015; Pužar et al., 2018). The pellet was 
gently resuspended in PBS overnight at 4°C. The quality check for Di-8-Anepps 
fluorescent nanoalgosomes was then monitored by Fluorescent Nanoparticle Tracking 
Analysis (NTA) using the Nanosight NS300 instrument (Malvern Panalytical, 
Malvern, United Kingdom). Dilution of the sample in PBS was performed in order to 
adjust the range of particles per frame to the working range of the system (108 
particle/mL). A total of five videos were captured at a syringe speed of 60 in light 
scattering and 150 in fluorescence modes. Data were further processed using the 
NanoSight Software NTA 3.1 Build 3.1.46 with a detection threshold of 5. The absence 
of significant fluorescent signal after dialysis on labelled control samples, at an 
equivalent fluorophore concentration used to that of the labelled nanoalgosomes, was 
confirmed (data not shown). Quality check for PKH26-labelled nanoalgosomes was 
verified by spectrofluorimetric analysis (Spectrofluorometer Jasco fp-6500) and the 
size distribution and concentration were checked with NTA. The staining efficiency of 
DiR-labelled nanoalgosomes was verified by Odyssey infrared Imaging System (LiCor 
Biosciences, software V 3.0) and the size distribution and concentration were checked 
with NTA. 
 

 
FIGURE 1. Nanoalgosome production workflow. Starting from the T. chuii culture 
medium, nanoalgosomes are separated by TFF and checked by quality control 
procedures. Downstream analyses include the staining of nanoalgosomes and in vitro 
and in vivo uptake studies. Created also with the support of BioRender.com. 
 
2.4 In vitro Cellular Uptake of Nanoalgosomes 
 
2.4.1 Cell Cultures 
MDA-MB 231, an epithelial, human breast cancer cell line, was maintained at 37°C in 
a humidified atmosphere (5% CO2) in Dulbecco’s Modified Eagle Medium (DMEM) 
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(Sigma-Aldrich) containing 10% (v/v) Fetal Bovine Serum (FBS) (Gibco, Life 
Technologies) plus 2 mM L-glutamine, 100 U/mL penicillin and 100 mg/ml 
streptomycin (Sigma-Aldrich). 
2.4.2 Cellular Uptake Study 
For the PKH26-labelled nanoalgosome uptake experiment, the MDA-MB 231 cell line 
was grown at a density of 5 × 104 cells/well in 12-well plates containing sterile 
coverslips in complete medium for 24 h. Cells were then incubated with different 
amounts of nanoalgosomes (10 and 20 μg/ml) at 37°C or 4°C, as well as with an 
equivalent amount of the control samples. After different incubation times (3, 6 and 24 
h), cells were washed twice with PBS, fixed with 3.7% paraformaldehyde for 15 min 
and washed again twice with PBS. The nuclei were then stained with VECTASHIELD 
Mounting Medium with DAPI. For the DiR-labelled nanoalgosome uptake experiment, 
MDA-MB 231 cells were plated at a density of 4 × 103 cells/well in 96-well plates in 
complete medium for 24 h. Cells were then incubated with different amount of 
nanoalgosomes (2 and 10 μg/ml, respectively stained with of 0.5, 1, 3.5 μM of DiR) at 
37°C or 4°C, as well as with an equivalent amount of control samples. After different 
incubation times (3, 6 and 24 h), the fluorescence intensities inside the cells were 
monitored in real time, after removing the culture medium, with the Odyssey infrared 
Imaging System (LiCor Biosciences, software V 3.0). Cell viability assay was 
performed as previously described in Adamo et al., 2021, incubating MDA MB 231 
cells with 10 and 20 μg/ml of nanoalgosomes for 24 and 48 h. All experiments were 
performed in three independent biological replicates. Statistical analysis was 
performed using a One-way ANOVA calculated by Statistics Kingdom online 
software. 
2.4.3 Fluorescence and Confocal Microscopy Analysis 
The PKH26-labelled nanoalgosomes cellular localization was monitored by 
fluorescence microscopy analysis (Nikon Eclipse 80i) and confocal laser scanning 
microscopy (Olympus FV10i; a 1 μm thick optical section was taken from a total of 
about 15 sections for each sample). The orthogonal projection of the Z-stack was 
obtained using the imageJ software. 
 
2.5 In vivo Cellular Uptake of Nanoalgosomes 
 
2.5.1 Animal Culture 
Nanoalgosome uptake was assessed in wild type C. elegans strain N2, Bristol variety 
and in HA2031 strain, harboring rtIs31 transgene that expresses GFP in the intestinal 
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nuclei. These strains were provided by the Caenorhabditis Genetics Center (CGC), 
which is funded by the NIH Office of Research Infrastructure Programs (P40 
OD010440). Animals were grown and handled following standard procedures under 
uncrowded conditions on nematode growth medium (NGM) agar plates seeded with 
Escherichia coli strain OP50, unless differently specified (Brenner, 1974). 
2.5.2 In vivo Uptake of Nanoalgosomes by C. elegans 
For the soaking experiments, thirty synchronized animals, at L4 larval stage, were 
manually transferred into a medium composed of OP50 bacteria, M9 buffer, antibiotic 
antimycotic solution (2x) (cat. n. A5955 Sigma-Aldrich®) and cholesterol (5 ng/ml), 
supplemented with Di-8-Anepps-nanoalgosomes (12 μg/ml or 20 μg/ml final 
concentrations) in a 96 multi-well plate (70 µl final volume/well). After 3, 6 and 24 h 
of treatment in the dark and mild agitation on a swinging oscillator (15 rpm), the 
animals were transferred to clean NGM plates with bacteria to allow the animals to 
crawl for 1 h, so as to remove the excess of dye. For the in solido experiments, twenty 
synchronized L4 larvae were transferred on freshly prepared NGM plates seeded with 
heat-killed OP50 bacteria and Di-8-Anepps-nanoalgosomes (20 μg/ml, final 
concentration), PKH26-nanoalgosomes (45 μg/ml), Di-8-Anepps (2.5 µM), PKH26 
(7.5 µM), PBS buffer or unstained nanoalgosomes (20 μg/ml). The dilutions were 
performed considering the final volume of NGM (4 ml), meaning that to obtain a final 
concentration of 20 μg/ml of nanoalgosomes, 80 µg of EVs corresponding to ∼4 × 1012 
total particles were added to the solified agar in the plates. After 24 h of exposure in 
the dark, young adult animals were transferred to clean NGM plates with OP50 bacteria 
to let the animals crawl for 1 h and remove the excess of dye. For the injection 
experiments, ten animals were injected and were analyzed after 24 h. Young-adult 
animals were immobilised on agar pads with halocarbon oil 700 (cat. n.H8898 Sigma-
Aldrich®) and injected in the pseudocoelom cavity near the pharynx (avoiding the 
intestine) with Di-8-Anepps-nanoalgosomes (20 μg/ml) (Mello et al., 1995; Mohan et 
al., 2010). Animals were then recovered on clean NGM plates with OP50 bacteria for 
24 h. All experiments were performed in triplicates using at least two independent 
nanoalgosomes preparations. 
2.5.3 Fluorescence and Confocal Microscopy Analysis 
After allowing the animals to eliminate the excess of dye, they were transferred on 
glass slides with 4% agar pads and immobilized alive for microscopy analysis with 
0.01% tetramisole hydrochloride (cat. N. T1512 Sigma-Aldrich®). Confocal and epi-
fluorescence (FITC filter) images were collected with Leica TCS SP8 AOBS 
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microscope using a 40x objective. For persistence analysis, the animals were collected 
and observed after 24, 48 and 72 h from the treatment. 

 
3 Results 
 
3.1 Setting up of Efficient Staining of Nanoalgosomes Using Three Different Dyes 
Nanoalgosomes were isolated from the conditioned medium of a T. chuii culture by 
TFF and were characterised using biophysical and biochemical approaches (see Figure 
1). As previously described, the nanoalgosomes were stained with Di-8-Anepps, a 
lipophilic dye which is non-fluorescent until bound to membranes, to verify the 
presence of lipid bilayer-nanovesicles, and in turn to check the quality of 
nanoalgosome preparations (Adamo et al., 2021). Here, we assessed the uptake of Di-
8-Anepps-labelled nanoalgosomes in C. elegans. Further, two additional 
nanoalgosome staining strategies were considered using red and infrared lipophilic 
fluorescent dyes for future applications in potency assays in vitro and in vivo 
(Gangadaran et al., 2018). A quality check of the staining procedure was performed by 
NTA and no variations in size and concentration were obtained for the nanoalgosomes 
labelled with the three lipophilic dyes compared to the unstained nanoalgosome 
controls (Figure 2). We monitored the size distribution of the fluorescent Di-8-Anepps-
nanoalgosomes cleaned from the free dye using NTA in fluorescence and light 
scattering (Figure 2A). In this way, we excluded artifacts, like protein aggregates, 
nanobubbles and insoluble salts, which returned a green fluorescent nanoalgosome 
population (54% of the total nanoparticles as measured by light scattering) with the 
same size distribution and mode of the unstained control. NTA operated in standard 
scattering mode was also used for the PKH26- and DiR-based nanoalgosome staining 
to compare concentrations and size distributions between the original and stained 
samples. After PKH26-labelling, the nanoalgosome size distribution and concentration 
remained constant at 88 ± 2.5 nm and 1.8 × 1012 ± 9.8 × 1010 particles/mL, respectively, 
confirming the absence of aggregates (Figure 2B). Figure 2B’ shows the comparison 
of the fluorescence emission spectra of PKH26-labelled nanoalgosomes, unstained 
nanoalgosomes and free dye. Neither the raw nanoalgosomes nor the free dye emitted 
fluorescence when excited (λ551nm) whereas PKH26-labelled nanoalgosomes showed 
high red fluorescent emission (λ567nm), confirming successful staining. The DiR dye 
was selected based on its high stability in biological fluid for future in vivo 
applications. Based on literature data reported for the DiR staining of mammalian cell-
derived extracellular vesicle (Gerwing et al., 2020; Samuel et al., 2021; Verweij et al., 
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2021), we tested three different starting concentrations of the DiR dye (0.5, 1, 3.5 µM) 
to optimise the labelling of nanoalgosomes. The size distribution and concentration of 
the nanoalgosomes did not undergo changes following the removal of the free dye 
compared to unstained nanoalgosomes (Figure 2C). Figure 2C’ shows the fluorescence 
emission images (λ800nm) obtained using an Odyssey infrared Imaging scanner, 
before and after removal of the free dye. A more effective staining of nanoalgosomes 
was obtained using 3.5 µM of DiR, which returned a higher fluorescence intensity 
compared to the other two other concentrations (i.e., 0.5 and 1 μM) and the negative 
controls (i.e., free DiR that showed no detectable fluorescence) after free dye removal. 

 
FIGURE 2. Fluorescent staining of nanoalgosomes with three different dyes (A) 
Fluorescent-NTA (F-NTA) and standard (scattering mode) NTA to determine the size 
distribution and concentration of nanoalgosomes stained with Di-8-ANEPPS. This 
comparative analysis gives the concentration of fluorescent nanoparticles, excluding 
non-vesicle contaminants. (B) Size distributions and concentrations by NTA of 
PKH26-labelled nanoalgosomes and unstained nanoalgosomes, showing a largely 
overlapping distribution. (B’) Fluorescent emission spectra of PKH26-labelled 
nanoalgosomes compared to PKH26 free dye and unstained nanoalgosomes. (C) Size 
distribution and concentration analyses by NTA of nanoalgosomes stained with DiR at 
different concentrations show no variation compared to unstained nanoalgosomes after 
the free dye removal. (C’) Infrared fluorescent emission imaging and intensities 
(λ800nm) obtained using an Odyssey IR scanner of DiR-labelled nanoalgosomes and 
free dye at different concentrations before and after free dye removal. 
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3.2 In vitro Uptake of PKH26 and DiR Labelled Nanoalgosomes 
 
To study the intracellular uptake of isolated T. chuii-derived nanoalgosomes, we used 
PKH26 and DiR fluorescent dyes that were incorporated into the lipid membrane of 
nanoalgosomes. We previously demonstrated the biocompatibility of nanoalgosomes 
as well as the cellular uptake using nanoalgosomes stained with Di-8-Anepps, 
demonstrating that they are internalised  by human cells over time through an energy 
dose-dependent mechanism (Adamo et al., 2021). First, we studied the uptake of red-
fluorescent nanoalgosomes using MDA MB 231 cells treated with different doses (10–
20 μg/ml), for 3, 6 and 24 h at 37 and 4°C (Figure 3). Moreover, we verified that 
incubation with nanoalgosomes (10 and 20 μg/ml up to 48 h) did not affect cell viability 
or induce cell proliferation in MDA MB 231 cells (Supplementary Figure S1). In 
Figure 3A, epifluorescence images resolve the positions of PKH26 labelled 
nanoalgosomes within tumor cells. Dose- and time-dependent uptakes were observed. 
The uptake increased with incubation time at 37°C, while it was inhibited by incubation 
at 4°C, indicating an energy-dependent endocytic process. The images in Figure 3A 
show a low PKH26-nanoalgosome internalization for short incubation times (i.e., 3 h). 
After 6 h of incubation, the amount of red fluorescent nanoalgosomes within the cells 
increased, reaching a maximum cytoplasmic/intracellular concentration after 24 h. No 
red fluorescent signal was observed for MDA-MB 231 cells incubated with the controls 
(staining-control samples after free dye removal) for all duration and temperature 
treatments used. Confocal microscopy analyses supported the specificity of PKH26-
labelled nanoalgosome uptake as the orthogonal projections showed evident 
intracellular intracellular localization, in the mid-section focal plan of the cytoplasm 
closed to the nucleus (Figure 3B). Finally, to assess the DiR-labelled nanoalgosome 
uptake in vitro, the cellular internalisation was compared across the doses and durations 
tested. The Odyssey images showed that DiR-labelled nanoalgosomes were 
internalised over time, in a dose- and energy-dependent manner, as observed with the 
other two dyes (Figure 3C). The fluorescence intensities measured in real time inside 
the tumor cell line for all tested conditions at 37°C are shown in Figure 3C’. 
Interestingly, there was a higher level of internalization for the cells incubated with 10 
μg/ml of nanoalgosomes stained with 3.5 μM of DiR, after 24 h of incubation compared 
to the other tested conditions. With these experiments we set-up a protocol for the best 
staining strategy of nanoalgosomes using three different fluorescence dyes, we 
confirmed the cellular uptake of nanoalgosomes and we established the best conditions 
for further in vivo experiments. Specifically, near-infrared dye is suitable for non-
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invasive in vivo applications because of their high signal-to-noise ratio, low 
autofluorescence of biological tissue in the 700–900 nm spectral range, and deep tissue 
penetration of the near-infrared light. 
 

 
FIGURE 3. Nanoalgosome cellular uptake in vitro. (A) Representative fluorescence 
microscopy images showing the cellular uptake of PKH26-fluorescent nanoalgosomes 
(red) in MDA-MB 231 cells (nuclei in blue) incubated with different concentrations of 
PKH26-labelled nanoalgosomes (10 and 20 μg/ml) at 37°C for 3, 6 and 24 h. The free 
dye control and 4°C incubations are shown as negative controls (Magnification 40X). 
Scale bar 50 µm. (B) Confocal microscopy analysis of PKH26-labelled nanoalgosome  
internalization in MDA-MB 231 cells (nuclei in blue) incubated with 20 μg/ml of red 
fluorescent nanoalgosomes at 37°C for 24 h. The inset of confocal Z-stack acquisition 
shows its orthogonal projections at a focal depth of 9 μm over a total scanning thickness 
of ∼18 μm (Magnification 60X). Scale bar 25 µm. (C) Representative infra-red scanner 
images showing the cellular uptake of DiR-labelled nanoalgosomes (green) in MDA-
MB 231 cells incubated with different concentrations of DiR-labelled nanoalgosomes 
at 37°C for 3, 6 and 24 h. The corresponding IR fluorescence intensities are measured 
in triplicate (*p < 0.0001) and reported (C’) through the in-cell function of Odyssey 
V3.0 software. Free dye and 4°C incubations are shown as negative controls. 
 
3.4 In vivo Cellular Uptake in C. elegans 
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The animal model C. elegans was used for testing exogenous EVs uptake, distribution 
and persistence. First, we tested different times of treatment (3, 6 and 24 h) and two 
concentrations (12 μg/ml and 20 μg/ml) of Di-8-Anneps-labelled nanoalgosomes. 
Green fluorescent signal was observed only in the intestine of the animals (Figure 4). 
The best condition in terms of brightness was obtained using 20 μg/ml dose for 24 h 
treatment. In this case, the labelled particles were administered by immersing the 
animals in the nanoalgosome-containing solution (soaking), which allowed to rapidly 
test a high number of animals using several conditions at once together with limited 
manipulation and less nanoalgosomes being needed (Figures 4A,C). Then, to identify 
the best conditions to study EV uptake in a whole living animal, we compared three 
different administration methods: soaking (in liquido), in solido, and injection. These 
methods offer advantages and disadvantages in terms of costs, time, physiology of the 
animals, quantity and concentration of EVs, and number of animals treated (Figure 
4A). After treating the animals with Di-8-Anneps-labelled nanoalgosomes a 
fluorescent signal was observed in their intestine in all conditions (Figures 4B–D). A 
faint fluorescent signal was also observed in the head of the animals when using the in 
solido administration (Figure 4D). To confirm the specificity of the fluorescence 
observed, Di-8-Anepps free dye and unlabeled nanoalgosomes were used as controls 
for all the administration methods and no signal was visible, except in the lumen in 
solido and faintly in the head after soaking (Figures 4B–D). The treatments did not 
affect animal survival with all concentrations and methods tested. In solido and 
injection administrations showed similar labelling in the animals analysed, while 
soaking was less efficient and not all the animals were labelled; moreover a fluorescent 
signal was also observed in the intestinal lumen. Since injection is a time-consuming 
technique, allowing the observation of only few animals, the in solido method was used 
for further analyses. The whole animal body was observed at higher magnification, but 
the fluorescent signal appeared mostly confined to intestinal cells (Figure 5A). 
Confocal images confirmed the observations, highlighting a punctuate fluorescent 
signal in the intestinal cells and in the head of all animals treated with Di-8-Anepps-
nanoalgosomes, but no signal was observed in the animals treated with PBS or 
unlabelled nanoalgosomes (Figure 5A). An unexpected fluorescent signal was instead 
observed in the head of the animal, but not in the intestinal cells, after treatment with 
Di-8-Anepps free dye, albeit using higher concentrations compared to the dye 
incorporated in nanoalgosomes (arrowheads in Figure 5A). To further confirm our 
observations, animals were treated with nanoalgosomes stained with the lipophilic 
PKH26 dye for 24 h and similar results were observed (Figure 5A). C. elegans body 
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transparency allows the visualization of fluorescent proteins in specific tissues or cells 
when expressed through transgenics in living whole animals. Thus, we performed 
confocal analysis, on transgenic animals expressing the GFP only in intestinal nuclei 
after treatment with Di-8-Anepps-nanoalgosomes, confirming that the fluorescent 
signal is localized only in the cytoplasm of the intestinal cells (Figure 5B). The 
persistence of the fluorescent signal in a living whole organism was assessed by 
observing animals at 24, 48 and 72 h after injection or after interrupting the treatment 
in solido. Using both approaches, we observed that the specific intestinal fluorescent 
signal did persist, albeit becoming fainter after 72 h post-treatment; interestingly this 
time-window coincides with the entire fertile period of adult animals (Figures 5C,D). 
We demonstrated that C. elegans intestinal cells uptake labelled extracellular vesicles 
and this fluorescence persists for 3 days; thus nanoalgosomes can be recognized and 
internalized in living organisms. 
 

 
FIGURE 4. Set-up of labelled nanoalgosomes treatment in C. elegans. (A) Schematic 
representation of the administration methods used for testing the uptake in C. elegans 
of fluorescent nanoalgosomes. The best conditions used for treating animals as well as 
some advantages and disadvantages are listed. (B–D) Brightfield (left) and 
epifluorescence (with FITC filter, right) images of animals treated with Di-8-Anepps-
nanoalgosomes, nanoalgosomes and free-dye (Di-8-Anepps) by injection (B), soaking 
(C) and in solido (D). A fluorescent signal was observed in the intestinal cells of the 
animals treated with labeled nanoalgosomes (arrows). Moreover, aspecific signals 
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were observed in the head after soaking (arrowhead) and in solido with free-dye 
(asterisks). Anterior is left and ventral is down. Scale bar 75 µm. 
 

 
FIGURE 5. C elegans intestinal cells uptake and persistence of labelled 
nanoalgosomes.(A) Confocal images of animals treated with PBS, Di-8-Anepps free 
dye, PKH26 free dye for 24 h are shown in the upper panels; animals treated for 24 h 
with unstained nanoalgosomes, Di-8-Anepps-nanoalgosomes and PKH26-
nanoalgosomes are shown in the lower panels. A fluorescent signal was observed in 
animals treated with labelled nanoalgosomes in the intestinal cells (arrows) and in the 
head (arrowheads). Anterior is up. Scale bar 75 µm. (B) Localisation of Di-8-Anepps-
nanoalgosomes in the cytoplasm of intestinal cells expressing GFP in the nuclei thanks 
to elt-2 promoter. The Di-8-Anepps-nanoalgosomes specific signal has been pseudo-
colored in red. Scale bar 25 µm. (C,D) The persistence of the fluorescent signal 
(arrows) was assessed in animals treated with Di-8-Anepps-nanoalgosomes for 24, 48 
and 72 h after treatments in solido (C) or injection (D). A fluorescent signal in the head 
(arrowheads) is also visible in solido. Anterior is up. Scale bar 75 µm. 
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4  Discussion 
 
In this study, we explored the labelling of nanoalgosomes using three lipophilic dyes 
with different fluorescence emissions (green, red and infrared) and the monitoring of 
their uptake with in vitro and in vivo assays. The use of lipophilic dyes to study EV 
biogenesis and to carry out functional studies is quite common (Verweij et al., 2021). 
Microalgal derived extracellular vesicles have recently been characterised (Picciotto et 
al., 2021). Here, we report the isolation of nanoalgosomes from T. chuii culture 
medium by TFF, which were successfully labelled with three lipophilic dyes. The 
stained nanoparticles were then characterised in terms of size, concentration and 
fluorescence intensity using NTA, spectrofluorometric and infrared analyses. PKH26 
and DiR labelled nanoalgosomes were successfully internalised by cultured tumoral 
cells in a way similar to that recently described for Di-8-Anepps labelled 
nanoalgosomes (Adamo et al., 2021). Epi-fluorescence microscopy confirmed that 
MDA MB231 cells can internalise PKH26-positive nanoalgosomes in a dose-, time- 
and energy-dependent manner. Subsequent confocal microscopy analysis of tumor 
cells revealed numerous red fluorescent puncta in the cell cytoplasm, while the 
orthogonal views showed the intracellular localisation of labeled nanoalgosomes 
closed to nucleus. The same uptake pattern was observed for nanoalgosomes labelled 
with the DiR dye. The biological model system C. elegans was used to ascertain, in a 
living multicellular-organism, whether unstained nanoalgosomes can be uptaken and 
in which body parts they accumulate. Since we evaluated for the first time, to the best 
of our knowledge, the uptake of exogenous labelled EVs in C. elegans, we initially 
compared three administration routes previously used for the delivery of nanoparticles 
(Mohan et al., 2010; Zhang et al., 2011; Perni et al., 2017). We successfully observed 
for the three approaches tested a specific fluorescent signal in the cytoplasm of 
intestinal cells, with minor differences among the three administration methods. By 
using these different administration methods we demonstrated that EVs could be 
uptaken by both apical and basolateral membrane of the intestinal cells, in line with the 
high endocytic and exocytic trafficking capability of the intestinal cells (Sato et al., 
2014). Following the exposure of the animals to labelled nanoalgosomes via the in 
solido method, we also observed a fluorescent signal in the head, possibly in the 
neurons, which are mainly concentrated at the anterior end of the animals and able to 
sense the environment through cilia. A similar observation was made using a very high 
concentration of free dyes, which can be explained by the fact that lipophilic dyes have 
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been extensively used in C. elegans to label amphid neurons (Starich et al., 1995). Thus 
we cannot exclude that the labelling of neurons can be specifically obtained with 
labelled nanoalgosomes. Nevertheless, using all the three methods we did not observe 
any fluorescent signal in other animal tissues, suggesting a tissue-specific uptake of the 
nanoalgosomes. While the soaking and in solido exposure routes allow the 
simultaneous treatment and analysis of hundreds of animals, injection is performed one 
animal at a time, which it is time consuming and cannot be applied to many animals. 
On the other hand, considering the amount of starting material needed, both soaking 
and injection can be preferred as they require a lower amount of EVs compared to 
feeding. However, worms usually grow in solido and in liquido cultivation can alter 
animal anatomy and its physiology (Çelen et al., 2018). Considering the availability of 
nanoalgosomes and the importance of observing several animals under suitable 
physiological conditions, the in solido method was chosen as the preferred option. The 
specificity of the observed signal was assessed using controls and the two lipophilic 
free dyes Di-8-Anepps and PKH26, thus further confirming the robustness of our 
nanoalgosome labelling approach. Finally we demonstrated that C. elegans, with its 
body transparency and potent genetics, is a powerful model system to study exogenous 
EVs uptake, persistence and biodistribution. The data gathered in the present study 
showed that three different methods can be used to stain efficiently nanoalgosomes for 
in in vivo and in vitro uptake studies, and further applied in functional studies as nano-
delivery system. 
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Abstract 
 
Programmable coacervates based on zwitterionic polymers are designed as dynamic 
materials for ion exchange bioseparation. These coacervates are proposed as promising 
materials for the purification of soft nanoparticles such as liposomes and extracellular 
vesicles (EVs). It is shown that the stimulus- responsiveness of the coacervates and the 
recruitment of desired molecules can be independently programmed by polymer 
design. Moreover, the polymeric coacervates can recruit and release intact liposomes, 
human EVs, and nanoalgosomes in high yields and separate vesicles from different 
types of impurities, including proteins and nucleic acids. This approach combines the 
speed and simplicity of precipitation methods and the programmability of 
chromatography with the gentleness of aqueous two-phase separation, thereby 
guaranteeing product stability. This material represents a promising alternative for 
providing a low-shear, gentle, and selective purification method for EVs. 
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1. Introduction 
 
In addition to vesicle-like compartments, cells can organize functions in space and time 
via membraneless organelles (MLOs) [1], which are associated with liquid–liquid phase 
separation of proteins and nucleic acids. A remarkable feature of MLOs is their ability 
to selectively recruit and dynamically exchange molecules with the surrounding 
environment.[2-4] Recapitulating this behavior using synthetic droplets would open 
attractive applications in bioseparation. A key prerequisite to achieve this goal is 
mimicking the ability of the scaffold molecules of MLOs to encode multiple types of 
interactions to simultaneously control different properties of the compartments, such 
as stimulus-responsiveness and recruitment of client molecules.[5] Inspired by this 
principle, we recently developed programmable liquid-like coacervates based on the 
phase separation of associative zwitterionic polymers that, in analogy with proteins 
commonly found in MLOs, encode multiple types of intermolecular interactions. [6] 

The main characteristic of this strategy is the identification of zwitterionic coacervates 
with three key properties: i) they reversibly form and dissolve in response to external 
stimuli such as temperature, pH, and ionic strength; ii) they exhibit liquid-like 
properties; and iii) they exhibit anti-fouling properties and preferentially exclude most 
molecules as well as vesicles (Figure 1a). These baseline zwitterionic coacervates 
represent an ideal starting point for engineering liquid materials for biotechnological 
applications, particularly for the purification of biomolecules. In fact, our coacervates 
can be programmed to recruit target molecules by functionalizing the baseline zwitteri- 
onic polymers with specific ligands such as affinity tags or by introducing net charges, 
thereby attracting target compounds in the droplets based on affinity or electrostatic 
interactions, respectively. In the case of recruitment by electrostatic interactions, a 
remarkable feature of our material is the ability to independently program the stimulus-
responsiveness and recruitment of the droplets by modifying the composition and 
architecture of the scaffold polymer. This property makes the polymeric coacervates 
designed in our study significantly different from complex coacervates, in which 
recruitment and phase separation are both modulated by a single type of interaction, 
that is, attractive electrostatic forces between polyelectrolytes of opposite charges. [7,8] 
As a results, our material combines the advantages of a controlled partitioning with the 
use of a liquid and dynamic phase which responds to external stimuli. These features 
are particularly attractive for processing soft products such as extracellular vesicles 
(EVs), whose purification currently relies on techniques such as ultracentrifugation, 
precipitation, filtration, and chromatography.[9–16]. These methods have significant 
issues related to low purity, high shear, and aggregation of EVs, which can alter their 
integrity and functionality.[13,17] In this context, our zwitterionic coacervates offer a 
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gentler purification method. In this study, we introduced positively charged groups in 
the scaffold of our zwitterionic polymers to recruit anionic species following the 
principle of anion exchange chromatography. These polymeric coacervates could take 
up and release negatively charged vesicles upon changing the salt concentration of the 
solution. We applied these coacervates to liposomes and extracellular vesicles obtained 
from HEK-293F cells and microalgae[18,19]. Moreover, we showed that our material can 
purify vesicles from impurities such as small molecules, proteins and DNA, 
demonstrating the potential use of our programmable liquid coacervates for vesicle 
purification from conditioned media during bioprocessing. This approach shares 
several key advantages with precipitation techniques, such as large purification 
capacity, low cost, high speed, and simple instrumentation.[20] Moreover, the gentle 
conditions of this method and the aqueous environment in the coacervates enable the 
concentration of biomolecules without affecting their stability. 
 

 
 
 

Figure 1. Purification of extracellular vesicles (EVs) with functionalized zwitterionic 
coacervates. a) The baseline zwitterionic polymer (ZW) forms coacervates that largely 
exclude biomolecules and vesicles.[6]. b) Using ZW as a starting material, we designed 
a polymer with both zwitterionic and unpaired positively charged monomers (ZW+), 
which forms coacervates capable of recruiting negatively charged vesicles via 
attractive electrostatic interactions. c) ZW and ZW+ coacervates behave like liquid-
like material, as shown by coalescence events. d) Fluorescence microscopy images 
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show that liposomes are excluded from ZW coacervates (left) and are recruited into 
ZW+ coacervates (middle and right). The location of the liposomes inside the 
coacervates changes with the salt concentration and therefore with the strength of the 
intermolecular interactions. e) Vesicles are recruited in the coacervates at low salt 
concentrations (Cs,binding), typically below the critical threshold required for phase 
separation (Cs,crit). When the salt concentration is increased above Cs,crit (Cs,elution), 
coacervates dissolve and the vesicles are released in one single phase. Depending on 
material properties and solution conditions, Cs,elution can be lower than Cs,crit and vesicles 
can be eluted from intact coacervates. 
 
2. Results 
 
2.1. Design of Positively Charged Zwitterionic Coacervates 
 
Starting from the baseline zwitterionic polymer (ZW) that we recently developed 
(Figure 1a), [6]  we designed a polymer containing net positive charges (ZW+, Figure 
1b). The polymer ZW+ consists of two monomers: sulfabetaine methacrylate (ZB), 
which is defined as the “sticker,” and [2-(methacryloyloxy) ethyl]trimethylammonium 
(MQ), which is positively charged. ZB drives the phase separation by mediating ion-
paired attractive interactions,[21]  and MQ controls the uptake of negatively charged 
products.  
First, we confirmed that the ZW+ coacervates retained the liquidity of the baseline ZW 
material, which is a key requirement for the purification of EVs. Initially, we used a 
ZW+ polymer with 20 MQ and 80 ZB monomers and observed the coalescence of the 
droplets formed by its liquid–liquid phase separation (LLPS) (Figure 1c). 
Subsequently, we tested whether these positive coacervates could recruit negatively 
charged vesicles and, therefore, be used as dynamic materials for bioseparation based 
on ion exchange. 
To this end, we initially considered using model liposomes composed of 
phosphatidylserine (DOPS) and rhodamine-B- labeled phosphatidylethanolamine 
(RhodB-PE) at a molar ratio of 200:1 and with an average diameter of 125 nm. Given 
the large excess of negatively charged DOPS, the charge of the final liposomes was 
only minimally influenced by the presence of the fluorophores. We analyzed the uptake 
of the coacervates using epifluorescence microscopy. The results in Figure 1d show 
that the labelled liposomes did not interact with the coacervates of the unfunctionalized 
polymer (ZW), but were recruited into the ZW+ coacervates at low salt concentrations. 
We observed that the location of the liposomes in the coacervates (in both the random 
and block copolymers) depended on the strength of the interactions between the ZW+ 
polymers and the liposome membrane. Indeed, the liposomes were recruited in the bulk 
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of the droplets when the interactions between the polymers and vesicles were 
strengthened (for instance, by decreasing the salt concentration or increasing the 
number of positive charges) (Figure 1d; Figure S2, Supporting Information). 
Owing to their liquidity and recruitment capability, ZW+ coacervates can be developed 
as materials for EV purification. Therefore, we designed the process shown in Figure 
1e. Initially, at sufficiently low salt concentrations (Cs,binding), the polymer undergoes 
phase separation, and the resulting drop- lets recruit EVs. Under these conditions, 
droplets enriched with EVs can be separated from the supernatant containing impuri- 
ties, for instance by precipitation. The increase in salt concentration (Cs,elution) screens 
electrostatic interactions and allows the separation of vesicles from the dissolved 
droplets. Finally, the purified vesicles can be separated from the polymer via filtration 
or a buffer exchange step. 
Notably, the programmability of zwitterionic coacervates allows one to tune Cs,binding 
and Cs,elution, depending on the specificity of the system and stability of the product. For 
instance, in the case of EVs, although NaCl concentrations up to 1 m can be used, 
[14,22,23] lower ionic strengths are preferable. These salt concentrations can be easily 
modulated by varying the amounts of ZB and unpaired charges (MQ). In addition to 
controlling the uptake of negatively charged products, MQ also behaves as a “spacer.” 
Indeed, MQ affects phase separation by changing the local concentration of ZB stickers 
in the polymer,[6] and increasing the repulsion between the polymers at low ionic 
strength. Next, we studied the effect of unpaired positive charges on the phase 
separation of ZW+ to design polymers with stimulus- responsiveness in the desired salt 
concentration range. For this purpose, we synthesized polymers with different lengths 
and different numbers and distributions of unpaired positive charges (MQ). Here, the 
total degree of polymerization, “DPtot,” indicates the total number of monomers in the 
polymer. We characterized the phase separation by microscopy and measured the 
critical salt concentration (Cs,crit), that is, the concentration required to suppress net 
electrostatic attractive forces and prevent phase separation. As expected, Cs,crit 

decreased with an increase in the fraction of unpaired positive charges (MQ) and 
therefore of the amount of electrostatic repulsion, which decreased the net attractive 
interactions mediated by the paired ions of the ZB monomer (Figure 2a). No phase 
separation was observed for the polymers with an MQ fraction equal to or greater than 
36% (Figure 2a). At a constant fraction of positive charges, Cs,crit increased with 
increasing polymer length (Figure 2b). In agreement with Flory–Huggins theory, the 
critical salt concentration Cs,crit scales with the polymer length N as per the following 
equation (inset Figure 2b)[24] . 
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Here, α is a constant, A is the temperature-independent entropic term, and B/T is the 
temperature-dependent enthalpic term of the non-electrostatic (residual) component of 
the inter- action parameter χ. 
Cs,crit was only slightly affected by the distribution of the charges, as shown by the 
comparison between the random and block polymers (Figure 2c). 
Next, we investigated the impact of the fraction and distribution of positive charges in 
ZW+ on the interactions between liposomes and coacervates. We incubated fluorescent 
liposomes with the different ZW+ polymers in a phosphate buffer containing 100 mm 
NaCl at pH 7.4. We characterized the partitioning by measuring the fluorescence 
intensity of the samples in the continuous aqueous phase. As expected, the number of 
liposomes recruited by the droplets increased with an increase in the fraction of positive 
charges (Figure 2d). Specifically, 96% of the liposomes were recruited when the 
fraction of positive charges was equal to or larger than 14%. 
This result was independent of DPtot, which was in the 100–600 range (Figure 2e). 
Combined with the data shown in Figure 2b, this result indicates that polymer length 
can be used as a design parameter to tune the Cs,crit of the droplets independently of the 
recruitment. Therefore, the zwitterionic droplets could be adapted for specific process 
conditions required by the product. 
Additionally, we observed that charge distribution had a significant effect on vesicle 
recruitment. In particular, the interactions between liposomes and droplets were 
strengthened when the monomers were organized into two blocks (Figure 2f). For 
instance, at an NaCl concentration of 150 mm, the coacervates of block and random 
polymers recruited 99% and 9% of the liposomes, respectively. The analysis of the 
distribution of condensed counterions on polymer chains with different charge patterns 
indicated that counterions are confined near the block charges.[25] Consequently, in the 
context of complex coacervation, block polymers mediate stronger attractive 
electrostatic interactions than random ones.[25] Our results, which can be explained by 
a similar mechanism, reveal that charge patterning is an important parameter for the 
recruitment of droplets at the desired process operating conditions. 
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Figure 2. Independent modulation of a–c) the stimulus-responsiveness and d–f) 
recruitment of the ZW+ coacervates by polymer design. a) Effect of the fraction of 
positively charged monomers (f+,exp) on the phase separation of ZW+ represented by 
the critical salt concentration (Csalt,crit). b) Effect of the length of the polymer (number 
of monomers, N) on the phase separation of ZW+ at a constant fraction of positively 
charged monomers. The inset shows predicted scaling according to the Flory-Huggins 
theory. c) Effect of charge distribution (random versus block) on Csalt,crit. d) Effect of 
the fraction of positively charged monomers on liposome recruitment. e) Effect of the 
length of ZW+ on liposome recruitment at a constant fraction of positively charged 
monomers. f) Effect of charge distribution (random vs block) on liposome recruitment. 
The interaction of the polymer with the liposomes increases when different monomers 
are organized in two blocks. All experiments were performed at constant polymer mass 
concentration. 
 
2.2. Separation of Liposomes with Zwitterionic Coacervates 
 
After designing the polymers to optimize liposome recruitment, we analyzed the 
release of liposomes from the coacervates upon increasing the ionic strength of the 
solution. Based on the results described in the previous section, we selected two 
polymers, ZW-R1 and ZW-B1, with Cs,crit values below 500 mm. The polymers were 
chosen to avoid NaCl concentrations at which liposome aggregation occurs. The 
selected polymers had similar lengths and fractions of positively charged monomers 
but different charge distributions. Their properties are listed in Table 1. 
After recruiting the liposomes into the ZW+ coacervates in 100 mm NaCl, the 
coacervates were removed from the solution by centrifugation, and the vesicles were 
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recovered from the polymerrich pellet by increasing the salt concentration to 400 mm, 
that is, above the Cs,crit required to dissolve the coacervates. This solution was 
centrifuged again to remove aggregated vesicles (Figure 3a). 
Dynamic light scattering (DLS) measurements showed that the liposomes in the 
coacervates had similar size distribution before and after recruitment, demonstrating 
that the eluted liposomes were intact after uptake in the ZW+ coacervates (Figure 3b). 
We next evaluated the separation yield by measuring the amount of liposomes recruited 
and released from the coacervates. For this purpose, we counted the liposomes in the 
continuous phase by nanoparticle tracking analysis (NTA). The NTA measurements 
(Figure 3c) showed that ZW+ coacervates recruited most of the liposomes in 100 mm 
NaCl. Specifically, random and block polymers recruited 92 ± 1% and 96 ± 1% of 
liposomes, respectively. Interestingly, after increasing the salt concentration to Cs,elution 

and removing the vesicle aggregates, we recovered 97 ± 10% and 78 ± 8% of the 
vesicles for random and block polymers, respectively. Control experiments indicated 
that the non-recovered fraction was formed by vesicle aggregation during 
centrifugation (Figure S3, Supporting Information). 
Finally, we measured the binding capacity of the ZW-R1 coacervates; 0.25 mg mL−1 
of ZW-R1 coacervates were incubated with increasing concentrations of liposomes 
differing over one order of magnitude. Liposome uptake was greater than 90% at all 
concentrations (Figure 3d). The binding of the vesicles to the coacervates decreased 
their surface tension and size (Figure 3e), thereby increasing the total area available for 
binding. Consequently, the binding area for a fixed amount of coacervate material is 
not a constant parameter and depends on the number of vesicles in the solution. This is 
a remarkable advantage of using a liquid material over the conventional solid stationary 
phases used in chromatography, which can exhibit saturation effects with increasing 
amounts of loaded material. In contrast, the same amount of liquid coacervates can 
recruit vesicles with similar efficiency over a wide range of product concentrations 
because liquid droplets can adjust their size distribution and binding area. 

 
 
2.3. Separation of Purified Extracellular Vesicles with Zwitterionic Coacervates 
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After demonstrating that the ZW+ coacervates can recruit and release intact liposomes 
in high yields and that the separation process is compatible with a wide range of product 
concentrations, we applied our polymeric coacervates on EVs produced from human 
HEK-293F cells (see characterization by microfluidic diffusion sizing, [26] NTA, AND 
TEM in Figure S4, Supporting Information) and microalgae ( see comprehensive 
characterization in refs. [18,27]). We quantified the recruitment of human EVs using the 
ZW+ coacervates previously tested with liposomes, that is, random ZW-R1 and block 
ZW-B1 polymer droplets (Figure 4a). We quantified the recruitment of EVs by 
measuring their fraction remaining in the dilute phase via an ELISA assay based on 
tetraspanin CD81, a common EV marker.[28,29] The CD81+ particles were recruited by 
the ZW-R1 and ZW-B1 polymer coacervates at NaCl concentrations below 25 and 37.5 
mm, respectively. These NaCl concentrations were significantly lower than the values 
required to recruit liposomes because the negative charge on the EV membrane was 
weaker than that on the liposomes. In this case, the distribution of monomers in the two 
blocks did not significantly affect the salt concentration required for uptake. 
The distribution of 293F-EVs inside the two different types of zwitterionic coacervates 
(Table 1) was investigated by imaging the coacervates using epifluorescence 
microscopy. EVs were labeled with a photoactivatable lipophilic dye[26,30] before 
incubation with ZW-R1 and ZW-B1 in 25 mm NaCl solutions and with ZW in 100 mm 
NaCl solutions (Figure 4b). We observed that under these conditions, EVs were 
concentrated mostly on the rim of the ZW-R1 and ZW-B1 coacervates. However, their 
locations in the droplets could be changed by tuning the strength of the interactions 
between the polymers and EV membrane, as demonstrated with the liposomes (Figure 
1d). This mechanism is useful for controlling the local concentration of the product in 
the coacervates and for avoiding the potential aggregation of products at the coacervate 
interface due to local increase in concentration. 
After identifying the conditions for EV binding, we applied the separation process 
previously developed for liposomes to 293F-EVs. We incubated EVs with ZW-R1 for 
one minute before separating the coacervates from the aqueous phase via 
centrifugation. The EVs were then eluted by increasing the ionic strength of the 
solution to 550 mm NaCl. DLS analysis of the eluates showed that the EVs recovered 
from the coacervates had a size distribution similar to that of the initial EV sample, 
indicating that most EVs remained intact throughout the process (Figure 4c). 
Moreover, TEM analysis of the eluates confirmed the presence and integrity of the 
isolated EVs, which exhibited the expected cup-shaped morphology (Figure 4d). 
The yield of the process was measured by quantifying the amount of CD81+ particles 
in aqueous solutions using ELISA. We observed that most CD81+ vesicles were 
recruited in the ZW-R1 coacervates. Moreover, at the end of the process, we recovered 
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86% of the initial EVs (Figure 4e). Notably, these experiments were performed using 
small EVs purified by size exclusion chromatography, and different recoveries can be 
expected for other types of EVs. 
In the case of EVs, we noticed that aggregation was mainly caused by centrifugation 
(Figure S5, Supporting Information). Indeed, upon removal of the first centrifugation 
step, the EVs did not aggregate and nearly all EVs were recovered in the eluate (Figure 
S5, Supporting Information). Moreover, EV losses were significantly higher when the 
first centrifugation step was performed at 25 °C than at 4 °C (Figure S5, Supporting 
Information). Therefore, the yield can be further optimized by tuning the centrifugation 
settings. To further assess the versatility of our purification approach, we tested this 
process on nanoalgosomes, which are EVs derived from microalgae. [18] We followed 
the same protocol used for 293F-EVs and used ZW-R1 coacervates. DLS measurement 
of the eluate confirmed that the separation of nanoalgosomes with zwitterionic 
coacervates did not affect their size distribution (Figure 4f). Moreover, NTA 
measurements showed that most nanoalgosomes were recruited by the zwitterionic 
coacervates and released upon increasing the salt concentration (Figure 4g). Under all 
tested conditions, the time required to complete the separation process was in the order 
of minutes. After polymer addition, the first binding step occurred in one minute. Our 
experiments confirmed that the amount of EVs recruited was unaffected by the 
incubation time during the interval of 1–15 min (Figure S5, Supporting Information). 
The second step, involving pellet dissolution and EV resuspension, was quickly 
performed by gently mixing the solution for a few seconds. The liquidity of the 
coacervates prevented the formation of EV precipitates and facilitated pellet 
resuspension. This property of our coacervates is more advantageous than precipitation 
techniques, wherein the resuspension of the product complexes is typically a 
challenging step.[17,31]   
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Figure 3. Liposome separation using zwitterionic coacervates. a) Schematic 
illustration of our process: 1) recruitment of liposomes in the ZW+ coacervates at low 
salt concentrations (Cs,binding), 2) separation of the ZW+ coacervates containing 
liposomes from the aqueous phase by centrifugation, 3) release of the liposome and 
dissolution of the ZW+ coacervate pellet at high salt concentration (Cs,elution), and 4) 
removal of the aggregates of liposomes from the final product by centrifugation. b) 
DLS measurements of the initial liposome samples and the liposomes recovered from 
the ZW+ coacervates. Most liposomes are intact after they are released from the 
coacervates. c) Nanoparticle tracking analysis (NTA) of the liposomes in solution after 
binding to the coacervates and after elution from the coacervates for random and block 
polymers (see Table 1). d) Coacervates can efficiently take up liposomes until a 
concentration of 5 × 1010 particles mL−1 is reached. e) Coacervate size distribution 
changes as a function of liposome concentration in the solution. 
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Figure 4. Separation of EVs derived from HEK 293F cells and microalgae using 
zwitterionic coacervates. a) ELISA measurements indicated that ZW+ coacervates 
recruited CD81+ EVs at different salt concentrations depending on the polymer design; 
ZW-R1 and ZW-B1 recruited CD81+ EVs below 25 and 37.5 mm NaCl, respectively. 
b) Fluorescence microscopy images showed that EVs are recruited by ZW+ 
coacervates and excluded by control coacervates lacking positively charged monomers 
(ZW). EVs also localize on the rim of the ZW-R1 and ZW-B1 droplets at 25 mm NaCl. 
c) DLS measurements showed that the recovered EVs have a size distribution similar 
to the initial EVs. d) Transmission electron microscopy (TEM) images of EVs 
recovered from the ZW+ coacervates. The eluate contains single cup-shaped EVs (red 
arrows), indicating that the process did not drastically change their morphology. e) 
Efficiency of the separation process assessed by ELISA measurements of the CD81 in 
solution. Most EVs were recruited and released from the ZW-R1 coacervates. f) DLS 
measurements show that the ZW+ coacervates do not affect the size distribution of the 
nanoalgosomes. g) NTA measurements show the uptake and release efficiency of 
nanoalgosomes by ZW-R1 coacervates. 
 
2.4. Purification of Extracellular Vesicles 
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Finally, we verified the applicability of our zwitterionic coacervates for the purification 
of EVs from complex solutions. As EVs and most contaminants have different charges, 
they interact differently with ZW+ coacervates at constant salt concentrations. Similar 
to anion exchange resins, the recruitment of different species in the polymer 
coacervates could be controlled by carefully selecting a salt concentration that 
minimizes the interaction of impurities. 
We measured the partitioning of typical medium impurities, such as DNA and proteins, 
in ZW-R1 coacervates. For this purpose, HEK-293F cells were cultured in a chemically 
defined serum-free medium, and a small amount of clarified conditioned medium was 
incubated with the coacervates at different salt concentrations. We observed that 
approximately 82% of the DNA was recruited in ZW-R1 coacervates at 100 mm NaCl, 
while most proteins remained in the solution (Figure 5a). Proteins were also excluded 
at lower NaCl concentrations, whereas purified EVs were recruited in this 
concentration range. Proteins typically have lower charge densities than 
polynucleotides and are smaller in size than EVs; thus, they have fewer binding sites 
than the other species in the medium. By using different discrete salt concentrations, 
we can sequentially recruit and eliminate proteins and then separate EVs from DNA 
molecules. 
The purification performance of ZW-R1 on nanoalgosome solutions spiked with either 
rhodamine B or bovine serum albumin (BSA) was tested. The NTA measurements in 
Figure 5b,c show that the ZW-R1 coacervates recruited 82–95% of the nanoalgosomes 
and released most of them upon increasing salt concentration. In contrast, only small 
quantities of rhodamine B and BSA (9.1 ± 1% and 4 ± 0.1%, respectively) were 
observed in the eluates, and they were mostly excluded from the coacervates during 
the binding step. This result shows the efficiency of our purification approach to isolate 
EVs from impurities originating from production, functionalization, or loading. 
 

 
Figure 5. Separation and purification of EVs with ZW-R1 coacervates. a) Amount of 
protein, EVs, and DNA in solution at different salt concentrations. A low amount 
corresponds to a large recruitment into the coacervates. By selecting suitable salt 
concentrations, proteins can be removed first at low salt concentration, and EVs can be 
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subsequently separated from DNA at higher salt concentration. Amount of 
nanoalgosomes in solution after binding to coacervates at low salt concentration and 
after elution at high salt concentration. Nanoalgosomes are recruited in ZW-R1 
coacervates while b) Rhodamine B and c) BSA are preferentially excluded. 
 
3. Discussion 
 
Overall, our data show that our zwitterionic coacervates are promising materials for 
the purification of vesicles, including liposomes and human and microalgal EVs. This 
method combines the advantages of various purification techniques. Similar to 
precipitation, liquid–liquid phase separation is a scalable method that requires simple 
instrumentation.[32] This process is rapid and flexible with respect to the amount of 
product in the solution (Figure 3e) and can adjust to fluctuations of product amounts, 
which is a common challenge in bioprocessing. 
Similar to aqueous-two-phase systems (ATPS), our purification method is based on 
two liquid phases. The liquidity of the coacervates makes this approach dynamic, 
prevents product aggregation, and facilitates resuspension. The high water content of 
our zwitterionic coacervates (typically 40–50%) provides a gentle environment for 
bioproducts.[33] Coacervates can recruit proteins at very high concentrations, without 
affecting their stability.[34-36] The liquidity of the coacervates also prevents the 
deformation of soft vesicles,  which typically occurs upon binding to solid supports. 
The liquid phase adapts to the vesicle shape, and thus, applies lower stress on the 
particle membrane. One of the main limitations of ATPS for industrial applications is 
the limited control and understanding of partitioning. [33,37,38] Our method overcomes 
this limitation by combining the liquidity of ATPS and the programmability of 
chromatographic resins. Indeed, our zwitterionic coacervates can be easily 
programmed to recruit specific molecules from the surrounding medium and separate 
them from the impurities. The core principle of this strategy relies on the ability of our 
base polymer to preferentially exclude most molecules unless they are functionalized 
with charges, hydrophobic groups, or affinity tags. In this study, we functionalized the 
base material with unpaired charges to perform separation based on similar principles 
of anion exchange, one of the most common methods used at large scales to isolate 
biological particles during bioprocessing. [37,39-44] Despite the increasing application of 
anion exchange chromatography for EVs and virus-like particles, the recovery of 
particles from columns is often low. Seo et al. recently reported that only 66% of loaded 
EVs can be recovered from a weak anion exchanger using mild elution buffers. [41] 

Other studies report that the recovery of EVs from a strong anion exchange resin is 
slightly higher than that achieved by ultracentrifugation, which is approximately 
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45%.[14,41,45] The reason for these low recoveries are complex and possibly include: i) 
the deformation and disassembly of the vesicles on the solid supports;[46] ii) high ligand 
densities in the columns, the resulting binding avidity between the vesicles and resins, 
and harsh elution conditions for recovery;[47,48] iii) nonspecific interactions of vesicle 
components with the base material of the resins.[49]  

The above-mentioned issues of solid resins can be avoided by using our system. As the 
liquid droplets adapt to the vesicle shape, the deformation of vesicles can be prevented. 
In addition, owing to the programmability of our material, the binding interactions and 
binding avidity of the vesicles can be tuned by adjusting the ionic strength of the buffer 
and using polymer design. Indeed, we can easily modulate the type, amount, and 
density of the charged monomers in the polymer. Finally, the vesicles bind to the 
coacervates exclusively via ionic interactions. Zwitterionic baseline polymers are often 
applied in anti- fouling coatings, as they do not interact with any molecule unless they 
are functionalized with specific moieties, such as the positive charges used in this 
work.[50–52] 

 

4. Conclusion 
 
In this study, we developed programmable zwitterionic coacervates as dynamic 
materials for bioseparation based on anion exchange principles and demonstrated their 
use for the uptake and release of liposomes and EVs. Moreover, we identified key 
design parameters to independently control the stimulus-responsiveness and 
recruitment behavior of the coacervates, which can be programmed depending on 
specific product needs. This property of our material makes our approach very 
versatile. The coacervates can separate liposomes, human EVs, and nanoalgosomes 
from different types of impurities and release them in high yields. 
Overall, this isolation approach combines the speed and simplicity of precipitation 
methods and the programmability of chromatography with the gentleness of a liquid-
like binding phase, thereby avoiding product aggregation and degradation. This 
approach represents a promising alternative for low-shear, gentle, and selective 
purification of EVs. 
 
5. Experimental Section 
 
Polymer Synthesis: Polymers composed of ZB (Sulfabetaine methacrylate) and MQ 
([2-(methacryloyloxy)ethyl]trimethylammonium chloride solution, 75 wt% in H2O, 
Sigma-Aldrich) monomers were synthesized via reversible addition-fragmentation 
chain-transfer (RAFT) copolymerization using ACVA (4,4′-azobis(4-
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cyanovalericacid, ≥98%, Sigma-Aldrich) as an initiator and CPA (4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid, ≥97%, Sigma-Aldrich) as a RAFT agent 
according to a previously published protocol..[6] ZB was synthesized according to a 
previously published method. The polymers were synthesized in 20/80 v/v ethanol/3 
m NaCl acetic buffer (pH 4.5) at 10 wt% total monomer concentration with a CPA to 
ACVA molar ratio of 3:1. The monomer-to-CPA molar ratios (that is, the degree of 
polymerization of a single monomer i (DPi)) were varied, as shown in Table S1, 
Supporting Information. For example, in the case of ZW-R1 (the copolymer with 
DPZB = 80 and DPMQ = 20, Table S1, Supporting Information), 846 mg of ZB, 198 
mg of MQ solution, 10 mg of CPA, and 3.3 mg of ACVA were dissolved in 7.6 g of 
acetic buffer (pH = 4.5) and 1.5 g of ethanol and poured into a septum-sealed round 
bottom flask. The mixture was purged with nitrogen for 10 min and then heated to 65 
°C for 24 h under constant stirring. The reaction mixture was dialyzed against 2 m 
NaCl for 3 days using dialysis tubing (Spectra/Por, molecular weight cut-off (MWCO) 
= 3.5 kDa) by frequently changing the aqueous solution. The final polymer solutions 
were filtered using a 0.45 μm pore size nylon membrane and stored at −20 °C. ZB/MQ 
block copolymers (ZWB1-2 in Table 1) were synthesized via two subsequent RAFT 
polymerizations following the same procedure. The first MQ-based block was 
produced via the RAFT polymerization of MQ in the presence of ACVA and CPA. 
After 24 h, 846 mg of ZB and 3.3 mg of ACVA were introduced directly into the 
mixture to produce the second ZB-based block. The flask was purged again with 
nitrogen for 10 min, and the mixture was left to react for another 24 h at 65 °C and 
purified according to the same procedure used for random copolymers. The copolymer 
concentrations were evaluated using gravimetry.  
NMR Spectroscopy: The conversion (X) and MQ molar fraction (fMQ,exp) of the 
copolymers (Table S1, Supporting Information) were evaluated via nuclear magnetic 
resonance (1H-NMR) spectroscopy, as described in Figure S1, Supporting 
Information. An aliquot of each reaction mixture was collected after the completion of 
the reaction and purification. The samples were dried under nitrogen, dissolved in 3 m 
NaCl D2O, and analyzed using a 400 MHz NMR spectrometer (Bruker).  
Thermogravimetric Analysis: Thermogravimetric analysis (TGA) was performed using 
a Mettler Toledo TGA device to determine the polymer and salt concentrations. After 
purifying the polymers, approximately 1 g of dialysis water was spread on a sand-filled 
support to measure the salt concentration in the solution. The same procedure was 
followed for the polymer solutions. The actual polymer concentrations were obtained 
by subtracting the salt concentrations from the values measured using the polymer 
solution.  
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Critical Salt Concentration: The critical salt concentrations (Cs,crit) of the polymers 
were evaluated using wide-field microscopy. For this purpose, 0.25 mg mL−1 
polymers solutions with different NaCl concentrations were incubated overnight at 
room temperature in a 384- well plate with a glass bottom (Brook). The wells were 
covered with aluminum foil to avoid evaporation and imaged after 24 h with a Ti2-U 
epifluorescence inverted microscope (Nikon) in the bright-field mode.  
Droplet Fusion: The fusion of droplets was evaluated using a Ti2-U epifluorescence 
inverted microscope (Nikon) in 384-well plates. Solutions at pH 7.4 with 20 mm Na-
phosphate, 100 mm NaCl, and 0.25 mg mL−1 of either ZB polymer (DP = 200) or a 
copolymer of ZB and MQ (DP = 100, fZB = 0.8) were prepared. The solutions were 
incubated at room temperature for 1 h, and the images of the wells were acquired in 
the brightfield mode every 5 ms to capture droplet fusion events. The surface of the 
wells was treated with 100 μL of 1% BSA in Millipore water for 30 min to prevent 
droplet wetting in the wells. The wells were washed three times with 100 μL of 
Millipore water before adding the polymer solutions.  
Preparation of Liposomes: 1,2-dioleoyl-sn-glycero-3-phospho-l- serine (DOPS, 
Avanti Polar Lipids) and 1,2-dimyristoyl-sn-glycero-3- phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) ammonium salt (14:0 Liss Rhod PE, Avanti Polar 
Lipids) were dissolved in chloroform and mixed in a DOPS/14:0 Liss Rhod PE molar 
ratio of 200:1. Chloroform was evaporated first with a dry nitrogen stream for 2 h and 
then placed under vacuum overnight. The final lipid film was hydrated with phosphate 
buffer saline (PBS) and gently agitated at room temperature. The lipid suspension was 
then extruded through a polycarbonate membrane with a pore size of 100 nm 
(Whatman Nuclepore Track-Etch Membrane; Cytiva) for 15 cycles. Non-fluorescent 
liposomes were produced in the same manner, but without the addition of 14:0 Liss 
Rhod PE. All lipid vesicle suspensions were stored at 4 °C. 
Production of Extracellular Vesicles: 293-F cells (Gibco) were cultured at 37 °C in CD 
293 medium (Gibco) supplemented with 4 mm GlutaMAX and 250 mg L−1 Pluronic 
F-68. The culture was stirred at 250 rpm and maintained at pH 7.1 and a dissolved 
oxygen concentration of 40% in a stirred tank bioreactor (DASGIP, Eppendorf) for 166 
h. Conditioned media (450 mL) was harvested from approximately 9 × 108 cells with 
92% viability and clarified by two centrifugation steps, the first at 200 × g for 10 min 
and the second at 3000 × g for 15 min. Clarified conditioned media (50 mL) was then 
filtered through a 0.22 μm membrane, incubated with 25 U of Pierce Universal 
Nuclease (Thermo Fisher Scientific) for 2.5 h at room temperature, and concentrated 
100 times with an Amicon-15 centrifugal filter (50 kDa MWCO, RC membrane, Merck 
Millipore). The concentrated EVs (500 μL) were loaded onto a gravity flow 
chromatography column packed with 10 mL Sepharose CL4B resin (Cytiva). PBS was 
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used as the running buffer to elute the EVs. Twenty fractions (500 μL each) were 
collected, and the ones with the highest particle number and tetraspanin CD81 
concentrations measured by ELISA were pooled together, aliquoted, and stored at 
−80°C. Nanoalgosomes were produced and characterized as per a procedure described 
in a previous work.[27]  

Microscopic Analysis of Vesicle Uptake: The uptake of fluorescent liposomes and EVs 
in polymer droplets was analyzed in 384-well plates (MatriPLate, Glass Bottom, 
Brooks) with a Ti2-U inverted microscope (Nikon) equipped with an LED light source 
(Omicron Laserage Laserprodukte GmbH) and a camera (Zyla sCMOS 4.2P-CL10, 
Andor). The filter cubes DAPI HC BP Filter set F36-500, CFP ET Filter set F46- 001, 
EGFP ET Filter set F46-002, and Cy5 ET Filter set F46-009 (AHF Analysentechnik 
AG) were also used. Before adding the solutions, the wells were coated with BSA to 
prevent droplet wetting. Each well was incubated with 100 μL of 1% BSA in Millipore 
water for 30 min at room temperature and rinsed three times with Millipore water. 
For liposome uptake, RhodB-DOPS liposomes of concentrations between 1 × 1010 and 
5 × 1010 particles mL−1 were added in 100 μL solutions at pH 7.4 with 20 mm Na-
phosphate, 100 mm NaCl, and 0.15 mg mL−1 of either ZW (DP 200), ZW-R1, or ZW-
B1 (Table 1). The solutions were analyzed after incubating the samples for at least 1 h 
at room temperature. 
For EV uptake, EVs were first labelled with photoactivatable silicon rhodamine, as 
previously described.[26] A 20 μm dye was added to a stock solution containing 9 × 
1010 particles mL−1 of HEK-293F EVs, and the resultant solution was immediately 
photoactivated with UV light for 2 min. EVs were then introduced at 1 × 109 particles 
mL−1 in the corresponding samples containing 0.15 mg mL−1 of ZW, ZW-R1, or ZW-
B1 (Table 1). Images were acquired after incubating the EVs for at least 1 h at room 
temperature. 
ELISA: Quantification of CD81 in the samples was performed using 96-well plates 
(TPP). Samples (50 μL per well) were diluted to obtain 100 μL solutions containing 1 
m NaCl and 20 mm Na-phosphate. The pH of this solution was kept at 7.4, and the 
resultant solution was incubated overnight at 4 °C. The plate was then washed with 
high- salt buffer (20 mm Na-phosphate, 1 m NaCl, pH 7.4) and PBS and blocked with 
1% BSA in PBS for 1 h at room temperature. Next, the plate was incubated with the 
anti-human CD81 antibody 5A6 (1:500 dilution in blocking buffer; Santa Cruz 
Biotechnology) for 2 h at room temperature. After extensive washing, the plate was 
incubated with the secondary anti-mouse HRP-conjugated antibody (1:2000 dilution 
in blocking buffer; m-IgGκ BP-HRP; Santa Cruz Biotechnology) for 1 h at room 
temperature. Finally, the plate was washed and incubated with TMB ELISA Substrate 
(highest sensitivity, Abcam) for 15 min at room temperature. Subsequently, 450 nm 
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STOP Solution was added to the TMB substrate (Abcam), and the absorbance of the 
resultant solution was measured at 450 nm using a Clariostar Plus microplate reader 
(BMG Labtech). Nanoparticle Tracking Analysis (NTA) Measurements: NTA 
measurements of liposomes and nanoalgosomes were performed using a ZetaView 
instrument equipped with a CMOS camera and a 405 nm laser (Particle Metrix). The 
chamber was calibrated daily with polystyrene nanoparticle standards, as per the 
manufacturer’s recommendations. Samples were diluted in a high-salt buffer (20 mm 
Na-phosphate, 400 mm, or 1 m NaCl, pH 7.4) to a particle concentration of 107–109 
particles mL−1 and injected into the sample chamber using a 1 mL syringe until the 
chamber was filled. Video acquisition was performed for all samples at 11 positions 
with 80% scattering intensity and 100 shutter in the light scattering mode, with a trace 
length of 15 frames and a frame rate of 30 s−1. Data were analyzed using the ZetaView 
analysis software (ZetaView 8.04.02 SP2). 
Quantitative Analysis of the Uptake and Release of Liposomes, EVs, and 
Nanoalgosomes: For these experiments, solutions were prepared in 1.5 mL 
microcentrifuge tubes, and the polymer was subsequently added. 
The uptake of liposomes was measured at different salt concentrations. For this 
purpose, 300 μL solutions (pH 7.4) containing 0.25 mg mL−1 ZW-R1 or ZW-B1 
(Table 1), 3 × 109 particles mL−1 liposomes, 20 mm Na-phosphate, and different NaCl 
concentrations (37.5, 50, 100, 150, 200, 250, and 400 mm) were prepared. These 
solutions were briefly vortexed and incubated for 15 min at room temperature. The 
tubes were then centrifuged at 10 000 × g for 15 min at 25 °C. The supernatant (270 
μL) was removed, and its fluorescence intensity was measured using a ClarioStar Plus 
microplate reader (BMG Labtech) at excitation and emission wavelengths of 550 and 
605 nm, respectively. Measurements were performed in triplicate. 
The liposome uptake in ZW-R1 coacervates at different liposome concentrations (in 
the range of 5 × 109–1 × 1011 particles mL−1) was analyzed in a similar manner at a 
constant NaCl concentration of 100 mm. Solutions were centrifuged at 3000 × g for 15 
min at 25 °C. 
To measure the recovery of liposomes from the coacervates, solutions (300 μL, pH 7.4) 
containing 20 mm Na-phosphate, 100 mm NaCl, 0.25 mg mL−1 ZW-R1 or ZW-B1, 
and 1.3 × 1010 particles mL−1 of non-fluorescent DOPS liposomes were prepared. 
After polymer addition, these solutions were incubated for 1 min at room temperature 
and then centrifuged at 3000 × g for 5 min at 4 °C. Then, the supernatant (270 μL) was 
removed and replaced with high-salt buffer (270 μL) to obtain a solution (pH 7.4) 
containing 20 mm Na-phosphate and 400 mm NaCl. The polymer pellet was 
resuspended by gentle pipetting and vortexed for several seconds. The resuspended 
sample was centrifuged at 3000 × g for 15 min at 25 °C, and the supernatant (270 μL) 
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was removed. All supernatants recovered during the process were analyzed using NTA 
to quantify the amounts of unbound and eluted liposomes. Measurements were 
performed in triplicate. 
The uptake of HEK-293F EVs was measured by preparing solutions (150 μL, pH 7.4) 
containing 0.25 mg mL−1 ZW-R1 or ZW-B1, 5 × 109 particles mL−1 HEK-293F EVs, 
20 mm Na-phosphate, and different NaCl concentrations (25, 37.5, 50, 100, 150, and 
200 mm). Samples were mixed by gentle vortexing and incubated for 15 min at room 
temperature. Then, the tubes were centrifuged at 3000 × g for 15 min at 25 °C. The 
supernatant (125 μL) was removed and analyzed using ELISA. Measurements were 
performed in duplicate for two independent samples. 
The recovery of HEK-293F EVs was measured by following the same procedure used 
for liposomes. The ZW-R1 polymer (0.25 mg mL−1) was introduced in solutions (300 
μL, pH 7.4) containing 20 mm Na-phosphate, 12.5 mm NaCl, and 5 × 109 particles 
mL−1 of HEK-293F EVs. After adding the polymer, the solutions were incubated for 
1 min at room temperature and centrifuged at 370 × g for 21 min at 4 °C. After 
removing the supernatant, pellets of ZW-R1 were resuspended in high-salt buffers 
containing 550 mm NaCl. The second centrifugation was then performed at 3000 × g 
for 15 min at 25 °C. All collected supernatants were analyzed using ELISA. The 
measurements were performed in duplicate for three independent samples. For 
transmission electron microscopy (TEM), the same protocol was followed for 1 × 1010 
particles mL−1 of HEK-293F EVs, and the pellets were resuspended in high salt buffer 
(40 μL). 
The recovery of the nanoalgosomes was measured by following the same procedure 
used for HEK-293F EVs. The number of particles in the supernatants was determined 
using NTA. Measurements were performed in duplicate for two independent samples. 
To measure the uptake of medium impurities in ZW-R1 coacervates, solutions (300 
μL, pH 7.4) containing clarified conditioned medium (15 μL) from HEK-293F 
cultures, 0.25 mg mL−1 ZW-R1, 20 mm Na-phosphate, and different NaCl 
concentrations (25, 37.5, 50, 100, 150, 200, and 400 mm) were prepared. Samples were 
mixed by gentle vortexing and incubated for 15 min at room temperature. 
Subsequently, the tubes were centrifuged at 3000 × g for 15 min at 25 °C. The 
supernatants (270 μL) were removed and analyzed using the QuantIT dsDNA Assay 
Kit (highest sensitivity, Thermo Fisher Scientific) and Micro BCA Protein Assay Kit 
(Thermo Fisher Scientific) in duplicate. 
Finally, to test the purification of nanoalgosomes from Rhodamine B and BSA, 
solution (300 μL, pH 7.4) were prepared using 20 mm Na-phosphate, 12.5 mm NaCl, 
0.25 mg mL−1 ZW-R1, 5 × 109 particles mL−1 of nanoalgosomes, and 1.5 μm 
Rhodamine B or 1.5 μm BSA (Sigma- Aldrich) labelled with Rhodamine B. The 
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samples were incubated for 1 min at room temperature and centrifuged at 3000 × g for 
5 min at 4 °C. After removing the supernatant, the samples were resuspended in high-
salt buffer with 550 mm NaCl and 20 mm Na-phosphate at pH 7.4. The second 
centrifugation was then performed at 3000 × g for 15 min at 25 °C. The number of 
particles in the supernatants was measured in duplicates by NTA, and their 
fluorescence intensities were analyzed in triplicate at excitation and emission 
wavelengths of 550 and 605 nm, respectively, using a Clariostar Plus microplate reader 
(BMG Labtech). 
Dynamic Light Scattering (DLS) Measurements: The size distributions of the non-
fluorescent liposomes, HEK-293F EVs, and the nanoalgosomes were measured using 
a Zetasizer Nano ZSP DLS system (Malvern) in backscattering mode at 173° and 20°C. 
Transmission Electron Microscopy: Five microliters of sample was placed on glow 
discharged (negatively at 25 mA for 30 s in an Emitech K100X glow discharge system, 
Quorum Technologies Ltd.) carbon-coated grids (Plano GmbH) and allowed to adsorb 
for 60 s. Subsequently, the excess liquid was drained with a filter paper, and the 
samples were subjected to negative staining with 2% uranyl acetate (w/v) by two 
successive incubations of 1 and 15 s. The grids were air-dried and imaged using a JEM-
1400Flash electron microscope (JOEL) in the bright-field mode operated at 100 kV. 
Fluorescence-Based Microfluidic Diffusion Sizing (fluoMDS) Measurements: 
FluoMDS analysis was performed as described in a previous study. [26] For lipid 
staining, HEK-293F EVs were mixed with 20 μm photoactivatable silicon 
rhodamine[30] and photoactivated with UV light for 2 min. For labeling the 
tetraspanins, HEK-293F EVs were blocked for 1 h at room temperature with 0.1% BSA 
in PBS and incubated with APC-conjugated anti-CD81 antibodies (1D6, 1:500 dilution 
in blocking buffer, Invitrogen) and PE-conjugated anti-CD63 antibodies (H5C6, 1:500 
dilution in blocking buffer, Invitrogen). All samples had a final particle concentration 
of 1.5 × 1011 particles mL−1. Five microliters of sample were then loaded in the 
fluoMDS device, which was run at 60 μL h−1 using blocking buffer as the running 
buffer. After image acquisition with a Ti2-U inverted microscope (Nikon), the 
diffusion profiles were fitted, and the average particles sizes were computed as 
previously reports.[26]  

EV Track: All relevant data from these experiments were submitted to the EV-TRACK 
knowledgebase (EV-TRACK ID: EV220295).[54] 
Statistical Analysis: The number of particles in the solution [%] was referred to as the 
control sample without the polymer. All data were presented as mean ± standard 
deviation. 
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8.1  General discussion 
 
EVs obtained from mammalian cells, such as mesenchymal stem cells (MSCs), have 
been studied for their therapeutic benefits in various diseases, but their production is 
limited by technical challenges1. Microalgae  were found to produce EVs in the culture 
medium, and six strains were selected for further analysis (Chapter 3)2.  The EVs from 
these strains had attributes expected of small EVs (sEVs) in terms of morphology, size 
distribution and protein content. The freshwater glaucophyte Cyanophora paradoxa, 
in particular, produced a yield of ~2 µg of total sEV-protein per ml of microalgal 
conditioned media (Chapter 3)2. The yield was comparable to that of plant-derived 
vesicles and GMP-grade MSC-derived exosomes, indicating the potential of 
microalgal EVs as a sustainable source for tailor-made bio-products (Chapter 3)2. The 
use of microalgae as a natural source for EVs offers advantages, including high growth 
rates, controlled environmental conditions in large-scale photobioreactors, and a 
natural and sustainable origin (Chapter 4)3. The use of TFF-derived culture facilitates 
the cyclical production of nanoalgosomes, and highlights the competitive advantages 
of nanoalgosomes over EVs derived from other sources, including renewability 
(Chapter 5)4.  
In addition, the characterization of the surface properties of isolated microalgal EVs, 
showed their hydrophilic nature and ability to interact with biological membranes. It 
has been shown that nanoalgosomes can be internalized by different cell types, 
including cancer cells. This makes them potentially useful for drug delivery 
applications (Chapter 4 & Chapter 6)3,5. Furthermore, to showcase the potential use of 
nanoalgosomes as a drug delivery mechanism, the study employed the C. elegans 
biological system as a model to investigate their uptake and biodistribution. Three 
different administration routes were evaluated, and a specific signal was detected in 
the cytoplasm of intestinal cells, with only slight variations among the three methods. 
The results highlighted the potency of C. elegans as a model system for examining the 
absorption, persistence, and distribution of exogenous EVs (Chapter 6)5. 
Finally, a new method was developed for the purification of vesicles, such as liposomes 
human and EV/microalgal, using zwitterionic coacervate (Chapter 7)6. This method 
combines the advantages of various purification techniques and can adapt to 
fluctuations in product quantities, making it a scalable and flexible method for 
bioprocessing. The coacervates provide a delicate bioproducts environment, 
preventing the aggregation of the product and facilitating its re-suspension. They 
prevent the deformation of vesicles and their programmability allows you to regulate 
interactions and bonding greed. Vesicles bind exclusively through ion interactions, 
modulated by the regulation of the type, quantity and density of charged monomers in 
the polymer. The results suggest that zwitterion coacervates offer a promising new 
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  approach for the purification of vesicles derived from human and microalgae and the 
development of bioprocessing strategies. 
 
8.2 Future prospects 
 
Microalgae will be further exploited as a sustainable and renewable biological resource 
for the production of the nanoalgosome, with the advantages over other sources of 
extracellular vesicles. Also, nanoalgosomes will be further developed as bioactive 
effectors and as drug delivery system for cosmetics and pharmaceutic applications. For 
that, several aspects will support the development of nanoalgome-based studies:  
1) Extracellular vesicles enclose or expose on their surface a large number of 
biomolecules including RNA, lipids, proteins, and possibly DNA. Further studies on 
the highly conserved PM H+-ATPase in nanoalgosome membranes will certainly allow 
for a better definition and a possible application of PM H+-ATPase as a biomarker for 
nanoalgosomes. In the future, the discovery of H+-ATPase will provide important 
insights into the mechanisms of nanoalgosome-mediated cellular uptake and also will 
be key for the development of important tool for microalgal-derived EV analyses (i.e., 
cytofluorimetric studies). Nanoalgosome will continue to play a crucial role in cellular 
communication by delivering their payload to target cells. Preliminary results indicate 
the successful characterization of the presence of H+ATPase on the surface of  
nanoalgosomes using two in-silico systems, as shown in Figure 1(a). The immunoassay 
performed using flow cytometry showed that H+ATPase protein was present on 
nanoalgosomes (figure 1b). The shift in the median fluorescence intensity of the 
samples stained for H+ATPase was significantly larger compared to controls (data not 
shown). The use of magnetic beads with H+ATPase-nanoalgosome staining was found 
to be effective in capturing and quantifying sEVs. In addition, the co-localization 
analysis of f-nanoalgosome and nanoalgosome with H+ATPase was performed using 
uptake based on Zwitterionic Droplets. Bead-based flow cytometry analysis and uptake 
based on Zwitterionic Droplets confirmed the presence of H+ATPase on both f-
nanoalgosomes and nanoalgosomes. Further analysis of the production and properties 
of H+ATPase-nanoalgosome using a new system for the characterization and 
purification of EVs showed promising results.  



 

 185  

Extracellular vesicles from a renewable natural source:  
development of new biomaterials 

  

 
 
Figure 1. In silico analysis of nanoalgosomes Plasma Membrane H+-ATPase. (a) 
Representative scheme of f-algosome & algosome - H+ATPase co-localization 
analysis using two different systems: Bead-based flow cytometry analysis and uptake 
based on Zwitterionic Droplets; (b) Bead-based flow cytometry analysis of f-algosome 
(red) -H+/ATPase (green) and algosome-H+/ATPase (green). Controls (beads with 
algosome unlabeled and beads with PBS-Alexa 488) were used to prove the absence 
of nonspecific binding of the antibodies to the beads (data no shown) (c) Using a 
Zwitterionic Droplets (ZW+), the merge of representative fluorescence microscopy 
images show the co-localization of red-algosome with the protein green-H+/ATPase 
with a Pearson's_Rr = 0.8 (f-Algosome- H+/ATPase). Below is the uptake of the 
algosome in ZW+ that have only undergone immunostaing and not red-dye labeling as 
control (Algosome-/H+/ATPase). The other controls, red algosome, PBS-PKH26-
Alexa 488 (data no shown) (Magnification 60X). Scale bar 25 μm. 
 
Moreover, the uptake of f-nanoalgosomes and nanoalgosomes in MDA-MB 231 cell 
lines showed the co-localization of nanoalgosomes with H+/ATPase, indicating the 
successful internalization of the sEVs. Further analysis using confocal microscopy 
showed the colocalization of f-nanoalgosomes and H+/ATPase in MDA-MB231cells, 
suggesting the potential use of these sEVs as drug delivery systems. However, more 
research is required to fully understand the properties and potential applications of 
these sEVs. In vitro studies will continue to investigate the possible effects of EV-
mediated cell uptake on membrane reorganization.  
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Figure 2. (a) Representative fluorescence microscopy images showing the cellular 
uptake of f-algosome (red) - H+/ATPase (green) in MDA-MB 231 cell lines (nuclei in 
blue), incubated with 2 μg/ml of f-algosome-H+/ATPase at 37◦C for 3, 6 and 24 h and 
the co-localization of algosome with H+/ATPase only at 3 and 6h. PBS+free dye and 
Alexa 488 are used as negative controls (data no shown). Magnification 40X. (b) 
Confocal microscopy analysis of 2 μg/ml f-algosome (red) - H+/ATPase (green) 
internalization in MDA-MB231cells (nuclei stained with DAPI in blue), at 37◦C for 6 
and 24 h Scale bar 50 μm. 
 
2) Several small drugs have been effectively loaded into extracellular vesicles (EVs) 
as cargo, demonstrating improved potency, increased accumulation in target cells, and 
enhanced drug stability. The use of small drugs as cargo for extracellular vesicles (EVs) 
will continue to improve, leading to increased potency, enhanced drug stability, and 
greater accumulation in target cells. Nanolgosomes, could be become a widely used 
drug delivery system. Preliminary results indicate that doxorubicin, a commonly used 
chemotherapeutic, can be successfully loaded into nanoalgosomes using various 
strategies (figure 3). Passive incubation was found to be the most effective method for 
loading compere to freeze/thaw resulted. To determine loading efficiency, 
nanoalgosome-Dox samples were lysed and the fluorescence signal was detected, with 
passive incubation resulting in the highest loading efficiency (figure 3b).  These results 
suggest that nanoalgosomes may be a promising carrier for the delivery of hydrophobic 
small molecules, such as doxorubicin, to target cells. 
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  In an MTS assay conducted on tumor and normal cells (MDA MB 231 and 1-7 HB2, 
respectively), nanoalgosome-Dox was compared to free doxorubicin at the same 
concentration (0.5 µM) after 24, 48, and 72 hours of treatment (figure 3c,d). The data 
indicates that doxorubicin loaded-nanoalgosomes induced a faster cytotoxic effect in 
tumor cells compared to normal cells (figure 3c,d). These findings are consistent with 
previous studies showing rapid internalization of fluorescent nanoalgosomes in tumor 
cells compared to normal cells. These preliminary results suggest that doxorubicin 
loaded-nanoalgosomes have potential as a more effective cancer treatment than free 
doxorubicin. Further studies are necessary to confirm these findings. 
 
 

 
Figure 3. a) Calibration curve of free Doxorubin in 1% Triton X100; b) Loading 
efficient of Doxorubicin in nanoalgosome sample, expressed as amount pmol/109 

algosome, using two different methos: passive loading and Freeze/Thaw. Cytotoxicity 
effect of Doxorubicin-loaded nanoalgosomes in c) tumoral and d) normal cell line.  
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  Conclusion 
 

Microalgae are increasingly being recognized as a promising source for the production 
of extracellular vesicles (EVs) due to their ability to grow rapidly in controlled 
environmental conditions and their natural and sustainable origin. Studies have shown 
that microalgal EVs, particularly those from the freshwater glaucophyte Cyanophora 
paradoxa and Tetraselmis chuii, can produce yields that are comparable to plant-
derived vesicles and GMP-grade MSC-derived exosomes. These EVs possess 
hydrophilic properties, allowing them to interact with biological membranes, and can 
be internalized by various cell types, including cancer cells, making them a valuable 
tool as bioactive effectors and in drug delivery applications. 
In addition, a new method for the purification of vesicles has been developed using 
zwitterionic coacervate, which is both scalable and flexible for bioprocessing. This new 
approach can be applied to various types of vesicles, including liposomes, human EVs, 
and microalgal EVs, making it an important advancement in the field of extracellular 
vesicle research. Moreover, the study has identified the H+-ATPase protein as a 
biomarker for nanoalgosomes, and its presence on the surface of nanoalgosomes has 
been successfully characterized.  
In conclusion, these findings have demonstrated the potential for using nanoalgosomes 
as bioactive effectors and as a drug delivery system. However, further research is 
required to gain a better understanding of their properties and potential applications. 
Overall, these recent advancements in the production and purification of microalgal 
EVs represent exciting developments in the field of drug delivery and hold promise for 
future therapeutic applications. 
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and enzyme-linked immunosorbent assays (ELISA) 

• Immunohistochemistry techniques, including slide preparation, staining of cells 
and tissues, and immunofluorescence using fluorescence and confocal 
microscopy 
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