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Abstract
Natural killer cell-derived extracellular vesicles (NK-EVs) are candidate biothera-
peutics against various cancers. However, standardised potency assays are necessary
for a reliable assessment of NK-EVs’ cytotoxicity. This study aims to thoroughly
evaluate a highly sensitive resazurin phenoxazine-based cell viability potency assay
(measurement of the cellular redox metabolism) for quantifying the cytotoxicity of
NK-EVs against leukaemia K562 cells (suspension model) and breast cancer MDA-
MB-231 cells (adherent model) in vitro. The assay was evaluated based on common
analytical parameters setforth by regulatory guidelines, including specificity, selec-
tivity,accuracy, precision, linearity, range and stability. Our results revealed that this
resazurin-based cell viability potency assay reliably and reproducibly measured a
dose-response of NK-EVs’ cytotoxic activity against both cancer models. The assay
showed precision with 5% and 20% variation for intra-run and inter-run variability.
The assay signal showed specificity and selectivity of NK-EVs against cancer target
cells, as evidenced by the diminished viability of cancer cells following a 5-hour treat-
ment with NK-EVs, without any detectable interference or background. The linearity
analysis of target cancer cells revealed strong linearity for densities of 5000 K562 and
1000MDA-MB-231 cells per test with a consistent range. Importantly, NK-EVs’ dose-
response for cytotoxicity showed a strong correlation (|ρ| ∼ 0.8) with the levels of
known cytotoxic factors associated with the NK-EVs’ corona (FasL, GNLY, GzmB,
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PFN and IFN-γ), thereby validating the accuracy of the assay. The assay also dis-
tinguished cytotoxicity changes in degraded NK-EVs, indicating the ability of the
assay to detect the potential loss of sample integrity. Compared to other commonly
reported bioassays (i.e., flow cytometry, cell counting, lactate dehydrogenase release
assay, DNA-binding reporter assay and confluence assay), our results support this
highly sensitive resazurin-based viability potency assay as a high-throughput and
quantitative method for assessing NK-EVs’ cytotoxicity against both suspension and
adherent cancer models for evaluating NK-EVs’ biotherapeutics.

KEYWORDS
biotherapeutics, cancer, exosome, extracellular vesicles (EVs), natural killer (NK) cells, potency assay,
resazurin

 INTRODUCTION

Research in extracellular vesicle (EV)-based biotherapeutics in cancer treatment is soaring worldwide (Gandham et al., 2020;
Lener et al., 2015; Nguyen et al., 2020; Nieuwland et al., 2020; Reiner et al., 2017). However, a considerable barrier to the advance-
ment of natural killer cell-derivedEVs (NK-EVs) as a therapy for cancer has been the lack of validated standardised potency assays
to measure NK-EVs’ cytotoxic activity (Dosil et al., 2022; EL Andaloussi et al., 2013; Elsharkasy et al., 2020; Farcas & Inngjerdin-
gen, 2020; Federici et al., 2014; Geeurickx et al., 2019; Jiang et al., 2021; Lugini et al., 2012; Neviani et al., 2019; St-Denis-Bissonnette
et al., 2022; St-Denis-Bissonnette et al., 2023; Sun et al., 2019; Yáñez-Mó et al., 2015). Such standardised quantitative potency
assays must meet key attributes aligned with regulatory guidelines, such as the International Council for Harmonisation of Tech-
nical Requirements for Pharmaceuticals for Human Use (ICH) (FDA, 2011; Gimona et al., 2017; ICH, 2022; Nguyen et al., 2020;
Reiner et al., 2017). Other challenges include: i) comparing novel EV-based therapeutics across studies, EV lots/preparations, and
individual experiments (St-Denis-Bissonnette et al., 2023); ii) the need for more essential quality controls and consistent dosing
methodologies (Gimona et al., 2017; Nguyen et al., 2020; Reiner et al., 2017; St-Denis-Bissonnette et al., 2023).

Historically, flow cytometry and various plate-based assays have been used to evaluate the potency of various biotherapeutics,
including both cell and EV products (Choi et al., 2020; Cochran & Kornbluth, 2021; di Pace et al., 2020; Enomoto et al., 2022;
Federici et al., 2020; Han et al., 2020; Jiang et al., 2021; Kaban et al., 2021; Kim et al., 2022; Lugini et al., 2012; Shoae-Hassani
et al., 2017; Wu et al., 2019; Yang et al., 2021; Zhu et al., 2017; Zhu et al., 2019). Whilst many of these assays have also been
used to assess the cytotoxic effect of NK-EVs in various cancer cell models, to the best of our knowledge, no published stud-
ies have yet systematically investigated specificity, selectivity, accuracy, precision, linearity, range and stability of these potency
assays.
To thisend, we evaluated a high sensitivity (HS) cell viabilityassay, the PrestoBlue HS cell viability assay, which relies on reduc-

ing resazurin to resorufin (detectable by absorbance or fluorescence), as a measurement of the metabolic activity of living cells.
Here, we perform a rigorous analysis of the performance of this highly sensitive resazurin-based cell viability assay against other
commonly reported assays in the field using the NK92-MI cell line-derived-EVs, which is a clinically relevant model (Cochran
& Kornbluth, 2021; Enomoto et al., 2022; Kaban et al., 2021; Kim et al., 2022; St-Denis-Bissonnette et al., 2023;Wu et al., 2019;Wu
et al., 2021; Zhu et al., 2017; Zhu et al., 2019). This resazurin-based reagent, marketed by Thermo Fisher Scientific, is promoted
as an exceptional pure resazurin solution with better signal-to-background ratio compared to the standard version.
The assay performance and suitability were based on the evaluation of common analytical parameters such as accuracy (com-

paringmeasured values to a known reference), precision (measuring consistency across repeatedmeasurements, formally known
as Intermediate Precision, and reported as an intra-run and inter-run variation), linearity (confirming accurate and propor-
tional results across analyte concentrations), range (the interval between the lowest and the highest reportable results), specificity
and selectivity (assessing the accurate identification of the intended analyte without interference) and stability (evaluating the
integrity and performance of the product over time-based on bioactivity levels). Additionally, we performed Spearman dose-
response correlations using levels of known NK-EVs’ cytotoxic factors (i.e., Fas Ligand—FasL, Granulysin—GNLY, Granzyme
B—GzmB, Perforin—PFN and Interferon-gamma—IFN-γ) to validate the accuracy of the potency assay.
This is the first study to comprehensively provide common analytical parameters supporting the utility of a highly sensitive

resazurin phenoxazine-based cell viability assay as a reliable high-throughput and quantitative potency assay to measure the
cytotoxicity of NK-EVs against cancer cell models in comparison to other commonly used potency assays (e.g., flow cytometry,
cell counting, lactate dehydrogenase (LDH) release assay, DNA-binding reporter assay and confluence assay). This cell viability
assay’s high sensitivity, quick and user-friendly features render it an accessible and reliable method for assessing the potency
of NK-EVs’ cytotoxic products. This work contributes to the standardisation and development of potency assays for EV-based
cancer therapeutics, fostering advancement in the clinical translation of EV-based products.
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 MATERIALS ANDMETHODS

. Cell culture parameters

The human leukaemia K562 cell line (ATCC, CCL-243™) was cultured in RPMI-1640 with 10% Fetal Bovine Serum (FBS, Gibco,
cat#12483020). Cells were maintained between 1–6 × 105 cells/mL and passaged every 2–3 days. The human breast cancer cell
line MDA-MB-231 tagged with Red Fluorescent Protein (RFP) was cultured in Hams F-12 Medium (Corning cat#10-080-CV)
and high glucose DMEMwith GlutaMAX™ Supplement (Gibco, cat#10566016) at 1:1 ratio with 10% FBS. During passaging, cell
detachment was performed using TrypLe select (Gibco, cat#12563-029) after washing the cells with sterile Dulbecco’s phosphate-
buffered saline without Ca2+/Mg2+ (DPBS−/−, Gibco, cat#14190250). Cells were maintained between 3–4 × 104 cells/cm2 and
passaged every 2–3 days. The FreeStyle™ 293F cell line (Thermo Fisher Scientific, R790-07) was cultured in FreeStyle™ 293
Expression Medium (Gibco, cat#12338018) to produce non-therapeutic control EVs (i.e., 293F-EVs), as previously done (St-
Denis-Bissonnette et al., 2023). Cells were maintained between 1–3 × 106 cells/mL on a heat-resistant shaker (Thermo Fisher
Scientific, cat#88881127) at 135 RPM. Cell lines were cultured at 37◦C in a 5% CO2 incubator, except the 293F cell line, which
was cultured at 37◦C in an 8% CO2 incubator. Cell counting was performed on the Cellometer Auto 2000 Viability Counter
(Nexcelom BioScience LLC) using the ViaStain Acridine Orange and Propidium Iodide (Acridine Orange/Propidium Iodide)
Staining Solution (ESBE Scientific, cat#CS2-0106) with the immune cell AO/PI program (channel 1: 470/535 nm for 0.5 sec of
exposure and channel 2: 540/605 nm for 3 sec of exposure).

. Biomanufacturing of NK-EVs from NK-MI cells

As previously done, NK-EVs were manufactured using a large-scale biomanufacturing workflow that adheres to Good Manu-
facturing Practices and uses NK92-MI cells (St-Denis-Bissonnette et al., 2023). Briefly, the biomanufacturing of NK92-MI cells
and NK-EVs was performed using a closed-loop hollow fibre bioreactor to generate large quantities of clinical-grade NK-EVs.
NK92-MI cells were seeded into the hollow fibre cartridge and cultured in serum-free, xeno-free and feeder-free medium—
ImmunoCult™-XFTCell ExpansionMedium (StemCell Technologies, cat#10981).NK92-MI cellswere expanded in the cartridge
and harvested at the end of the production cycle. The EV-rich conditioned medium (CM) was collected and stored at −80◦C
daily until further processing.

. Purification of NK-EVs by fast protein liquid chromatography (FPLC) using size-exclusion
chromatography (SEC) and ultrafiltration (UF)

Purification of NK-EVs was performed as previously described with slight modifications (St-Denis-Bissonnette et al., 2023).
Thawed NK-EVs-rich CM was centrifuged at 10,000 × g for 30 min before being loaded into a 60 mL syringe (BD Biosciences,
cat#309653) for SEC-based EV purification. SEC was performed on the AKTA Fast Protein Liquid Chromatograph (GE Life-
sciences, cat#29022094) using the HiScale™ chromatography column 10/40 (Cytiva, cat#29360550) packed with CaptoCore
700 resin (Cytiva, cat#17548102) for a total bed height of 20 cm. The column/resin was stored in 20% ethanol (Commercial
Alcohols, cat#P006EAAN). Clean-in-place and priming procedures were performed using the following filtered solutions; fil-
tration performed using the 0.1 μm vacuum filtration unit Filtropur V50 (Sarstedt, cat#83.3941.002): cleaning solution (0.5 M
NaOH (Supelco, cat#SX0607N-6) and 30% Isopropyl Alcohol (EMD, cat#PX1834-1) in water), water and DPBS−/− (Fisher,
cat#BP399-1) according to manufacturer protocol. The ultraviolet absorbance was zeroed after the reading stabilised whilst run-
ning filtered-DPBS−/− through the instrument. The NK-EVs-rich CM was loaded on the column at a flow velocity of 150 cm/h
(flow rate of 2.0 mL/min). Sample fractionation, collected into 15 mL tubes (Corning, cat#430791), was initiated once the ultravi-
olet absorbance level passed the 230 mAU mark and stopped when the ultraviolet absorbance level dropped below the 1600
mAU mark. To ensure sterility, the fractionated sample was combined before filtration at 0.22 μm with a pre-wet (filtered-
DPBS−/−) Acrodisc Syringe Filter (Pall Corporation, cat#PN4612). Then, the FPLC-retentate solution was concentrated using
a pre-equilibrated (sterilised with 70% ethanol and rinsed twice with filtered-DPBS−/−) 10 kDa Centricon Plus-70 Centrifugal
Filter—regenerated cellulose membrane (Millipore Sigma, cat#UFC701008) at 4000 × g for 15–25 min to attain a concentration
factor of 40–45 X pre-concentration volume. The FPLC-retentate was mixed using a serological pipette after 15 min of spinning
using the Centricon apparatus. Then, the FPLC-retentate was further spun for an extra 10 min. The final retentate was collected
by inverting the filter into the collection cup and spinning the assembly at 2000 × g for 2 min. NK-EVs were stored at 4◦C, and
their use was limited to 7 days post isolation for the entire study, except for the experiment section entitled ‘Characteristics and
bioactivity assessment of NK-EVs following 25◦C treatment over time’. Each experimental replicate was made from a different
NK-EVs’ isolation.
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. Nanoparticle tracking analysis (NTA) of NK-EVs

NTA analysis was performed as previously described with slight modifications (St-Denis-Bissonnette et al., 2023). Purified NK-
EVs samples were thoroughly vortexed before preparing two EV dilutions within the working range of the system using filtered-
DPBS−/− and analysed using the NanoSight NS300 (V3.4 software; Malvern, UK), equipped with a 488 nm laser and a sCMOS
camera. For capture settings, the camera levelwas set to 14 and the detection threshold to 15 for analysis, resulting in approximately
30–80 particles per frame. Two dilutionswere run, one ranging from 30–50 particles per frame and the other from 50–80 particles
per frame (dilutions of 1500X and 1000X, respectively). After temperature-stabilising the instrument at 23◦C, approximately 1mL
of NK-EVs sample was loaded in a 1 mL syringe (Thermo Fisher Scientific, cat#MB9204560TF-LAB), where roughly half of the
syringe content was manually injected into the chamber of the instrument until the camera observed stable particles per frame.
The syringe was then mounted on the syringe pump (Harvard Apparatus, cat#984730) for acquisition capture in flow mode
(flow speed 30) for one capture of 1 min. After the acquisition, the flow rate was increased to 1000 for ∼10 sec before returning to
30. This sequence was repeated for a total of five captures. This acquisition method allows sampling and analysis of the sample
through the syringe, assuring an accurate representation of the entire sample. To ensure maximal reproducibility and accuracy,
the EV concentration was calculated for each NK-EVs preparation by averaging the dilution-corrected concentration of both
dilutions ran on NTA, where each dilution captures were averaged.

. ELISA assessment and protein quantification of NK-EVs’ corona

ELISA assessment of purified intact NK-EVs was performed per the manufacturer’s protocol to assess the level of the following
cytotoxic factors that are likely associated with theNK-EVs’ corona: FasL/TNFSF6 (R&D Systems, cat#DFL00B), GNLY (Abcam,
cat#ab256402), GzmB (R&DSystems, cat#DGZB00), PFN (Abcam, cat#ab46068) and IFN-γ (R&DSystems, cat#DIF50C). Read-
ings were made using the Microplate Reader (BioTek Synergy H1 Multimode Reader; cat#SH1M2G-SN; Gen5 software V3.14).
PBS buffer was added as a control for background subtraction in data processing, and negative values were zeroed. Protein quan-
tification was performed using the Qubit® Protein BR Assay Kit (Invitrogen, cat#A50669) on the Qubit 4 Fluorometer according
to the manufacturer’s protocol, using triplicates.

. Resazurin-based cell viability assay: Potency evaluation of NK-EVs treated cancer cells

Using 96-well Flat Clear BottomBlack Polystyrene TC-treatedMicroplates (Costar, cat#3603), 5000K562 target cells (suspension
cells) or 1000 MDA-MB-231 target cells (adherent cells) were seeded per well; four technical replicates per condition. Cells were
maintained in Fluorobrite DMEM (Gibco, cat#A18967-01) with 10% Exosome-Depleted FBS (Gibco, cat#A2720803), where the
final well volume was normalised to 250 μL final. Untreated cells, 1X of Triton-X 100 (Sigma, cat#T-9284) detergent-treated cells
and 293F-EVs were used as controls. Cells were allowed to settle into the plate for 1–2 hours before adding effector EVs (NK-EVs
and negative control 293F-EVs) at various effector EVs to target cancer cell ratios: 500; 5000; 50,000; 500,000 and 5,000,000.
After 5 hours of treatment at 37◦C with 5% CO2, PrestoBlue™ HS Cell Viability Reagent Assay (Invitrogen, cat#P50200) was
added to each well as per manufacturer protocol. Plate incubation was performed at 37◦C in a 5% CO2 incubator and pro-
tected from light for 90 min (maximising the assay sensitivity). Fluorescence was measured (Ex/Em 560/590 ± 9 nm) with
a Microplate Reader (BioTek Synergy H1 Multimode Reader; cat#SH1M2G-SN; Gen5 software V3.14), temperature-stabilised
at 37◦C to reduce temperature-variation on fluorescence measurements. Before acquisition, the plate reader mixed the plate
for 60 sec at 350 RPM to homogenise the content in each well. Technical replicates were averaged for analysis and then cor-
rected for background before performing a dose-response analysis using a non-linear regression for inhibition effect showing
the log(inhibitor) versus normalised response—variable slope without constraint; the Hillslope and EC50 were recorded.

. Resazurin-based cell viability assay: Evaluation of linearity and range

To assess this resazurin-based cell viability assay linearity, K562 cells or MDA-MB-231 cells were seeded, ranging from 0 cells to
50,000 cells per well (0, 10, 50, 100, 500, 750, 1000, 2500, 5000, 10,000, 25,000 and 50,000), in 96-well Flat Clear Bottom Black
Polystyrene TC-treated Microplates. To assess this resazurin-based cell viability assay range, 5000 K562 cells/well were seeded at
varying levels of viability (0%, 5%, 10%, 20%, 25%, 37.5%, 50%, 62.5%, 75%, 80%, 90% and ‘max; as per AO/PI counting’), which
was achieved bymixing the appropriate ratio of untreated cells to heat-shocked (30min at 70◦C) treated K562 cells. Alternatively,
1000 MDA-MB-231 cells/well were seeded with varying levels of viability (cells treated with varying concentrations of sodium
dodecyl sulphate solution (SDS; Sigma, cat#71736-500mL) for 30–60min). MDA-MB-231 cells were allowed to settle and adhere
to the bottom of the plate for at least 12–24 hours before linearity and range assessment. The culture media was changed prior
to evaluation to remove un-attached MDA-MB-231 cells. Well volume was normalised to 100 μL final using Fluorobrite DMEM
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with 10% FBS. Cell viability assessment was performed as detailed in the section ‘Resazurin-based cell viability assay: Potency
evaluation of NK-EVs treated cancer cells’.

. Characteristics and bioactivity assessment of NK-EVs following ◦C treatment over time

After NK-EVs’ purification, the final product was thoroughly vortexed before being equally aliquoted in Eppendorf Protein
LoBind 0.5 mL tubes (Eppendorf, cat#022431064). NK-EVs aliquots were treated at 25◦C for 3 weeks to promote product
degradation. Weekly, NTA was used to assess the NK-EVs’ characteristics for size and concentration quantification (as detailed
above) and selected plate-based assays (PrestoBlue™ HS Cell Viability assay and Cell Counting Kit 8 Assay (Sigma-Aldrich,
cat#96992)—CCK8) to assess NK-EVs’ bioactivity. Cytotoxicity assessment of NK-EVs was performed using 96-well Flat Clear
Bottom Black Polystyrene TC-treated Microplates, in which 5000 K562 target cells (suspension cells) were seeded per well in
duplicates. Untreated cells and media only were used as controls. K562 cancer cells were maintained in Fluorobrite DMEMwith
10% Exosome-Depleted FBS. Well volume was normalised to 100 μL final using the cell culture medium, where the plate was
maintained at 37◦C with 5% CO2. We used 1X CCK8 (450 nm absorption) for continuous assessment (every hour for the first
8 hours and then every 24 hours until 72 hours). Cell Viability assessment was performed as detailed in the section ‘Resazurin-
based cell viability assay potency evaluation of NK-EVs treated cancer cells’. Cell viability was calculated as follows, where RFU
is relative fluorescence units:

% Cell viability =
(
EV treated cells RFU
Untreated cells RFU

)
x 100%

. EV-TRACK

We have submitted all relevant data of our experiments to the EV-TRACK knowledgebase (EV-TRACK ID: EV230983) (van
Deun et al., 2017).

. Statistical analysis

Datawere expressed as themeans± the standard deviation (SD) or the standard error of themean (SEM) as indicated in the figure
legend. Data were normalised to the control group for relative comparison, as indicated in each figure legend. The number of
experimental and technical replicates used is also indicated in figure legends. Statistical analyses were performed usingGraphPad
Prism version 7.0 (GraphPad Software Inc., LaJolla, CA, USA). Two-way ANOVA followed by post hoc tests (Tukey’s or Sidak’s
multiple comparisons) were used and identified in the figure legend. Results were considered significant when p < 0.05. To
assess the accuracy of potency assays, we performed Spearman correlations between the outcome of the assay (response induced
by NK-EVs) and the level of cytotoxic factors, where the response was transformed to its logarithmic value (log of RFU), and
the cytotoxic factor dose was transformed to its root square value (sqr of cytotoxic factor ng/mg of proteins) for better data
representation. Correlation coefficient values (ρ) are defined as perfectly negative (−1), strongly negative (−0.8), moderately
negative (−0.5), weakly negative (−0.2), no association (0), weakly positive (0.2), moderately positive (0.5), strongly positive
(0.8), perfectly positive (1).

 RESULTS

This study aims to thoroughly evaluate potency assays for quantifying NK-EVs’ cytotoxicity, starting with a highly sensi-
tive resazurin-based cell viability assay (measurement based on redox metabolism), based on common analytical parameters,
including specificity, selectivity, accuracy, precision, linearity, range and stability.

. Resazurin-based cell viability assay reaffirms a dose-dependent cell viability loss in leukaemia
cells after treatment with NK-EVs

First, cell viability loss following NK-EVs treatment was reaffirmed using a highly sensitive resazurin-based cell viability assay, as
previously shown (St-Denis-Bissonnette et al., 2023). Cytotoxic NK-EVs or negative control 293F-EVs were incubated at various
concentrations with the leukaemia cell line K562 (gold-standard cell model for NK cytotoxicity (Pross et al., 1981)) for over
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TABLE  Spearman correlational analyses of selected NK-EV’s corona cytotoxic factors detected by ELISA in relation to PrestoBlue viability assay
responses in leukaemia K562 cells.

Potency assay PrestoBlue HS CCK

Assay quality/robustness Z’ factor 0.9340 0.8446

Spearman correlation by cytotoxic factor GzmB Rho (ρ) −0.7403 −0.7982

p-value 0.0071 0.0032

R2 0.7640 0.6370

PFN Rho (ρ) −0.7403 n.a.

p-value 0.0071 n.a.

R2 0.7596 n.a.

FasL Rho (ρ) −0.6940 n.a.

p-value 0.0104 n.a.

R2 0.8010 n.a.

IFN-γ Rho (ρ) −0.6940 n.a.

p-value 0.0104 n.a.

R2 0.7876 n.a.

GNLY Rho (ρ) −0.6940 n.a.

p-value 0.0104 n.a.

R2 0.7823 n.a.

|Average| Rho (ρ) 0.7125 0.7982

p-value 0.0091 0.0032

R2 0.7789 0.6370

Note: Coefficient value (r) are defined as perfectly negative (−1), strongly negative (−0.8), moderately negative (−0.5), weakly negative (−0.2), no association (0), weakly positive (0.2),
moderately positive (0.5), strongly positive (0.8), perfectly positive (1). Each correlation was made using n= 14 data points acquired from n= 3 experimental replicates with appropriate
technical replicates.

5 hours. As shown in Figure 1a-i, the cell viability assay revealed a dose-response of K562 cell viability loss after treatment with
NK-EVs. In contrast, control 293F-EVs did not exhibit a cytotoxic dose-response, indicating a specific effect attributed to the
cytotoxic effectors of NK-EVs. The EC50 of NK-EVs’ cytotoxic effect was measured at an E: T ratio (Effector: Target) of 392,351
particles per K562 cell, as shown in Figure 1a-ii.

. Resazurin-based cell viability assay shows excellent dose-dependent correlations to known
cytotoxic factors of NK-EVs’ corona in leukaemia K cells

To validate the accuracy of this cell viability assay as a reliable potency assay for NK-EVs’ cytotoxicity against target cancer
cells, the levels of cytotoxic factors (i.e., FasL, GNLY, GzmB, PFN and IFN-γ) that are likely associated with the NK-EVs’ corona
(i.e., a layer of molecules embedded to the EV external surface, thereby excluding the intravesicular content) were assessed by
ELISA and used for dose-response correlations. The levels of each cytotoxic factor (square root transformed) were correlated
to the corresponding cell viability assay RFU values (logarithmically transformed). Data transformation was done to optimise
data visualisation. As shown in Figure 1b, dose-response of the cell viability assay strongly correlated with all cytotoxic factors
that mediate cell death in target K562 cells (|ρ| ∼ 0.757–0.828 and R2

∼ 0.772–0.828). Notably, all cytotoxic factors correlated
similarly, as shown in Table 1. Comparatively, 293F-EV control did not yield a dose-response correlation, as shown in Figure
S1 and Table 2. The abundance of cytotoxic factors in the NK-EVs’ corona across different batches of product preparations is
depicted in Figure 1c. NK-EVs’ corona is composed of GzmB (54.63 ± 6.27 ng), GNLY (7.08 ± 1.16 ng), PFN (2.83 ± 0.25 ng),
FasL (1.63 ± 0.36 ng) and IFN-γ (0.80 ± 0.14 ng), normalised to the protein levels (mg) in solution.

. Resazurin-based cell viability assay shows precision with K cells

To assess this resazurin-based cell viability assay precision, the coefficient of variation (% CV, defined as the ratio of the standard
deviation to the mean) from the results in Figure 1a was plotted. As shown in Figure 2a, intra-run variability (between technical
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F IGURE  Resazurin-based cell viability assay reaffirms a dose-dependent cell viability loss in leukaemia cells after NK-EV correlating with levels of
cytotoxic factors. (a) Leukaemia K562 cells were treated for 5 hours with various E: T ratios of NK-EVs or negative control 293F-EVs, followed by endpoint
resazurin-based cell viability assay. The results are presented in (i) RFU (Relative Fluorescence Units) readouts (black dashed line represents lysed K562 cell
control; detergent-treated) and (ii) EC50 curve analysis with variable slope for NK-EV treatment with 95% confidence interval/prediction bands (red dashed
line represents 50% response). Data are shown as mean ± S.E.M. from seven independent experiments, each with technical quadruplets. (b) Spearman
correlations of selected NK-EV’s corona cytotoxic factors (GzmB, GNLY, PFN, FasL and IFN-γ) detected by ELISA in relation to cell viability assay using
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TABLE  Spearman correlational analyses of selected 293F-EV’s corona cytotoxic factors detected by ELISA in relation to PrestoBlue viability assay
responses in leukaemia K562 cells.

Potency assay PrestoBlue HS

Spearman correlation by cytotoxic factor GzmB Rho (ρ) 0

p-value 0.999

R2 0

PFN Rho (ρ) 0

p-value 0.999

R2 0

FasL Rho (ρ) 0

p-value 0.999

R2 0

IFN-γ Rho (ρ) 0

p-value 0.999

R2 0

GNLY Rho (ρ) 0

p-value 0.999

R2 0

|Average| Rho (ρ) 0.0000

p-value 0.9990

R2 0.0000

Note: Coefficient value (r) are defined as perfectly negative (−1), strongly negative (−0.8), moderately negative (−0.5), weakly negative (−0.2), no association (0), weakly positive (0.2),
moderately positive (0.5), strongly positive (0.8), perfectly positive (1). Each correlation was made using n= 14 data points acquired from n= 3 experimental replicates with appropriate
technical replicates.

quadruplets within each assay) ranges from 2.94 to 9.63% CV with a mean of 6.15% CV. Similarly, inter-run variability (between
independent assays) ranges from 13.48 to 24.46% CV with a mean of 20.05% CV, as shown in Figure 2b and Table 3.

. Resazurin-based cell viability assay exhibits both selectivity and specificity in detecting the
loss of cell viability and shows excellent linearity and range with K cells

To evaluate the selectivity and specificity of this resazurin-based cell viability assay, varying concentrations of purified NK-
EVs were introduced into a plate containing only the cell viability reagent without any cancer cells present. Consequently, the
contribution of NK-EVs alone on the assay readings, specifically assessing their background and interference, was evaluated. As
depicted in Figure 2c, the assay readouts remained unaffected by adding NK-EVs alone, regardless of the dose. This affirms that
the assay readouts specifically reflect a decline in target cell viability and are not impacted by NK-EVs alone, thus showing no
measurable interference.
The incubation time for this highly sensitive resazurin-based cell viability reagent was comprehensively evaluated to assess

the assay’s rapidity and sensitivity using the 96-well plate format, as shown in Figure S2. A minimum of 30 min of incuba-
tion is required to achieve statistical differences (p < 0.0005), yielding a fold-difference close to 13 for untreated K562 cells
(5842.93 ± 833.14 RFU) over detergent-treated K562 cells (469.38 ± 81.24 RFU). Shorter incubation times did not yield statis-
tically significant results (α = 0.05). Comparatively, 90 min (p < 0.0001) of incubation allowed for a fold-difference close to 18
when comparing untreated K562 cells (12,845.80 ± 1758.80 RFU) to detergent-treated K562 cells (734.56 ± 92.87 RFU). The
assay signal for untreated K562 cells increased proportionally over time, whereas the signal for detergent-treated cells barely
increased.
Moreover, the linearity of this resazurin-based cell viability assay was assessed by seeding K562 cells in a 96-well plate, ranging

from 0 to 50,000 cells, and performed a linear regression analysis. The assay exhibited a linear response capable of detecting

leukaemia K562 cells (n = 14 correlations pairs where one pair (a dot in the figure) represents the correlation between the level of a cytotoxic factor and the cell
viability assay readout for a given NK-EV dose). (c) NK-EVs corona cytotoxic factors (schematically shown) were assessed by ELISA and presented as the
protein-normalised levels (ng/mg of protein) of a given cytotoxic factor (GzmB, GNLY, PFN, FasL and IFN-γ) using total protein levels (mg) detected by Qubit
Protein Assay. Data are shown as mean ± S.D. from three independent experiments, each with technical duplicates.
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F IGURE  Analytics of highly sensitive resazurin-based cell viability assay conducted with K562 leukaemia cells. (a) The mean coefficient of
variance ± S.D., representing the intra-run variability in the resazurin-based cell viability assay, was calculated from seven independent experiments, each with
technical quadruplets. Each independent experiment had eight samples, including six NK-EV doses, untreated K562 cells and detergent-treated K562 cells. (b)
The mean coefficient of variance ± S.D., representing the inter-run variability in the resazurin-based cell viability assay, was calculated from seven independent
experiments, each with technical quadruplets. Each independent experiment had eight samples, including six NK-EV doses, untreated K562 cells and
detergent-treated K562 cells. (c) Fluorescence readings (RFU) of varying NK-EV doses for resazurin-based cell viability assay assessment are presented as
mean ± S.E.M. from eight independent experiments, each with technical duplicates. The green and orange dashed line represents the upper (5000 K562 cells
alone without any NK-EV treatment) and lower (media only without any cells or NK-EVs) assay readouts, respectively, based on controls. Legends: LC—lysed
cells. (d) Linearity assessment of resazurin-based cell viability assay (0–50,000 K562 cells/well). The data are presented as mean ± S.E.M. from four
independent experiments, each with technical duplicates. (e) Range assessment of resazurin-based cell viability assay (5000 K562 cells/well with varying levels
of viability). The data are presented as mean ± S.E.M. from four independent experiments, each with technical duplicates.

a minimum of 100 cells per well and a maximum of 25,000 cells per well, highlighting its high sensitivity. Using the 96-well
plate format without allowing cell replication, robust linearity for 100–10,000 K562 cells/well (R2

∼ 0.994 and |ρ| ∼ 0.991) was
demonstrated, as depicted in Figure 2d. Similarly, the assay rangewas assessed by seeding 5000K562 cells/well with varying levels
of viability, artificially generated by mixing the appropriate ratio of untreated cells to heat-shocked treated K562 cells. Using the
96-well plate format and without allowing cell replication, the assay could distinguish between low and high levels of cell viability
(R2

∼ 0.995 and |ρ| ∼ 0.993), as shown in Figure 2e.

. Resazurin-based cell viability assay effectively discriminates changes in NK-EVs’ bioactivity
following a ◦C treatment over time

To evaluate the ability of this resazurin-based cell viability assay to distinguish changes in bioactivity, NK-EVs were subjected to
a 25◦C treatment over 3 weeks to expedite NK-EVs’ degradation. Importantly, the 25◦C treatment temperature was intentionally
selected to accelerate product degradation over a short period, unlike the more commonly used storage temperature for EVs
(4, −20 or −80◦C), which favours product stability. Functional potency is a stability-indicating quality attribute for investiga-
tional biotherapeutics, including NK-EVs. To evaluate the stability of 25◦C-treated NK-EVs cell viability was assessed using this
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TABLE  PrestoBlue viability assay variability (precision; intra-run and inter-run coefficient of variation) for K562 cells.

Samples Mean S.D. CV%

Intra-run

1 15,444.50 2215.63 14.35

2 9986.50 1728.18 17.31

3 23,623.00 1995.21 8.45

4 25,618.25 919.10 3.59

5 15,847.67 420.69 2.65

6 12,882.33 828.54 6.43

7 11,930.00 659.91 5.53

8 5587.00 257.71 4.61

9 5435.00 21.21 0.39

10 9754.50 340.13 3.49

11 10,577.00 247.26 2.34

12 8507.33 124.04 1.46

13 5287.33 179.92 3.40

14 5221.00 231.93 4.44

15 11,930.00 659.91 5.53

16 5307.75 62.90 1.19

17 4149.75 75.45 1.82

18 8939.50 128.96 1.44

19 9806.75 70.10 0.71

20 6319.00 356.38 5.64

21 3864.00 442.65 11.46

Average CV% – – 5.06

Inter-run

1 13,218.20 2453.91 18.56

2 6007.53 1404.54 23.38

3 4697.80 1085.96 23.12

4 14,255.35 2274.54 15.96

5 13,154.55 1773.56 13.48

6 13,073.60 3197.18 24.46

7 10,439.60 2375.74 22.76

8 6240.95 1355.51 21.72

Average CV% – – 20.43

resazurin-based cell viability assay, and particle size range distribution, and concentration by Nanoparticle Tracking Analysis
(NTA) every week.
In this experiment, three NK-EVs doses were selected to depict the dose-response effect against gold-standard leukaemia

cells, as shown in Figure 3a. After EV isolation, NK-EVs at time 0 yielded cytotoxicity against K562 cells, except for the low dose
(2 × 104 NK-EVs per K562 cell). For instance, the medium dose (1 × 106 NK-EVs per K562 cell) and the high dose (2 × 107 NK-
EVs per K562 cell) generated 20.69% ± 3.43% and 80.26% ± 1.04% cytotoxicity, respectively. However, after 1 week of treatment
at 25◦C, the functionality of the NK-EVs was significantly impaired. Notably, the medium dose (1 × 106 NK-EVs per K562 cell)
could no longer yield cytotoxicity. In contrast, the high dose (2 × 107 NK-EVs per K562 cell) only produced an 18.30 ± 7.30%
cytotoxic effect. This represents approximately a 62% potency difference for the same dose equivalency between untreated and
temperature-treated NK-EVs for the high treatment dose. Moreover, NK-EVs’ cytotoxicity was entirely reduced by the second
week of treatment, highlighting the ability of this resazurin-based cell viability assay to detect changes in the NK-EVs product
bioactivity. Interestingly, despite this loss of function, the product size distribution and concentration remained highly consis-
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F IGURE  Resazurin-based cell viability assay distinguishes changes in bioactivity after exposure of NK-EVs to 25◦C treatment over time using K562
leukaemia cells. (a) K562 cells were treated for 5 hours with various E: T ratios of NK-EVs (after incubation at 25◦C for 0, 1, 2 and 3 weeks), where their viability
was assessed using the resazurin-based cell viability assay. The black dashed line represents lysed K562 cell control (detergent-treated) and the green dashed line
represents untreated K562 cells. NK-EV dose information per K562 cell: low dose (2 × 104), medium dose (1 × 106) and high dose (2 × 107). Data are presented
as mean ± S.E.M. from four independent experiments, each with technical duplicates. (b) NK-EV particle product concentration (particles/mL) measured over
time by NTA, presented as mean ± S.D. from four independent experiments, each with technical duplicates. (c) NK-EV product size distribution after
exposure to 25◦C for 0, 1, 2 and 3 weeks, measured by NTA, shown as mean from four independent experiments, each with 10 technical replicates.

tent over time, as depicted in Figure 3b,c and Table 4, suggesting that EV size and concentration are not stability-indicating
attributes.

. Assessment of the resazurin-based cell viability assay using adherent breast cancer cell model

Since this resazurin-based cell viability assay showed promising results in evaluating the cytotoxic effect of NK-EVs using the
gold-standard leukaemia cell line K562 (suspension model), we asked whether it also performed well using adherent cancer
cells as targets. Following a similar methodology, cytotoxic NK-EVs or negative control 293F-EVs were incubated at vari-
ous concentrations to treat breast cancer MDA-MB-231 cells over 5 hours. The potency of NK-EVs was assessed using this
resazurin-based cell viability assay. As shown in Figure 4a-i, this resazurin-based cell viability assay revealed a dose-response of
MDA-MB-231 cell viability loss after NK-EVs’ treatment. The EC50 of NK-EVs’ cytotoxic effect was measured at an E: T ratio
of 655,055 NK-EVs’ particles per MDA-MB-231 cell, as shown in Figure 4a-ii. There was a similar correlational trend for all
cytotoxic factors that mediate cell death in target MDA-MB-231 cells (|ρ| ∼ 0.631–0.653 and R2

∼ 0.747–0.827), as shown in
Figure 4b.
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F IGURE  Resazurin-based cell viability assay reveals a dose-dependent cell viability loss in in adherent breast cancer MDA-MB-231 cells upon NK-EV
treatment correlating with levels of cytotoxic factors. (a) Breast cancer MDA-MB-231 cells were treated for 5 hours with various E: T ratios of NK-EVs or
negative control 293F-EVs, followed by endpoint resazurin-based cell viability assay. The results are presented in (i) RFU (black dashed line represents lysed
cell control) and (ii) EC50 curve analysis with variable slope for NK-EV treatment with 95% confidence interval/prediction bands (red dashed line represents
50% response). Data are shown as mean ± S.E.M. from six independent experiments, each with technical quadruplets. (b) Spearman correlations of the
selected NK-EVs corona cytotoxic factors (GzmB, GNLY, PFN, FasL and IFN-γ) in relation to cell viability assay responses in MDA-MB231 cancer cells (n = 14
correlations pairs where one pair (a dot in the figure) represents the correlation between the level of a cytotoxic factor and the cell viability assay readout for a
given NK-EV dose).

This resazurin-based cell viability assay exhibited precision for intra-run variability ranges from 3.12 to 6.79%CVwith a mean
of 5.53%CV, as shown in Figure 5a. Similarly, the inter-run variability ranges from 17.69 to 25.74%CVwith amean of 22.5%CV, as
shown in Figure 5b and Table 5. Additionally, this resazurin-based cell viability assay signal showed excellent linearity and range
in breast cancer MDA-MB-231 cells, using the 96-well plate format, allowing the cells to adhere to the well and washing away
unadhered cells. Figure 5c shows robust linearity for 100–10,000 MDA-MB-231 cells/well (R2

∼ 0.998 and |ρ| ∼ 1.000). Similarly,
the assay range was assessed by seeding 1000 MDA-MB-231 cells/well with varying levels of viability artificially generated after
treatment with different concentrations of SDS (anionic detergent). As shown in Figure 5d, the assay could distinguish between
low and high viability (R2

∼ 0.816 and |ρ| ∼ 0.833).
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F IGURE  Analytics of highly sensitive resazurin-based cell viability assay conducted with adherent MDA-MB-231 breast cancer cells. (a) The mean
coefficient of variance ± S.D., reflecting the intra-run variability in the resazurin-based cell viability assay, was calculated from six independent experiments,
each with technical quadruplets. Each independent experiment had eight samples, including six NK-EV doses, untreated MDA-MB-231 cells, and
detergent-treated MDA-MB-231 cells. (b) The mean coefficient of variance ± S.D., reflecting the inter-run variability in the resazurin-based cell viability assay,
was calculated from six independent experiments, each with technical quadruplets. Each independent experiment had eight samples, including six NK-EV
doses, untreated MDA-MB-231 cells and detergent-treated MDA-MB-231 cells. (c) Linearity assessment of resazurin-based cell viability assay (0–50,000 breast
cancer MDA-MB-231 cells/well). The data are presented as mean ± S.E.M. from four independent experiments, each with technical duplicates. (d) Range
assessment resazurin-based cell viability assay (1000 breast cancer MDA-MB-231 cells/well with varying levels of viability). The data are presented as
mean ± S.E.M. from four independent experiments, each with technical duplicates.

. Alternative potency assays for NK-EVs’ functional assessment show limitations

Alternative potency assays were evaluated under the same conditions as this resazurin-based cell viability assays, including assay
length, seeding density (except for non-plate-based assays) and variousNK-EVs doses. Initially, the CCK8 viability assay, another
metabolism-based assay, was investigated, allowing for continuous monitoring of cell viability (72 hours of treatment). Both
cell models (K562 and MDA-MB-231 cells) exhibited an increasing difference in CCK8 dye readings over time between high
treatment doses (i.e., 2 × 106 NK-EVs per K562 cell) compared to untreated cells and the cells treated with lower doses of NK-
EVs, as shown in Figure S3A. For the highest dose of NK-EVs (2 × 106 NK-EVs per K562 cell), it took approximately 3 and
48 hours to observe significant signal divergence from non-treated K562 cells and non-treated MDA-MB-231 cells, respectively.
However, the seeding density of 5000 cells/well (suspension K562 cells) resulted in the loss of the assay range after approximately
48 hours of culture (Figure S3A-i). This was not the case for the seeding density of 1000 cells/well for adherent MDA-MB-231
cells. The CCK8 viability assay also strongly correlated with GzmB levels (|ρ| ∼ 0.8 with statistical significance and R2

∼ 0.637),
as shown in Figure S3B. Importantly, CCK8 assay readings, like those of the resazurin-based cell viability assay, are specific to a
loss of cell viability and are not influenced by NK-EVs alone, as shown in Figure S3C. To simplify the assay precision analysis,
the intra/inter-run variability was calculated using untreated cancer cells over time, and the results are comparable to the other
samples. As shown in Figure S3D, the intra-run variability ranges from 1.12 to 8.97% CV with a mean of 1.84% CV. As shown in
Figure S3E, inter-run variability ranges from 0.42 to 7.98% CV with a mean of 1.32% CV.

Further, the endpoint lactate dehydrogenase (LDH) release assay, often used as a surrogate for cytotoxicity via LDH release
indicative of cell membrane damage during cell death processes, was also investigated. The measured signal was not selective to
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TABLE  PrestoBlue viability assay variability (precision; intra-run and inter-run coefficient of variation) for MDA-MB-231 cells.

Samples Mean S.D. CV%

Intra-run

1 6381.50 422.24 6.62

2 5573.00 163.00 2.92

3 5406.00 66.79 1.24

4 4892.75 290.18 5.93

5 4813.75 37.88 0.79

6 4168.00 79.33 1.90

7 11,502.50 610.59 5.31

8 8372.50 660.89 7.89

9 7955.00 170.20 2.14

10 10,321.33 45.94 0.45

11 8335.50 271.29 3.25

12 7641.75 339.62 4.44

13 8520.33 726.20 8.52

14 8171.00 179.57 2.20

15 6657.50 355.67 5.34

16 9472.50 659.61 6.96

17 8768.00 216.01 2.46

18 6657.50 355.67 5.34

19 6332.00 355.27 5.61

20 5202.00 149.84 2.88

21 4900.00 432.75 8.83

Average CV% – – 4.34

Inter-run

1 8381.93 2157.27 25.74

2 7075.81 1681.79 23.77

3 6240.50 1347.46 21.59

4 8555.50 1834.60 21.44

5 8398.00 1994.66 23.75

6 8875.92 2176.79 24.52

7 7190.21 1618.45 22.51

8 5914.07 1046.38 17.69

Average CV% – – 22.63

NK-EVs’ cytotoxicity but rather to endogenous LDH present in NK-EVs, as evidenced by quantitative assessment in Figure S4A,
where even NK-EVs alone (in the absence of cells) could yield a signal indicative of LDH presence. Furthermore, a relatively
low dose of 1 × 108 NK-EVs generated an LDH signal comparable to the one from the detergent-treated cell control (theoretical
maximum).
Next, the endpoint CellTox DNA-binding dye cytotoxicity assay was also investigated. The assay signal was determined to be

non-selective, where quantitative assessment demonstrated an artificially generated assay signal when measuring DNA presence
via the CellTox dye in NK-EVs alone (without the presence of cells), as shown in Figure S4B. This indicates the presence of
endogenously loaded DNA in NK-EVs.
Lastly, AO/PI counting and flow cytometrymethods for evaluating the cytotoxic effect of NK-EVs were investigated. As shown

in Figure S5, AO/PI cell counting, and flow cytometry methods could not yield the expected NK-EVs’ cytotoxic dose-response
in both K562 and MDA-MB-231 cell models despite these assays working correctly according to controls. Figure S6 depicts the
flow cytometry gating strategy.
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 DISCUSSION AND CONCLUSION

Potency assays are critical requirement for the development of commercially available cell and gene therapy products. Accord-
ingly, potency assays should align with the published guidelines set forth by the ICH (ICH Q6B, ICH Q2(R2), ICH Q8), which
are adopted and implemented internationally by multiple regulatory agencies. Potency assays, whether applied to biological or
non-biological, are defined as methods capable of predicting a product’s specific ability to achieve the desired clinical outcome
using appropriate laboratory tests, providing representative measurements of the therapeutic effect (FDA, 2011; Nguyen et al.,
2020; Reiner et al., 2017). Adopting a standardised potency assay helps set acceptance limits for both the release and validation of
drug substance, ensuring results meet specified criteria. Such test should possess key attributes, including the ability to (1) assess
potential therapeutic function, (2) provide quantitative measurements, (3) utilise reference materials if possible and (4) con-
tribute to confirmation of product identity. Additional requirements are needed for clinical manufacturing and product release
(FDA, 2011; Geeurickx et al., 2019; Nguyen et al., 2020; Reiner et al., 2017).
As the interest in EV biotherapeutics in cancer treatment continues to grow, there is a critical need to establish, refine and stan-

dardise potency assays for cytotoxic EV products (Nguyen et al., 2020). These assays are crucial building blocks for developing
and advancing therapeutic applications using EVs. For in vitro assays, various techniques, including flow cytometry (Cochran
& Kornbluth, 2021; di Pace et al., 2020; Enomoto et al., 2022; Han et al., 2020; Jiang et al., 2021; Kim et al., 2022; Lugini et al.,
2012; Wang et al., 2019; Zhu et al., 2017), cell counting (Jong et al., 2017; Kim et al., 2022; Wu et al., 2019), a range of plate-based
assays (Choi et al., 2020; Cochran & Kornbluth, 2021; Han et al., 2020; Jiang et al., 2021; Kaban et al., 2021; Kim et al., 2022;
Shoae-Hassani et al., 2017; St-Denis-Bissonnette et al., 2023; Wu et al., 2019; Yang et al., 2021; Zhu et al., 2019; Zhu et al., 2018)
and reporter loss assays (Jong et al., 2017; Wang et al., 2019; Zhu et al., 2017) have been employed for this purpose. Nonetheless,
challenges persist in the reliable evaluation of EVs’ therapeutic potential against cancer, hindering progress (Nguyen et al., 2020;
St-Denis-Bissonnette et al., 2023). These challenges encompass various aspects of the preclinical assessment, including a lack of
standardised or even proven assays, inconsistent dosing methodology (i.e., NTA vs. protein dosing), essential quality controls
and inadequate time points or cell models (Gimona et al., 2017; Reiner et al., 2017). Potency assays should also allow for discrimi-
nation between an active and inactive or degraded form of the product (bioactivity levels) (FDA, 2011; Nguyen et al., 2020; Reiner
et al., 2017). Adhering to regulatory guidelines is crucial, and potency assays play a vital role in their development (Gimona et al.,
2017). Pursuing potential novel EV-based therapeutics and comparing results between studies, EV lots/preparation, and indi-
vidual experiments is complicated and sometimes only possible with a standardised evaluation process. Therefore, establishing
standardised assays to robustly assess cytotoxic NK-EVs is urgently needed.
To address this demand, we assessed a highly sensitive resazurin phenoxazine-based cell viability potency assay (PrestoBlue

HS Cell Viability Reagent) for evaluating the cytotoxic effect of NK-EVs against cancer cells, building on promising results in
our previous report (St-Denis-Bissonnette et al., 2023). This product is a ready-to-use resazurin-based solution serving as a
cell health indicator, using the reducing power of living cells to measure viability quantitatively. Other metabolism-based cell
viability assays, such as alamarBlue (resazurin-based reagent), CellTiter-Blue® cell viability assay (resazurin-based reagent) and
3-[4,5-dimethylthiazol-2-yl]−2,5-diphenyl tetrazolium bromide cell viability assay (MTT, a non-resazurin-based reagent) are
also available. A 2014 study by Xu et al. (2015) showed that resazurin-based assays (i.e., PrestoBlue cell viability assay (stan-
dard version) and alamarBlue cell viability assay) are more sensitive than the MTT cell viability assay. The authors proposed
two rationales to substantiate this assertion: i) MTT primarily measures mitochondrial dehydrogenase activity, reduced mainly
by oxidoreductase enzymes utilising NADH, whereas those resazurin-based assays involve various mitochondrial enzymes and
accept electrons from NADPH, FADH, FMNH, NADH and cytochromes, and ii) the reagent solubility difference where MTT
formazan is insoluble comparatively to soluble resazurin. Additionally, resazurin reagents are non-toxic compared to the MTT
reagent and can be detected by both absorbance and fluorescence methods, offering more flexibility. The primary difference
between commercially available resazurin reagents is the purity level, resulting in a more sensitive assay with reduced back-
ground noise. For example, the PrestoBlue cell viability assay (HS and standard version) is marketed as a faster assay with higher
sensitivity (the manufacturer advertises a minimum 10-min incubation) over the alamarBlue cell viability assay (manufacturer
advertises a minimum 60-min incubation). Although the alamarBlue cell viability assay has not been evaluated in this study, we
have illustrated that the PrestoBlue HS cell viability assay enables rapid determination of cell viability within 30 min of incu-
bation to attain statistically significant results using the 96-well plate format. This result is consistent with previous study (Xu
et al., 2015). It is conceivable that the advertised 10-min incubation timemay yield statistical significance when using the 384-well
plate format. Prolonged incubation increases the assay resolution by amplifying the signal difference (fold-difference) between
positive and negative sample readouts. In this study, 90-min incubation was done to maximise the assay resolution. Nonetheless,
the PrestoBlue HS cell viability assay incubation time is relatively short.
To evaluate the reliability and utility of resazurin-based cell viability assay forNK-EVs’ cytotoxicitymeasurements against can-

cer cells, our potency assay validation plan adhered to the regulatory guideline criteria mentioned earlier, including precision,
accuracy, linearity, range, specificity, selectivity and stability (changes in bioactivity). The assay robustness was confirmed and
validated internally but not further investigated; see the general chapter < 1033 > Biological Assay Validation (2013). This assay
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reliably evaluates the potency of NK-EVs’ cytotoxicity by generating reproducible dose-response curves in both suspension and
adherent cancer cell models. Additionally, the cytotoxic dose-response strongly correlates with recognised NK cytotoxic factor
levels (i.e., FasL, GNLY, GzmB, PFN and IFN-γ), with readouts specifically indicating a loss of target cancer cell viability and
distinguishing varying levels of NK-EVs’ bioactivity. This is crucial according to the ICH Q2(R2) guidelines (ICH, 2022). We
demonstrated that resazurin-based cell viability assay is a validated method for identifying changes in key quality attributes of
NK-EV product from NK-EVs during storage. This stability-indicating test reliably detects alterations in the products’ charac-
teristics over time. In summary, we have methodologically demonstrated that this highly sensitive resazurin-based cell viability
assay is well-suited to evaluate the cytotoxic function of NK-EVs biotherapeutics.
Generally, most plate-based assays require minimal manipulations and enable extensive data collection and analysis, thereby

improving statistical reproducibility (Abassi et al., 2009; Zhang et al., 1999). For a comprehensive evaluation, it is advisable to
incorporate a minimum of five doses to investigate the dose-response, as recommended by the MISEV2023 and ICH guidelines
(Welsh et al., 2024; ICH, 2022). Furthermore, reporting results as functional units can facilitate clinical translation and cross-
study comparison (Nguyen et al., 2020; St-Denis-Bissonnette et al., 2023). In this context, the functional unit can be derived by
generating a non-linear regression to obtain the EC50 and Hillslope values. The EC50 represents the concentration required to
elicit a response halfway between the baseline and maximum responses. This would translate to a 50% cytotoxic response from
NK-EVs against the target cancer cells. Therefore, regardless of the specific doses utilised in a study, reporting the EC50 (ideally
for both particle-based or protein-based dosing; EV/mL or E: T ratio and protein/mL or protein quantity) and the Hillslope
value could alleviate the challenge of comparing results across studies, EV preparations, and individual experiments, thereby
standardising the assessment of EV therapeutics.
We also investigated alternative potency assays commonly used to assess NK-EVs’ cytotoxicity, revealing significant limita-

tions. Notably, flow cytometry is a widely used method for characterising and evaluating cell-based products. However, it has
shown poor utility in evaluating NK-EVs’ cytotoxicity in our study. The same trend was also observed for AO/PI cell counting
(dual stain working via Förster resonance energy transfer—FRET), despite its recognised utility for cell counting in cell passaging
by the International Organization for Standardization (ISO) (Altman et al., 1993; Jones & Senft, 1985; Mascotti et al., 2000). The-
oretically, comparable results would be anticipated with Trypan Blue staining, a more commonly used method than AO/PI for
cell viability assessment but is known to be less accurate than AO/PI counting (Altman et al., 1993; Jones & Senft, 1985; Mascotti
et al., 2000). Importantly, these assays were tested using cancer cells treated with the same effector NK-EVs to target cell ratios
as used in the resazurin-based cell viability assay. Whilst the highest dose tested yielded complete cancer cell killing according to
this resazurin-based cell viability assay, neither flow cytometry nor AO/PI cell counting revealed cell killing. We postulate bias is
introduced during the necessary cell-washing steps, impacting downstream measurements where dying cancer cells are washed
away and lost. For example, cells with compromised structural integrity (e.g., lysed and dying cells) are likely lost in this process,
resulting in unreliable analysis. This would be akin to cells treated with a detergent (i.e., Triton-X), where significantly fewer cells
would be detectable by flow cytometry or cell counting. Despite their widespread use to assess the functionality of NK-EVs our
study was unable to accurately and reliably assess NK-EVs potency using these methods.
Similarly, we conducted several additional plate-based assaysand observed that confluence and reporter loss assays areunsuited

for the brief assessment period (<5 hours) due to their limited resolution and sensitivity when measured by an image-based
cytometer (data not shown). Alternatively, an extended assessment period could be employed to discern differences in the
NK-EVs’ effect, as shown by other groups (Jiang et al., 2021; Kaban et al., 2021). On average, the treatment duration of 24–
48 hours was necessary before significant changes became evident, with longer treatment durations amplifying the cytotoxic
effect of NK-EVs. For example, our study found that the CCK8 assay, which exhibited potential for continuous evaluation of
NK-EVs’ cytotoxicity (showing great precision, signal readout specificity and selectivity), requires a longer duration to dis-
cern differences between the treatments and the controls. Of note, the CCK8 assay, using WST-8 reagent as the tetrazolium
salt, resembles the previously mentioned MTT assay, which uses MTT reagent as the tetrazolium salt. According to the man-
ufacturer, both tetrazolium salts are reduced to formazan in metabolically active cells. However, only the formazan produced
by CCK8 is soluble and non-toxic. Therefore, the CCK8 assay, along with other assays such as confluence, reporter loss and
bioelectronic/impedance-based assays, could be helpful for live monitoring assessment of NK-EVs’ cytotoxic effect against can-
cer cells as an ‘orthogonal procedure comparison’ potency assay per the ICHguidelines. Livemonitoring assays offer cost-effective
and efficient approaches to overcoming limitations associated with traditional endpoint assays (i.e., insufficient information from
a single data point and indirect and potentially destructive biochemical detection measures). However, some will require spe-
cialised and often expensive equipment (i.e., bioelectronic/impedance-based assays and quantitative image-based cytometer
instruments). Whilst these assays could prove valuable for evaluating outcomes over extended durations, their effectiveness
as potency assays for NK-EVs should be carefully considered, particularly in light of the swift and rapid cytotoxic effect of
NK-EVs.
Lastly, it is important to note that endogenous components present in NK-EVs can significantly affect potency assessment,

especially when these are directly involved in the assay principle, as observed in LDH release assay and CellTox™Green Cytotox-
icity. For instance, despite dose-response results for these assays (data not shown), we observed an artificial increase in NK-EVs’
readouts (i.e. background/interference) based on NK-EVs alone, leading to false-positive cytotoxicity readouts and lack of sensi-
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tivity. This outcome is logical, given that LDH is a well-known protein commonly found in EVs (see ExoCarta Top 100 database)
and will interfere with an LDH release-based potency assay (Göran Ronquist, 2019). Similarly, the known presence of nucleic
acid molecules in EVs prevents the application of a potency assay relying on DNA-binding dyes. Consequently, despite their
frequent use in the literature, these two assays cannot accurately and reliably measure NK-EVs’ cytotoxicity, as their readouts
lack selectivity to cell death.
In conclusion, our study reveals that this highly sensitive resazurin phenoxazine-based cell viability assay is an analytical

method suitable for potency evaluation of cytotoxic NK-EVs. This assay also demonstrates that other types of EVs, such as the
293F-EVs shown in this study, lack cytotoxicity potential. However, we have not conducted cytotoxic experiments on other types
of EVs. This work highlights the importance of reproducibility, reliability and high-throughput capabilities, aligning with and
meeting regulatory guidelines for potency assays. Notably, our results suggest that the highly sensitive resazurin-based cell via-
bility assay has the potential to predict whether a particular NK-EVs’ preparation can achieve its intended therapeutic effects
and may enable the comparison of EV preparations produced across batches, manufacturing platforms or from different pro-
ducer cells. Furthermore, this assay stands out for its cost-effectiveness (<CAD 0.09/test), safety (non-toxic), disposability, rapid
turnaround (1–5 hours), ease of use and access and potential for automation. Researchers and regulatory agencies’ efforts towards
standardisation and recognition of the necessity for reliable and reproducible potency assays signify encouraging progress. Con-
tinued research endeavours will help to overcome challenges and advance the field of EV-based therapeutics, facilitating clinical
translation.
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