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Abstract 

Due to their intercellular communication properties and their involvement in a wide range of biological processes, 

extracellular vesicles (EVs) are increasingly being studied and exploited for different applications. Nevertheless, their 

complex nature and heterogeneity, as well as the challenges related to their isolation, purification and 

characterization procedures, require cautious assessment of the quality and quantity parameters to monitor. This 

translates into a multitude of choices and putative solutions that lie in front of any EV researcher, in both research 

and translational environments, resembling a labyrinth with multiple paths to cross and, possibly, more than one 

exit. In this respect, decision-making tools might represent our modern Ariadne’s string to follow not to get lost or 

distracted along the journey, to choose the shorter and best-fit-to-source EV application(s) and vice versa. Here, we 

present the implementation of a multi-criteria EV decision-making grid (EV-DMG) as a novel, customizable, efficient 

and easy-to-use tool to support responsible EV research and innovation. By identifying and weighting key assessment 

criteria for comparing distinct EV-based preparations and/or processes, our EV-DMG may assist any EV community 

member in making informed, transparent and reproducible decisions regarding the EV sources and/or samples to 
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be managed, as well as the most suitable production and/or analytical pipelines to be adopted for targeting a defined 

aim or application.  

1. Introduction 

Extracellular vesicles (EVs) are nanosized membranous particles secreted and uptaken by either eukaryotic or 

prokaryotic cells. By intrinsically conveying a multitude of biologically active components, including, yet not limited 

to, proteins, lipids, nucleic acids and metabolites, EVs have shown to mediate cell-to-cell and organism-to-organism 

communication at both intra-taxon and inter-taxa levels, thus governing the functionality of any organism, as well 

as its response to and/or impact on the surrounding environment [1,2]. 

The complex and heterogeneous nature of EVs underly both the great potential and the challenges relative to their 

exploitation as intrinsic, <all-in-one= biological platforms for exploring and addressing multiple biological issues in a 

comprehensive manner. Hence, lately and at a remarkable pace, the spotlight on EVs has entailed a thriving 

repertoire of hopes and expectations, leaning on the promise of EV-based technologies to revolutionize several 

domains of nanoscience and offer competitive clinical and commercial solutions within massive industrial landscapes 

(e.g., healthcare, personal care and agrifood) [3]. In line with this, conspicuous public funding, alongside corporate 

and venture investments, has supported the prominent academic and industrial engagement into intensive Research 

and Development (R&D) initiatives, as well as first Product Development (PD) attempts.  

Within the perimeter of such a compelling innovation space, preeminent techno-futurist visions of EV-based 

solutions have contributed to raise social acceptance on a wide range of EV application scenarios. However, the 

biological unpredictability and irreducibility characterizing the composition of EV source(s) and derived EVs preside 

over the enduring gap between current investments and the actual EV technology-regulatory readiness [3,4,5]. The 

shortage of reference materials, quality standards and standardized methodologies for EV R&D and PD still 

challenges our research ability to unravel the full spectrum of either inherent or <acquired= EV biocomponents (e.g., 

EV corona that become associated with EVs during or later upon their production and extracellular release), as well 

as to recognize EV active moieties and mechanisms of action.  Consequently, this poses a burden not only on 

understanding and resolving the true structure, biocomposition and physio-pathological role of EVs, but also on the 

ability to reproducibly and reliably manufacture EVs.  

Currently, the EV bioprocessing panorama in either (basic and preclinical) research or clinical and/or industrial 

settings is mostly dominated by non-standardized, non-automated and <open= EV manufacturing systems 

[6,7,8,9,10,11,12,13]. On one hand, this enables keeping the pass with rapid innovation in the field, considering both 

known and unknown <unknowns= [14]. On the other hand, it ordinarily associates with the inevitable introduction 

of variability into EV-based products, resulting in inconsistencies in their structural identity (e.g., EV subset 

collection), quality and safety, and accounting for the high discrepancies highlighted among distinct studies. By 
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potentially and severely affecting data reliability and reproducibility, this overall lack of standardization and 

robustness exerts a strong, hostile impact on the EV landscape. It also challenges the accuracy by which scientists, 

nowadays, select the most appropriate applications to be tailored to any given EV source, as well as to formulate 

and dose EVs. On top of that, predominant EV bioprocessing procedures are still mostly research-compliant, 

characterized by considerable cost intensiveness and low-throughput performance, which are able to address, to 

date, only small-scale preclinical development and/or integration into clinical trials enduring to feature small patient 

cohorts (e.g., 10-500 enrollments), even at advanced study phases (i.e., phases 3-4) [15]. Proper support to EV 

manufacturing and analytical assessment at industrial scale, requiring extremely controlled standards of precision 

and limited space for errors, is still an open issue.  

Working on EVs, therefore, constitutes a persisting <borderline= scenario where opportunities and risks coexist, 

inducing EV decision-makers to pursue their conquest of understanding, evidence and solutions while being 

continuously accompanied by the dynamic exposure to uncertainties related to what is not yet acquainted and/or 

may be not controlled [16]: unpredictability and irreducibility of EVs and related biological systems; lack of adequate 

methodological tools to unlock EV complexity; the potential emergence and/or impact of external risk factors and 

threats. In this light, to prompt the translation into effective, viable and marketable solutions, EV innovation needs 

to be a streamlined and a responsible one, where researchers themselves set the discovery and developmental 

stages by the early adoption of tailored, standardized, high-throughput, scalable and cost-effective working 

methodologies in a quality controlled and Good Manufacturing Practice (GMP)-oriented R&D and PD environment. 

Considering that <innovation is about change= [16], responsible Research and Innovation (RR&I), also in the EV field, 

should entail proper risk management beforehand and along the bioprocessing path. Especially when it comes to 

challenging and/or not well characterized study objects, as in the case of EVs, we ought to shape our innovation with 

a view to gaining a <dynamic capability= that may rapidly and duly <reframe= the R&I process in response to 

unpredictable and/or complex constraints, thus minimizing the emergence of unintended impacts and embedding 

cost intensiveness [16]. To reach this goal, EV R&D and its supporting activities related to quality, data and risk 

management should meet, mix and contaminate more and more. This could result in the production of interface 

tools that could be customized, tailored to research and researcher identity, which may truly support, and not cage, 

knowledge [11], while making it truly fruitful for the social wellbeing. 

Hereby, we describe the application of a multi-criteria decision making (MCDM) matrix or grid to implement a 

customized, effective, easy-to-use, transferable and standard-oriented decision-making tool (DMT) model, 

specifically dedicated to EV features and related bioprocesses, which we named EV-DMG. In this manuscript, we 

showcase the adoption of our EV-DMG to streamline and improve in-process and/or end-product Quality Control 

(QC) of EVs derived from microalgae. We reveal its effectiveness in promoting application-tailored EV classification 

based on measurable quality scores, in accordance with pre-defined application-centric acceptance criteria, leading 

to minimization of erroneous and cost-intensive misuses. Furthermore, we describe the great potential of 
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implementing our EV-DMG to: i) maximize EV bioprocess cost and turnaround time efficiency targeting the 

achievement of desired quality and quantity performances; ii) provide <real-time= traceable records of the whole EV 

PD cycle to be ultimately considered for final EV-based product regulatory dossier compilation. Overall, we spotlight 

the EV-DMG as a valid tool to steer complex decision-making throughout the entire EV value chain, from research 

to PD, with the ultimate goal of delivering responsible and sustainable EV R&I.  

2. Comprehensive methodology for EV-DMG design and application 

The workflow for the design of the EV-DMG is displayed in Figure 1. Overall, the process format comprises four main 

steps: (i) identification of <alternatives=, which represent the EV-based preparations and/or processes to compare 

for evaluation and decision-making; (ii) definition of  EV-related alternative assessment criteria and relative 

importance weight; (iii) determination of EV-related alternative acceptance criteria and relative scoring system; (iv) 

implementation of the MCDM method to integrate EV-related alternative assessment into a Weighted Sum Model 

(WSM) matrix to perform alternatives’ ranking. The elements and concepts at the basis of our MCDM approach are 

elucidated in the following sections. 

  

 

Figure 1. Proposed workflow for EV-DMG design and implementation.  

2.1. Step 1 – Identification of EV-related alternatives 

A MCDM approach generally targets the generation of preferences from alternative choices, options or conditions 

(i.e., <alternatives=), which need to be compared, by considering and integrating more than one assessment criterion 
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in the selection process. In any EV R&D settings, building an EV identikit towards specific purposes is conditioned by 

several fundamental decisions on critical factors that require to be clearly defined and assessed – either confirmed, 

potentially compared with alternative solutions or changed. These are mainly the following: EV source; methods for 

EV production, handling, characterization and QC; EV applications. The above enlisted and below described 

variables are primary, interconnected constituents of the comprehensive experimental setup featuring any EV R&D 

project, which drive the definition of the fundamental assessment criteria that should be established for designing, 

evaluating, improving and maximizing EV-based product and process performance along the way towards intended 

goals.   

2.1.1. EV source(s) 

A research group or a study typically focuses on a particular EV source, whether being of human, animal, plant, 

bacterial or another origin. The raw, input material, which is provided or produced upstream the EV bioprocess, 

includes the EV-containing medium or matrix, as well as the potential excipients used to improve EV stability or 

extraction. The selection of the EV source drives the selection of the downstream methods to be adopted for both 

EV isolation/separation and characterization. Most importantly, the EV source is the major determinant for the 

potential, ultimate applications that may be hypothesized due to prior known functional features of the source. 

However, the effects and consequent possible uses of the EVs selected as study model might be completely novel 

and unexpected at the beginning of the research journey. EV sources have inherent variability that may result from 

the type of producer cell (e.g., blood cells, stem cells, epithelial cells, endothelial cells, etc.), the strain of the 

producer cell (e.g., human, plant, bacterial, etc.) or between different donors [e.g., different donors of blood, 

Mesenchymal Stem Cells (MSCs) and bovine milk]. Although such variables may be subjected to a certain extent of 

standardization and control to minimize their impact on outcomes, at the same time, all these samples differ in 

complexity and contain different macromolecular contaminants or co-effectors, some of which might impose safety 

concerns. Finally, different EV sources come into play in different scales and offer different sustainability in terms of 

environmental footprint and economic viability. While these elements are not always priority criteria for 

fundamental researchers, they gain upmost importance in later translational phases versus productization and, 

according to RR&I principles, they should be considered in advance. Although this manuscript focuses largely on 

downstream EV bioprocessing, we appraise the importance of the upstream input material collection for promoting 

reproducibility, robustness and scalability of the whole bioprocess. In addition, we acknowledge that some key 

principles of decision-making, as well as the use of our EV-DMG itself, may be easily extended to also embrace the 

EV bioprocess upstream phase.  

2.1.2. EV isolation and purification method(s) 

The selection of the methods to perform EV isolation and purification affects the quantity, quality, purity or 

enrichment of isolated EVs with respect to co-isolated molecules or particles. The appropriate isolation method will 
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depend on the complexity and scale of the input material, as well as the needs for yield, purity and integrity of the 

extracted EVs. Some applications will call for high purity or even enrichment of specific EV subtypes (e.g., if they are 

used as drug delivery vectors), whereas others would allow or even benefit from the presence of bioactive co-isolates 

(e.g., if EVs are used as effectors in regenerative medicine). In any case, the yield and composition of EVs needs to 

be controlled and reproducible, while targeted function or feature must be preserved during the whole downstream 

processing. In a manufacturing system, yield is a critical parameter to be estimated for assessment of process 

performance, as outlining the percentage of non-defective produced items that have passed quality check for 

downstream processes and/or applications. For some EV types, such as microalgae-derived EVs (i.e., 

nanoalgosomes) [17,18,19], for which we still lack clinical data that can allow for the accurate calculation of relevant 

scales needed to support (clinical) application, the scalability of the selected isolation and purification method is a 

preferential feature to consider for ensuring translatability. It is possible to do preliminary estimations based on the 

known precedent scenario for cell therapeutics, in particular initial data resulting from MSCs or other human cells 

that were the first ones to hit large scale clinical trials in humans. We will first have the estimate of an effective dose 

(per in vitro or in vivo experiment) to back-calculate the size of a <production lot= or even make first anticipation for 

in-human use planning. Of course, for a given desired effect, the dose is not just quantity, but also potency. 

Therefore, the yield requirements will differ considering the combination of EV source and indication for use. In 

general, downstream process (EV isolation and purification from the raw, input material) accounts for more than 

50% of cost-of goods (COGs) for the whole bioprocess and this becomes a critical feature of EV manufacturing for 

widespread EV deployment, along scalability and efficacy [20]. In research phase, the issue of costs for both isolation 

and analytics can impact research pace and quality, with persistent inequalities across different labs and 

geographies. Therefore, the selection of the most suitable methods and protocols for performing EV isolation and 

purification would benefit from the use of a DMT, as our EV-DMG described below, to drive scientific and economic 

evaluations.  

2.1.3. EV sample handling and storage method(s) 

Handling and storage procedures for both raw materials and harvested EVs may have a significant impact on EV 

quality and performance. Lack of proper evaluation on best or detrimental storage practice may increment variables 

in expected quantitative and qualitative gains. Costs associated with storage, packaging and shipment are currently 

assumed not to vary for different EV purification technologies or origins, but this is also something that needs to be 

proven. The impact and selection of storage protocols may be properly evaluated using our EV-DMG introduced 

below.  

2.1.4. Characterization method(s)  

In the case of biotechnological/biological/chemical entities designed to be formulated for specific applications, the 

process of measuring requires the pre-identification of any physical, chemical, biological and/or microbiological 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 17, 2023. ; https://doi.org/10.1101/2023.11.16.567368doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.16.567368
http://creativecommons.org/licenses/by-nc-nd/4.0/


properties associated with the desired product to be developed, conventionally defined as critical quality attributes 

(CQAs), which ought to be monitored and maintained within acceptance limits, ranges or distributions to ensure 

targeted product quality. It also demands the determination of the critical material attributes (CMAs) and critical 

process parameters (CPPs) that could affect targeted product’s CQAs. Measurements and data analytics necessarily 

underpin the development, control and validation of any (bio)process, including the EV-related one, being 

fundamental to make informed decisions and optimize operations. Measurable outputs give the key input for 

decision-making during (bio)process/product monitoring and benchmarking against references or alternatives. A 

large repertoire of methodologies is today available to address EV number, size, morphology, physiochemical and/or 

biochemical properties (Figure 2). The formulation of an analytical package that may fit the targeted scale (laboratory 

or industrial), sample type and EV application is both a result and a tool for evidence-based decision-making planning 

and decision-making. Currently, there is no possibility of relying upon a universal analytical package for all EV R&D 

or PD projects; instead, it requires to be ad hoc established, although many common methods will be recurrent and 

overlapping. The preferred analytical tools would ideally provide measurable readouts of the bioactive component(s) 

of the EVs of interest directly or indirectly contributing to their mechanism of action. Alternatively, in any case, it 

would be capable of screening and classifying the EV-containing samples at different stages, from raw to purified 

samples, thus enabling timely and accurate adjustment, as well as decrease in variability (e.g., allowing us to choose 

the right donor).  

2.1.5. EV applications  

Evolutionarily speaking, the outstanding, comprehensive variety and complexity of EVs translate into a wide range 

of possible and appealing application scenarios. Focusing on one or a few uses is further complicated by the 

pleiotropic and multiplex nature of EVs, raising the possibility that single-sourced EVs might gain, and even monetize, 

high value in multiple ways. Nevertheless, the extended consideration and handling of EVs as a sort of magical bullets 

for any purpose, as well as the tendency to put everything under the same umbrella, do not benefit the progression 

of the single research, nor the whole field. The well-reasoned and evidence-informed choice of the best application 

to pursue would not limit innovation in research, but it would rather transform research into innovation that can 

truly translate into improvement of human condition. 

2.2. Step 2 – Definition of EV-related alternative assessment criteria and relative importance weights 

For the design of an EV-DMG based on the MCDM approach, a set of qualitative and quantitative EV-related 

assessment criteria need to be formulated to drive decision-making and the selection of the best <alternative(s)= 

under evaluation. Each assessment (sub-)criterion identifies and addresses a specific question by evaluating one or 

more inherent EV-related qualitative and quantitative attributes (i.e., CQAs/CPPs), ultimately yielding clear and 

measurable assessment results. Figure 2 outlines the six major assessment criteria considered in R&D contexts to 

qualify EV-based products and/or processes, most of them adapted from the checklist reported in the <Minimal 
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Information for Studies of EVs= (MISEV) 2018 guidelines [7] and recurrently used in EV studies. Each assessment 

criterion, identified as quantity, identity, purity/enrichment, potency/functionality, stability/integrity and 

sustainability, may be subdivided into diverse sub-criteria, which, in turn, may be addressed by several analytical 

methods. MISEV2018 proposed the following system for criteria scoring: +++ for mandatory criteria; ++ for 

mandatory criteria, if applicable to follow; + for encouraged criteria (Figure 2). We assumed this weighing system 

would be equivalent to numerically assigning an importance weight ranging from 3 to 1, indicating high, medium or 

low importance, respectively, as later applied in Figure 3. 

 

Figure 2. Setting the EV-DMG metrics for EV R&D – alignment of assessment criteria, sub-criteria, MISEV2018-adapted importance 

weights and analytical methods.  
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2.3. Step 3 – Definition of EV-related alternative acceptance criteria and relative scoring system 

Formatting an EV-DMG based on MCDM principles necessarily imposes the establishment of appropriate acceptance 

criteria defining the EV-based product/process requirements to be met to fulfil stakeholders’ expectations and needs 

for an intended purpose/application. EV acceptance criteria represent <numerical limits, ranges, or other suitable 

measures= [21] relative to the EV-based product’s and/or process’s CQAs and CPPs under assessment. These require 

to be empirically determined, for each appointed assessment criterion, by means of specific, pre-selected and pre-

validated analytical procedures, and are ranked through a systematic scoring system, which reflects differential 

degree of requirement fulfillment. Therefore, in an EV R&D environment, the definition of acceptance criteria and 

corresponding scoring should be contextualized and justified based on empirical data demonstrating targeted EV-

based product and/or process conformity to desired quality and functionality. The rationale and description of the 

acceptance criteria and respective scoring system conceived for showcasing the application of our EV-DMG are 

described in Section 3.3. 

2.4. Step 4 – Integration of MCDM-based EV-related alternative assessment for ranking and application-centric 

classification 

Among the plethora of strategies currently known and used to drive MCDM, the WSM represents one of the earliest 

and, possibly, the most commonly adopted method due to its easiness and effectiveness [22]. In our study, at this 

step, the relevant criteria selected for assessment of alternatives have been systematically incorporated into a WSM 

matrix to perform MCDM-based EV samples/conditions’ ranking or grading. The general construction of a WSM 

matrix satisfies the following mathematical expression [1,23]:  

 

in which: A*WSM is the WSM of final score of the (best) alternative; M is the number of the alternatives to assess; N 

is the number of the decision criteria; i is a single alternative; j is a single criterion; qij is the actual value relative to 

the i-th alternative in terms of the j-th criterion; Wj is the importance weight of the j-th criterion. Simply put, upon 

generation of the WSM matrix, each decision or assessment criterion is given an analytical assessment score (i.e., 

qij), based on conformity to acceptance criteria, which is multiplied by its relative importance weight (i.e., Wj) to 

obtain an assessment criterion score. The sum of all assessment criterion scores provides a final, cumulative score 

or grade (i.e., A*WSM) relative to each alternative evaluated, which leads to alternative positive selection for a specific 

downstream application or discarding. An illustrative example of the WSM matrix’s generation and exploitation is 

provided in the following subsections, showcasing our EV-DMG. 
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3. Illustrative example of EV-DMG design and application for nanoalgosome R&D  

In compliance with the current recommendations by the EV community to integrate Quality principles and methods 

into EV R&D practices to foster rigor and standardization, it is not surprising that our EV-DMG found its first, 

immediate application in assisting quality management. QC is an essential aspect of quality management in EV R&D, 

as it ensures that the EV-based products and derived results of a study are consistent and effective. In EV R&D 

scenarios, QC should not be limited to review EV-based products against mere acceptance criteria for a single 

indication for use, but it should rather serve for matchmaking a given EV sample with the different uses it may have, 

driving our research to one of the possible directions it may take. In this perspective, a well-designed DMT may guide 

the appropriate QC actions, as well as support and test the unbiased hypotheses on the actual potential of a given 

EV sample for one or a few possible applications. In this manuscript, we exemplify the setting, adoption and utility 

of our EV-DMG to streamline QC assessment and grading of nanoalgosomes, chosen as model EVs. Its result 

addresses the consequent destination of our EV preparations to different uses within a multidisciplinary and 

explorative scenario. 

3.1. Identification of nanoalgosome-related alternatives  

Nanoalgosomes were extensively characterized and evaluated in several lines of research conducted either 

autonomously by our group or within multidisciplinary collaborative projects exploring their potential as intrinsic 

effectors or drug delivery vehicles in the field of biomedicine, therapeutics and cosmetics [17,18,19]. Such a wide 

spectrum of applications, if left open and pursued simultaneously without any prioritization, proved to be 

challenging for optimizing research efforts and resources. Our first, obvious conclusion was that the same input 

material was not of optimal quality and quantity for whatever application we could contemplate. Our EV-DMG is 

suitable for a QC evaluation that leads EV batches of different quality to be shunted towards the most appropriate 

application or to be eventually discarded, if not reaching the desired standards. Therefore, it may actively contribute 

to avoiding the risk of obtaining misleading results or no results at all. In this work, we showcase the application of 

the EV-DMG to compare and classify two independent nanoalgosome batches. As a case-study, we have selected 

the Biogenic Organotropic Wetsuits (BOW) project [funded within the frame of the Horizon 2020 Future and 

Emerging Technologies (FET)  Proactive Program in 2021], which is ultimately aiming at exploiting nanoalgosomes as 

scaffolds for the production of (engineered) EV membrane-coated magnetic bead (evMBD) devices. In that, two 

primary applications of nanoalgosomes considered relevant for project Partners’ immediate needs were either use 

in engineering and/or in vitro/in vivo functional testing. 

3.2. Definition of nanoalgosome assessment criteria and relative importance weights 

The selection of the relevant set of EV assessment criteria to grade the nanoalgosome batches under assessment 

followed the principles previously described in Section 2.2. Our QC system was based upon a minimal but informative 
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analytical package comprising a feasible number of assessment methods, all having the characteristic of being user-

friendly, time-effective, mostly transferable and requiring low sample consumption. The panel of analytical tools 

assessed the following vesicular properties: EV i) quantity [determined and expressed in terms of particle 

concentration by nanoparticle tracking analysis (NTA)]; ii) identity [assessing scattering particle size distribution by 

NTA, morphology by atomic force microscopy (AFM), expression of nanoalgosome biomarkers (i.e. the plasma 

membrane protein H+/ATPase) by enzyme-linked immunosorbent assay  (ELISA), surface charge by particle zeta 

potential measurement]; iii) purity/enrichment [labelling samples with an EV-specific lipidic dye and measuring the 

percentage of fluorescent particles over the total number of scattering particles by F-NTA; determining by the ratio 

between total particle number and total protein content; estimating purity from soluble co-isolated proteins by 

Colorimetric NANoplasmonic (CONAN) assay] [24,25]; iv) potency/functionality [determining EV esterase activity as 

proxy of EV bioactivity by a proprietary EV functional enzymatic activity assay] [26,27]. To specifically address the 

BOW project purposes mentioned in Section 3.1, and considering the importance weighting system described in 

Section 2.2, we provided an importance weight equivalent of 3 out of 3 (i.e., high importance) to the EV assessment 

criteria quantity and purity/enrichment, whereas an importance weight of 2 out of 3 (i.e., medium importance) was 

assigned to the EV assessment criteria identity and potency/functionality (Figure 3). 

  

 

Figure 3. Setting the EV-DMG metrics for nanoalgosome QC – alignment of assessment criteria, sub-criteria, importance weights 

and analytical methods. Legend: AuNP = pristine gold nanoparticles. 
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3.3. Definition of nanoalgosome acceptance criteria and determination of relative scoring 

To assign to each nanoalgosome batch a specific quality score determining its suitability for final envisaged 

application(s), a set of acceptance criteria was empirically defined based on previously assessed nanoalgosome 

quality <standards=, which were produced and used at the laboratory scale for initial characterization studies. These 

studies were inclusive of a wide range of nanoalgosome attributes, without limiting or exhausting the nanoalgosome 

ultimate applications. The set of acceptance criteria relative to each EV assessment sub-criterion was complemented 

by a scoring system, assigning a specific analytical assessment score to the obtained measurement results. Any score 

provided to a given analytical assessment described to which extent the sample met a defined requirement for a 

specific assessment (sub-)criterion. Specifically for the work presented here, we defined a scoring system featuring 

an evaluation scale as follows: 0 = null; 1 = low; 2 = medium; 3 = high (Figure 4).  
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Figure 4. Setting the EV-DMG metrics for nanoalgosome QC – alignment of assessment criteria, sub-criteria and acceptance 

criteria with relative scoring. Legend: X indicates the measure of the corresponding parameter; AuNP = pristine gold 

nanoparticles; AI = aggregation index. 

3.4. Integration of MCDM-based nanoalgosome assessment for ranking and application-centric classification 

Figure 5 represents the EV-DMG compiled for the two batches of nanoalgosome taken under analysis, as described 

in Section 3.2 and in conformity with the acceptance criteria setup for nanoalgosome grading and classification, 

which are outlined in Section 3.3.  

 

Figure 5. EV-DMG for nanoalgosome QC. Legend: AuNP = pristine gold nanoparticles. 

The results obtained from the NTA analysis on nanoalgosome Batch 1 and Batch 2 (Figure S1) showed differences in 

terms of particle concentration (Batch 1 = 9E+11 ± 4.14E+10 particles/mL; Batch 2 = 8.6E+12 ± 4.56E+11 

particles/mL), but a quite overlapping size distribution, peaked at about 100 nm. Not significant differences between 

the two batches were revealed neither by Z-potential measurements, indicating an analogous particle membrane 

surface charge, nor by H+-ATPase ELISA assay measuring the expression of a nanoalgosome-characteristic 

membrane protein (Figure S1). F-NTA on nanoalgosome labelled with a fluorescent lipophilic dye (di-8-ANEPPS), 

which emits fluorescence when anchored to the lipid bilayer, was used to perform purity evaluations by tracing 

fluorescent particles and identifying the presence of co-isolates. The ratio between fluorescent particles (Batch 1 = 

3E+10 ± 2.6E+8 particles/mL; Batch 2 = 7.5E+10 ± 2.62E+9 particles/mL) and particles detected in scattering mode 
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highlighted Batch 2 to display more co-isolated non-vesicular particles than Batch 1. In line with this observation, we 

estimated a different particle-to-protein ratio between the two batches (Batch1 1 = 4E+9 particles/µg proteins; Batch 

2 = 7E+10 particles/µg proteins), further validated by CONAN assay, which confirmed the superior purity of Batch 1 

from co-isolated proteins (Figure S1). Indeed, the particle-to-protein ratio of Batch 2 deviated from the proper ratio 

reported by Sverdlov (2012), stating that 1 µgr of EV preparation proteins corresponds to 2E+9 EVs [28]. In addition, 

AFM revealed in Batch 2 elongated objects potentially originating from microalgal cells or from the detachment of 

tangential flow filtration (TFF) cartridge fibers (Figure S1).   

As shown in Table S1, the theoretical final grade was calculated by summing up the whole set of assessment criterion 

scores that could be obtained by multiplying the importance weight of each assessment criterion by the maximum 

analytical assessment score that could be potentially assigned to it, namely 3 out of 3. The observed discrepancies 

between the two batches translated into different analytical outputs on our EV-DMG. The sum of all assessment 

criteria scores, obtained by multiplying each analytical assessment score by its relative importance weight, resulted 

in an actual final grade equivalent to 57/66 for Batch 1 (86.3% of the theoretical final grade) and 38/66 for Batch 2 

(57.6% of the theoretical final grade). As illustrated in Figure 6, depending on the actual final grade obtained, each 

nanoalgosome batch could be classified into one of three QC classification levels: level A, for nanoalgosome batches 

of good quality, which may be subjected to all uses, including engineering and functional studies, if confirmed sterile 

(actual final grade equal to 70-100% of the theoretical final grade); level B, for nanoalgosome batches of medium 

quality, which may be subjected to engineering and other uses, excluding functional testing (actual final grade equal 

to 30-69% of the theoretical final grade); level C, for nanoalgosome batches of bad quality, which require to be 

discarded or not to be used for critical analyses (actual final grade inferior than 30% of the theoretical final grade). 

Accordingly, the analysis and the use of our EV-DMG to streamline our nanoalgosome QC assessment highlighted, 

in a straightforward and objective manner, the suitability of Batch 1 to be exploited for further downstream analyses, 

including in vivo applications, and the potential for Batch 2 to be used only for engineering and non-critical analyses. 

In such a way, our group, as a nanoalgosome production site, could distribute the EV preparations to partner site in 

order to optimize the efforts and maximize the chance of success. 

Figure 6. EV-DMG-based QC classification of nanoalgosomes.  
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4. Discussion  

In this work, we focused our attention on the development and implementation of DMTs suitable for helping 

researchers, at any stage of their career and any level of competence in the EV field, to manage and address the 

multidimensionality of decision-making issues dominating and challenging the EV R&D and PD panorama. These may 

include either the accessibility to different EV sources, the variability in EV purity, composition and function within 

a single EV source, the plethora of EV isolation and characterization techniques available, as well as the wide 

spectrum of biologically and industrially relevant EV functions and applications contemplated and/or under 

investigation. Computational or mathematical DMTs have been historically adopted by decision makers to manage 

and mitigate the technical, logistical and economic risks associated with the complex set of factors and driving forces 

affecting system dynamics in numerous industrial manufacturing contexts (i.e., from aerial and automotive vehicles 

to biotherapeutics) [29,30,31,32,33]. DMTs have also been applied in public research environments to help identify 

the most promising project directions, aims and activities [34,35]. In early 2019, the EV landscape has first embraced 

the notion of implementing DMTs for assisting research-grade and clinical-grade EV-based PD, when Ng and co-

authors developed a novel computational DMT to identify combinations of technologies for upstream (human cell 

expansion) and downstream (EV isolation and purification) EV manufacturing to promote upscaling, while addressing 

minimization of COGs [20]. More recently, Picciotto et al. (2021) have introduced the adoption of a WSM-based DMT 

for addressing the selection of the microalgal sources best suited for microalgae-derived EV production [17]. 

Nevertheless, the comprehensive and straightforward decision-support framework to streamline and drive complex 

decision-making at each stage of EV-based research and PD, seamlessly integrating the two, ideally, is still missing. 

MCDM-based DMTs provide a valid, reliable and straightforward RR&I-tailored approach to make unbiased 

selections and classifications within complex sets of alternative options. Specifically, MCDM assessment minimizes 

room for evaluation error by regulating evaluations according to specific assessment criteria and accounting for their 

relative impact (or <importance weight=) on the decision-making process. As such, this strategy opens to 

opportunities for cost and time saving, increased data reliability and reproducibility, meanwhile enhancing project 

performance, simplifying project administrative work, as well as supporting conflict prevention and resolution 

among stakeholders [29,36,37]. It generally allows decision-making to take the lead over decision-control activities, 

thus easing the path towards the concretization of the desired outcomes.  

The EV-DMG, described in this manuscript, proposes a user-friendly model of a MCDM matrix that may be applied 

to guide decision-making throughout the whole EV bioprocessing journey: from the <upstream= selection and 

management of starting materials to the <downstream= extraction, purification, QC and release of the intended EV-

based products. In our case study, we illustrated the exploitation of the EV-DMG as a straightforward and effective 

QC-supporting tool, enabling EV QC ranking and classification tailored to envisaged applications and users. The 

nanoalgosome preparations taken under analysis shared the same microalgal strain input, culture protocol and 

purification method, yet giving two distinct batches we could choose between (our <alternative= decision objects). 
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By means of a minimal, time-effective, easy-to-use and mostly transferable analytical package, we assessed both 

samples against specific quantity and quality parameters (assessment criteria), which were assigned an importance 

weight directly correlating with their significance for achieving our pre-fixed research project objectives, namely 

their engineering and, ultimately, their application as functional scaffolds for the manufacturing of evMBDs tested 

in in vitro and in vivo models. In relation to each assessment criterion and sub-criterion evaluated, enlisted in Figures 

3, 4 and 5, a given analytical assessment score, ranging from 0 to 3, was provided to each sample, based on its 

conformity to the empirically pre-determined and pre-validated acceptance criteria, reported in Figure 5. Final 

integration of all assessment (sub-)criterion scores, resulting from the association of importance weights and 

analytical assessment scores, allowed us to allocate the two tested nanoalgosome batches into two distinct 

categories of use, despite being produced by an equivalent isolation and purification procedure: category A for batch 

1, opening to all possibilities of envisaged applications, including engineering and bioactivity testing in vitro and/or 

in vivo; category B for batch 2, destinating only to functionalization. 

We have selected nanoalgosomes as model EVs to validate our approach. Nevertheless, the proposed EV-DMG is 

suitable for application and extension to any other EVs. As we initiated our work with nanoalgosomes at a very early, 

research-grade EV bioprocess stage, we duly assumed that good practice would entail the selection of the proper 

assessment criteria to adopt in our MCDM workflow in compliance with internationally accepted guidelines. The 

position statement reported as MISEV, first published in 2014 and lastly updated in 2018, together with other 

excellent initiatives of the scientific community (i.e., EV-Track), has been established as an EV community-agreed 

framework providing guidelines on the proper procedural steps to follow and the common metrics to use to perform 

good EV research and reporting on specific EV-associated functionalities [7,38,39]. This was conceived to address 

rigor and standardization issues, fostering data reusability, reproducibility, and comparison [5,11,12,40]. MISEV2018 

piloted the attempt to assign specific importance weights to a comprehensive set of methodological criteria, enlisted 

in the checklist contained in the guideline document, addressing the EV characteristics that have been mainly 

contemplated by EV researchers, and considered a key for conducting EV basic science and first PD efforts (i.e. 

quantity, identity, purity/enrichment, potency/functionality and stability/integrity). It is noteworthy to specify that 

MISEV2018 did not diversify the importance of each methodological criterion according to chosen EV sources, study 

scopes or envisaged EV-based application(s). Rather, it averaged the broad state of opinion, gathered up to that 

time, on the general importance of assessing given EV attributes in specific methodological settings for generating 

reliable and reproducible data, thus proposing a <one scoring fits all or most=. Although the design of our EV-DMG 

was executed taking into consideration MISEV2018’s recommendations and importance weighing system, we 

realized that the selection of the essential EV-related procedural criteria to follow, the assignment of their relative 

importance weights, the correlated analytical package to adopt for addressing specific EV production, handling, 

characterization and formulation objectives were likely to be done empirically, in a case-by-case manner, with a view 

to spotting the universal weighing patterns and requirements (or combinations thereof) related to key decisions to 

take (enlisted in Section 2.1). Although it is well recognized that, at least in premature research phases, it would be 
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ideal and wise to include as many EV assessment criteria as possible into a research-grade EV-DMG [41], it is explicit 

that their choice and technical application would still depend on the specific logistic and study context. Most 

importantly, their impact on our go-no-go decisions would vary depending on the particular research objectives to 

address. The same criterion may be considered more critical for certain research purposes, while less important for 

others. For instance, it is more likely that preserving EV integrity and potency/functionality is more critical for 

researchers intending to test and propose their model EVs as intrinsic effectors, than for those that are going to 

engineer them with heterologous moieties or cargos. Conversely, quantity is likely to be critical for dosing EVs in 

general and might be universally weighed as a highly impactful parameter. On the other hand, high purity and the 

absence of any other non-vesicular contaminants may have a very different importance in distinct applications. 

Another common example is given by studies aimed at identifying novel EV-based biomarkers, in which the 

assessment criteria and sub-criteria considered most crucial to track would include EV sample purity, the specificity 

of the EV isolation methods, the sensitivity and reproducibility of biomarker detection assays, as well as the 

validation of biomarker candidates using appropriate statistical methods.  

MISEV2018 principles have been recognized as an excellent landmark also by early industrial EV innovators. 

Nevertheless, what has emerged from diverse position documents that have been recently published on the matter, 

especially focusing on the development of EV-based products as next-generation cell-free-based therapeutics, is that 

requirements more compliant to clinical and industrial settings are demanded, necessarily imposing due 

considerations about the assessment (sub-)criteria and relative importance weights to be selected [41,42] when 

designing and building a clinical- or industrial-grade EV-DMG (Figure 7). Concerning purity assurance, for instance, if 

the use of the main MISEV2018 sub-criteria to observe for its characterization receives wide consensus (e.g., ratio 

of two quantification figures, such as particle number and protein content; sample examination for the presence or 

absence of expected contaminants, etc.), the requirement of high purity at the expense of potency should be 

revisited. Having recognized that a completely pure EV preparation is unlikely to be produced, as well as being aware 

of the potential association of some <impurities= (perhaps, associated with the EV <protein corona=) with desired 

sample biological activity, the clinics-driven EV community is currently recommending not to insist on stringent 

purification procedures that would only result in loss of sample therapeutic activity, yet to define the most critical 

contaminants and propose duly adjusted acceptance criteria, ensuring minimization of inter-batch variability [41]. 

Upon the construction of an EV-DMG, this could be translated into the reduction of the importance weight relative 

to purity estimation (for example, importance weight of 2/3 in place of 3/3) or into the delineation of alternative 

acceptance criteria and relative scoring systems. On the other hand, if bioactivity evaluation is not a <must= in a 

research-grade scenario, depending on the investigational purposes, fulfilling specific functionality requirements 

represents a very critical aspect when developing products for in-human use. This, again, could turn the variable 

importance weight attributed to the assessment of EV functionality in research settings into a definite importance 

weight equal to 3/3 into an EV-DMG to be used in a clinical environment (e.g., therapeutics, vaccines and drug 

delivery). Importantly, considerations about microbiological contamination and economic sustainability for EV large-
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scale production are often overlooked at early-stage EV bioprocessing stages. Sterility is a mandatory feature of any 

medicinal product, which requires to be met or to be managed since premature research phases for minimizing 

safety concerns at early-phase clinical trials, as well as developmental setbacks [43,44,45]. Therefore, 

microbiological security, with a high, if not the highest, importance weight score, should be added to the panel of 

EV assessment criteria to be incorporated into an EV-DMG driving decision-making throughout the whole value chain 

of EV-based therapeutics. Furthermore, there is a growing call for more pragmatic PD approaches, in agreement 

with existing regulatory guidelines, consisting in selecting not only the most effective, but also the most feasible 

methodologies and procedures to assess the most relevant in-process/end-product EV-based product parameters 

(i.e., CQAs, CMAs, CPPs). In this, the primary goal is meeting economic sustainability requirements, imperative at 

advanced bioprocess developmental and manufacturing stages of products for massive use and consumption, such 

as therapeutics for widespread diseases, consumer care products or agrochemicals [42]. Accordingly, EV assessment 

(sub-)criteria related to costs and time management should be considered for integral incorporation into any MCDM-

based tool guiding decision-making especially towards translational applications. Inter alia, adopting MCDM-based 

tools to drive, ex ante, the allocation of resources into fair and best suited categories of use may enable us to make 

financial trade-offs and prevent cost-intensive misuses.  

We have fully included all these considerations in the translation of nanoalgosomes as pure research objects into 

key elements of structured pipelines for delivery of novel formulations in cosmetics and drug delivery. 

Implementation of hereby described EV-DMG templates enables us to track back and forth correlations between 

obtained final grades and frontend decisions made regarding the culture conditions and substrates, as well as to 

reconsider the architecture of upstream and downstream manufacturing. On the other hand, we are able to trace 

the EV assessment criteria all the way to the desired performance of our nanoalgosome preparations in particular 

indications for use, link them directly to regulatory criteria and, thus, be informed on feasibility of our dosing and 

pricing strategies. This helps us, as any EV developer, to spot the unique advantages and <selling points= of 

nanoalgosomes as fit-to-solutions (e.g., sustainability, stability, scalability, intrinsic activity) and enables us to iterate 

on our choices, tailor our scales and designs, while not limiting our capacity to further innovate and spin out novel 

nanoalgosome capabilities into innovative productization areas.  

The integration of MCDM-based DMT systems, as our EV-DMG, into routine EV bioprocessing practices envisaging 

regulatory-compliant market authorization may arise as a tactical move to dynamically frame PD and manufacturing 

with early reference to late submission of product Common Technical Document (CTD) or product dossier. It could 

be aligned and merged into the Target Product Profile (TPP) of the prospective product to be developed, which, 

technically, represents a strategical and evolving document whose formulation is recommended, since product 

design phase, to guide benchmarking, provide a comprehensive recapitulation of the targeted and/or formulated 

product’s attributes and, overall, improve regulatory dialog for more efficient regulatory review and approval times 

[46]. Importantly, diverse National Regulatory Authorities (NRAs), including the European Medicines Agency (EMA) 
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and the United States Food and Drug Administration (U.S. FDA), have been increasingly exploiting Multi-Criteria 

Decision Analysis (MCDA) to regulate approval decisions to optimize trade-offs between risks and benefits [47]. This 

suggests that the adoption of MCDM-based DMTs, as our EV-DMG, to support the performance of research and 

industrial settings targeting clinical validation and acceptance by health authorities could upgrade the 

communication and understanding between innovators and regulatory bodies about product value propositions, 

thus ultimately enhancing the likelihood of shortening product’s development cycle and market approval. Moreover, 

the EV-DMG templates that we propose may be easily handled by common software and associated scores, as 

numerical outcomes and indicators of evaluation, could be turned into algorithms providing an interface for 

unbiased and clear gatekeeping decisions.  

5. Conclusions 

Our work emphasizes the significance of fully integrating pivotal principles of RR&I into routine EV R&I practices by 

early conceiving, developing and/or adopting multi-dimensional methodological strategies that could foster 

<weighted= decisions for promoting robust, sustainable, ethically acceptable and socially desirable outcomes of EV 

science and innovation [16,48,49]. Hereby, we describe the adoption of a DMT to promote quantifiable, objective 

and auditable MCDA at each phase of the EV bioprocessing route. By showcasing our EV-DMG as a support tool for 

assisting QC of microalgae-derived EVs, we highlight the capability to perform accountable and impartial a posteriori 

qualification of in-process and/or end products/processes. This is achieved through the integration of systematic, 

regulatory-compliant MCDA with the expertise about EV input material’s and output product’s properties, along 

with the empirically accumulated awareness about targeted EV-based product requirements for specific 

downstream applications. Furthermore, as the relevance of a given assessment criterion may vary depending on the 

specific context of evaluation, and its relative importance weight may change accordingly, we also show the potential 

of this system to a priori tailor our resources and products towards ad hoc applications, ultimately maximizing overall 

EV bioprocess cost and turnaround time efficiency. This is relevant not only to sustain and boost the performance of 

R&D activities within the frame of multicentric and multidisciplinary projects, but also to enhance the prospects of 

successfully translating R&D efforts into regulatory-compliant marketable solutions. Finally, by providing <real-

time=, traceable records of the whole EV PD cycle to be ultimately considered for final EV-based product regulatory 

dossier compilation, we further spotlight the promise hold by the EV-DMG to be leveraged as a valuable regulatory 

resource to promote well-structured regulatory communication and, consequently, more efficient, faster-paced 

review and approval times by NRAs.  
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Figure 7. Setting the EV-DMG metrics for EV PD – alignment of assessment criteria, sub-criteria and importance weights deducted 

from MISEV2018 guidelines’ checklist, Silva et al. (2021) [41] and Witwer et al. (2019) [42]. 
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