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Abstract
Since extracellular vesicles (EVs) have emerged as a promising drug delivery system,
diverse methods have been used to load themwith active pharmaceutical ingredients
(API) in preclinical and clinical studies. However, there is yet to be an engineered
EV formulation approved for human use, a barrier driven in part by the intrinsic
heterogeneity of EVs. API loading is rarely assessed in the context of single vesicle
measurements of physicochemical properties but is likely administered in a hetero-
geneous fashion to the detriment of a consistent product. Here, we applied a suite of
single-particle resolution methods to determine the loading of rhodamine 6G (R6G)
surrogate cargo mimicking hydrophilic small molecule drugs across four common
API loading methods: sonication, electroporation, freeze-thaw cycling and passive
incubation. Loading efficiencies and alterations in the physical properties of EVs
were assessed, as well as co-localization with common EV-associated tetraspanins
(i.e., CD63, CD81 and CD9) for insight into EV subpopulations. Sonication had
the highest loading efficiency, yet significantly decreased particle yield, while elec-
troporation led to the greatest number of loaded API particles, albeit at a lower
efficiency. Moreover, results were often inconsistent between repeated runs within a
given method, demonstrating the difficulty in developing a rigorous loading method
that consistently loaded EVs across their heterogeneous subpopulations. This work
highlights the significance of how chosen quantificationmetrics can impact apparent
conclusions and the importance of single-particle characterization of EV loading.
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 INTRODUCTION

Extracellular vesicles (EVs) are heterogenous lipid-bilayer wrapped nanoparticles released by all cells and play a critical role in
cell-to-cell communication (Buzas, 2022; VanNiel et al., 2022). EVs have great potential as next-generation drug delivery vehicles
given their inherent biocompatibility and abilities to traffic therapeutic cargo across endothelial barriers to target-specific tissues
and cells (Alvarez-Erviti et al., 2011; Cooper et al., 2014; Elsharkasy et al., 2020; Herrmann et al., 2021).
EVs also provide a platform for engineering and can be altered to add exogenous functional cargo supplementing their native

biomolecular cargo. Both native and engineered EVs are under intense scrutiny for efficacy acrossmany indications in preclinical
and clinical studies (Castilla et al., 2021; Herrmann et al., 2021). Inmany of these studies, active pharmaceutical ingredients (APIs)
are loaded into EVs (before or after EV isolation) using a suite of diverse methods. API loading methods can be performed
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before EV isolation, such as via manipulation of the parent cells using transfection, incubation or UV irradiation (Castilla et al.,
2021). Loading methods performed after EV isolation are largely divided into two groups: physical (electroporation, sonication
and freeze-thaw cycling) and chemical (transfection and organic solvent) (Castilla et al., 2021). Each of these methods induces
EV cargo loading via different physical means and are associated with certain strengths and weaknesses. Electroporation and
sonication temporarily porate the EV membrane, allowing the API to enter the EV lumen (Gehl, 2003; Xi et al., 2021). Freeze-
thaw cycling causes changes in membrane fluidity during fluctuating temperature, increasing membrane permeability without
poration (Cooper et al., 2014). Chemical methods induce transient EV membrane permeability, for example, saponin molecules
bind to cholesterol in the lipid bilayer of the EV membrane and form small pores. Yet the unloaded chemicals are difficult to
remove after loading and typically induce cytotoxicity themselves (Xi et al., 2021).

Despite the acknowledgement of the highly heterogeneous nature of EVs (Poupardin et al., 2021; Théry et al., 2018), a glaring
weakness of the prior work to load various APIs into EVs is a lack of critical comparison across techniques, resulting in no
accepted ‘gold standard’ approach (Donoso-Quezada et al., 2020). Even within each loading method, there are few examples of
rigorous optimization (Lennaárd et al., 2021). Moreover, there is rarely any consideration for the intrinsic particle-to-particle
heterogeneity within a therapeutic EV preparation, whichmay be reflected in the particular efficiencies of each technique to load
a desired API.
API loading efficiencies are generally characterized in bulk, commonly described as the ratio of the amount of API loaded

to EV quantity (measured through protein quantity or count) (Lennaárd et al., 2021; Haney et al., 2015; Pomatto et al., 2019).
These calculations assume that APIs are loaded equally across EVs and that the EV count measurement was made accurately,
despite known challenges (Bachurski et al., 2019). This oversight is significant as many of the desired, beneficial characteristics
of EVs in the context of their therapeutic application can be ascribed to specific proteins and their presence in subpopulations
of EVs is likely (Jeppesen et al., 2019). Furthermore, the difference in size of EVs can affect the composition and function of
EVs (Caponnetto et al., 2017; Mathieu et al., 2021). It is therefore important to assess API loading in the context of single vesicle
measurements of size and composition (Chen et al., 2021; Chen et al., 2023; Silva et al., 2021), but this is rarely performed, despite
known inconsistencies in engineering methods (Hood et al., 2014; Johnsen et al., 2016).
To better understand the heterogeneity of API loading in EV populations, we applied several common API loading methods

using surrogate small molecule cargo to assess loading efficiency and changes in EV physicochemical properties at the single
particle level.

. Materials and methods

1.1.1 EV generation and collection

CELLine AD 1000 bioreactors were utilized for cell culture with 15 mL cell compartments and 1 L media compartment separated
by a 10 kDa semi-permeable membrane. HEK 293T cells were plated and expanded to at least 2.5 × 107 cells, the minimum con-
centration necessary to seed the bioreactor. During cell expansion, Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal
bovine serum, 2 mM l-glutamine and 1% penicillin/streptomycin was used. Cells between passages 3 and 5 were seeded into the
cell compartment of the bioreactor. The media compartment was filled with 1 L of DMEMwith 2 mM L-glutamine and 1% peni-
cillin/streptomycin. To ensure that cells were fully adherent, they were seeded in complete medium. Twenty-four hours after cell
seeding, media in the cell compartment was replaced with EV-depleted media to support downstream isolation of cell-secreted
EVs. To prepare EV-depleted media, DMEM with 10% fetal bovine serum, 2 mM l-glutamine and 1% penicillin/streptomycin
was centrifuged overnight at 120,000 × g and then filtered. After 7 days, media in the cell compartment was collected for EV
isolation and both cell and media compartment were replaced. This was repeated each week for up to 15 weeks. While the use
of bioreactors differs from more traditional flask cell culture conditions, this method allows for the generation of high numbers
of EVs due to the concentrated number of cells in the 15 mL cell compartment (Artuyants et al., 2021) and EVs isolated from
bioreactors have previously been characterized to have consistent EV tetraspanin expression over weeks of isolation (Mizenko
et al., 2021).

1.1.2 EV isolation

The collected cell media from the cell compartment of the bioreactors was diluted to 30 mL with PBS and then centrifuged at
300 × g for 10 min at 4◦C to remove cells. The supernatant was collected and centrifuged at 2000 × g for 15 min at 4◦C to remove
dead cells. The supernatant was collected and centrifuged at 10,000 × g for 30 min at 4◦C to remove cell debris. The supernatant
was collected and stored at−80◦C. Three consecutive weeks’ worth of supernatant was ultracentrifuged at 120,000× g for 70min
at 4◦C in parallel to pellet EVs. Each pellet was resuspended in filtered PBS (0.2 μm) and then combined for a final volume of
30 mL. The combined resuspended EV solution was again ultracentrifuged at 120,000 × g for 70 min at 4◦C. The supernatant
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was discarded, and the pellet was resuspended in 250 μL of filtered (0.2 μm polyether sulfone membrane fitters, Corning) PBS.
This solution was aliquoted into 1.5 mL Protein LoBind Eppendorf tubes to minimize free-thaw cycles and frozen at−80◦C until
used. EV sample dilution, storage and handling in all downstream experiments were performed using 1.5 mL Protein LoBind
Eppendorf tubes.

1.1.3 Fluorescence labelling

For each loading experiment, EV stock from a single isolation were used. Each EV isolation was independently isolated and was
∼1.5E12 particles per mL in concentration by NTA. To non-specifically label EVs, stock EVs were diluted with 40 μM carboxyflu-
orescein succinimidyl ester (CFSE) at a ratio of 1:14 (EV:CFSE) and incubated for 1 h at 37◦C. For unlabelled control studies,
EVs were diluted with filtered PBS (0.2 μm) at a ratio of 1:14 (EV:PBS) and were also incubated for 1 h at 37◦C. For loading EVs,
surrogate cargo rhodamine 6G (R6G) was used. R6G stock solution was prepared by dissolving R6G in PBS at a concentration
of 7 mM and then filtering (0.2 μm) the solution. A total 60 μL of the EV solution was mixed with 120 μL of the R6G solution.
For control studies with R6G only (no EVs), 120 μL of the R6G solution was mixed with 60 μL of filtered PBS.

1.1.4 Quantitative cryo-electron microscopy (qCryoEM)

Copper grids (Quantifoil, 1.2 μm diameter holes, 1.3 μm separation, 300 M Cu grid) were cleaned using glow discharge for 25 s
at 15 mA negative polarity (PELCO easiGlow, Ted Pella). For EV characterization, EV stock solution was used. For characteriza-
tion of EVs after R6G loading, samples before size exclusion chromatography (SEC) were used to maximize EV concentration.
10 μL of sample was placed on parafilm and the prepared copper grids were floated on the top of the drop for 30 min at room
temperature. The grids were then loaded onto the Leica EM GP2 Plunge Freezer. The grid was blotted for 4 s then flash frozen.
Grids were stored in liquid nitrogen until imaged. Imaging of the grids was performed on the ThermoFisher Glacios at 11,000 ×
magnification. Images were analyzed using Adobe Photoshop 2023 (version 24.4.1) and contrast was increased for ease of visual-
izing the delimiting membrane. The line tool was used to measure the diameter of the imaged EVs in pixels and converted into
nm. The morphology and lamellarity of each EV were also recorded. At least 100 EVs were measured for each condition.

1.1.5 Nanoparticle tracking analysis (NTA)

To determine the size and concentration of EVs, EVs were diluted in filtered (0.02 μm) PBS and analyzed by NanoSight LM10
(Malvern Panalytical Ltd., UK). The LM10was equippedwith a 405 nm lasermodule, a sCMOS camera and an automated syringe
pump (Harvard Bioscience, MA). The instrument tubing was cleaned with ethanol and rinsed with filtered PBS before use. The
EVs were diluted to 1 × 108 to 1.5 × 109 particles per mL. Three, 30 s videos were obtained at camera levels 11–12 and data analysis
was performed using NanoSight NTA 3.4 with a detection threshold 2–3.

1.1.6 Resistive pulse sensing (RPS)

RPSwas performed onnCS1 (Spectradyne) usingC-400 cartridges (Spectradyne). Buffer solution of 1% tween-20 (BioRad) and 1x
PBS (Sigma-Aldrich) filtered with 0.2 μm non-pyrogenic filter was freshly prepared prior to each use. To prime the instrument,
a reusable cleaning cartridge was run. Internal calibration standard 200 nm polystyrene bead (3000 Series Nanosphere Size
Standard, ThermoFisher) solution was prepared by diluting stock bead solution by 1000 times in the buffer solution that was
further filtered by a 0.02 μm filter. EV samples were then diluted in the bead solution for a final EV concentration between
5 × 109 and 2 × 1010 particles per mL. Three microliters of the EV and bead solution was run on the C-400 cartridge. RPSpass
software (version 1.0.2.0) was then used to analyze the data and remove outliers and calibrate using the standard beads.

1.1.7 Tetraspanin immunocapture assay

Leprechaun “exosome human tetraspanin” kits (Unchained Labs) were stored in 4◦C and chips were warmed to room temper-
ature before use. Chips were pre-scanned to identify any pre-existing adhered particles according to the provided protocol. For
initial characterization of isolated EVs, stock EVs were diluted 1:1000 with filtered PBS (0.2 μm). Then 5 μL of EV solution was
diluted with 45 μL of 1x incubation solution (provided 10x incubation solution was diluted to 1x concentration with milliQ water
with 0.2% BSA). For sample incubation, chips were placed in the provided 24-well plate and 35 μL of diluted sample was pipetted
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onto the centre of the chip. The 24-well plate was then sealed, covered in aluminium foil and allowed to incubate overnight. After
incubation, 300 μL per chip of 1x blocking solution and 0.6 μL per chip of anti-CD9, anti-CD63 and anti-CD81 antibodies were
prepared. Chips were then washed with the ExoView CW1000 Plate Washer (Unchained Labs) on the CW-TETRA protocol.
A total of 250 μL per chip of prepared blocking solution was added when prompted. Chips were then transferred to the chuck
and imaged using ExoView R100 Automated Imager (Unchained Labs). Data was analyzed using ExoView Analysis Software
(Unchained Labs). Fluorescent cutoffs were chosen to limit the particle count on the MIgG capture spot to be less than approxi-
mately 100 particles. For R6G loading sample analysis, 5 μL of sample from SECwere diluted with 45 μL of 1x incubation solution
(provided 10x incubation solution was diluted to 1x concentration with milliQ water with 0.2% BSA). Samples were incubated
as described above. After incubation, 300 μL per chip of 1x blocking solution and 0.6 μL per chip of anti-CD63 antibody was
prepared. Chips were then washed as described above. Data was analyzed using ExoView Analysis Software (Unchained Labs).
The same cutoffs were used on all chips: 300 AU, 250 AU and 450 AU (AU stands for arbitrary units) for the red, green and
blue channel, respectively. These fluorescent cutoffs were chosen to limit the particle count on the MIgG capture spot to be
approximately less than 100 events with control samples with only free R6G dye. Additionally, EV concentration on chips were
maintained within the single-particle range (Figure S1) (Mizenko et al., 2021). Despite this precaution, there is a non-zero chance
that a single detected particle on the tetraspanin immunocapture assay could represent more than one EV. Each point shown on
graphs for loading efficiency and detected particle numbers are the average of three capture spots (one each of CD63, CD81 and
CD9).

1.1.8 Sonication

Probe sonicator (Sonics & Materials, Ultrasonic Processor VCX 130) was used to sonicate samples at 130 W, 120 kHz and 30%
amplitude unless otherwise noted. Samples were sonicated for 3 or 6 treatment cycles. One treatment cycle was 30 s of sonication
(with or without pulsing of 4 s on and 2 s off) and 3 min of rest at 19◦C.

1.1.9 Electroporation

Samples were incubated at 19◦C for 30 min and then transferred to 0.4 cm electroporation cuvettes (Bio Rad). Samples were
electroporated with a single exponential decay wave at 125 μF and various voltages (BioRad, Gene Pulser Xcell Total System).
Samples were transferred into Eppendorf tubes using disposable polyethylene transfer pipets (Fisher Scientific) and immediately
stored on ice.

1.1.10 Freeze-Thaw

Samples were incubated at 19◦C for 30 min. Samples were then subjected to various numbers of freeze-thaw cycles. One freeze-
thaw cycle was 5 min at −80◦C and 10 min at 19◦C.

1.1.11 Size exclusion chromatography (SEC)

After the various loading methods were conducted, SEC was performed to isolate EVs from unloaded R6G and free dye. SEC
was conducted with Automatic Fraction Collectors (AFC) V2 and qEVsingle/35 Gen2 (Izon) to isolate EVs from the free dye.
AFC V2 Firmware Version 1.2.2 was used. One collection of 0.8 mL and default buffer volume (0.87 mL) was used. Following
the provided protocol, each column was flushed with 6 mL of 0.2 μm filtered PBS. Once done flushing, the remaining PBS was
removed and 150 μL of sample was added. Once the sample had passed through the frit, at least 2 mL of filtered PBS was added.
Isolated EV samples were used the same day for downstream analysis with tetraspanin immunocapture, NTA and/or RPS.

1.1.12 Statistical methods

Error bars represent one standard deviation from the mean. Statistical significance was assessed by comparing three or more
populations using ANOVA and conducted with MATLAB (R2023a Update 2). Bars with no common letters are significantly
different (p < 0.05).

Outliers for R6G intensity and qCryoEM data were determined using GraphPad Prism using the ROUT methods with a
coefficient Q of 1% (version 10.1.0). For morphological CryoEM data, a Chi-squared test of independence was performed to
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TABLE  Summary of the single-particle EV characterization methods, including the mode of readout and limit of detection in this work.

Measurement Readout Limit of detection

NTA Particle size distribution and concentration based on light
scattering

80 nm

RPS Particle size distribution and concentration based on changes
in electrical resistance

65 nm

qCryoEM EV size distribution and morphology <1 nm

Tetraspanin
assay—immunofluorescence

Particle number and intensity based on fluorescence of capture
spot (i.e., CD63, CD81 and CD9)

Fluorescence detection thresholds set
based on control MIgG

Tetraspanin assay—interferometry
(SP-IRIS)

Particle size distribution based on interference of two reflected
light paths and categorized by capture spot (i.e., CD63, CD81
and CD9)

Size detection threshold set to be
between 50 to 200 nm (assuming EV
refractive index, n = 1.4)

determine if there was a significant association between the treatment conditions and the categories of EVs. Post-hoc analysis
involved calculating standardized residuals to identify significant deviations between observed and expected frequencies.

 RESULTS

In this study, we applied a suite of single-particle characterization methods to determine the loading of surrogate cargo across
four common API loading methods: sonication, electroporation, freeze-thaw cycling and simple mixing (passive incubation)
(Castilla et al., 2021). Rhodamine 6G (R6G) was used as a small, membrane impermeant, hydrophilic surrogate cargo, chosen
due to its fluorescence character, which was used to track loading across single EVs. While analytical tools with single particle
resolution are used, most results were reported as population averages.

. Single EV characterization prior to loading

HEK293T cell EVs were isolated from the conditioned media of a bioreactor using ultracentrifugation (UC). We devised a com-
prehensive EV characterization strategy focused on orthogonal methods with single particle resolution and in compliance with
MISEV guidelines, summarized in Table 1 (Théry et al., 2018;Welsh et al., 2024). Overall, we sought to assess loading efficiencies,
changes in physical properties and co-localization with common EV-associated tetraspanins (i.e., CD63, CD81 and CD9) as a
proxy to examine distribution across EV subpopulations.
To orthogonally assess particle size and number concentration of EVs prior to loading, we performed quantitative cryo-

electron microscopy (qCryoEM), nanoparticle tracking analysis (NTA) and resistive pulse sensing (RPS), while hybrid
interferometry/immunofluorescence imaging (SP-IRIS, ExoView R100 Automated Imager) was performed to size and examine
composition of chip-captured EVs (Figure 1). qCryoEM images (Figure 1a) of the isolated particles were quantified, reveal-
ing that most particles appeared to be EV-like, with unilamellar, circular morphology and mean diameter under 100 nm
(Figure 1b). Approximately 30% of the particles were multilamellar and/or non-circular in shape, and these EVs (especially
the non-circular ones) were more likely to be larger in diameter. Orthogonal methods of NTA, RPS and interferometry
also produced size distributions of the isolated EVs (Figure 1c). RPS, qCryoEM and interferometry yielded mean sizes of
74.7, 68.3 and 97.4 nm, respectively, and each displayed a log-linear relationship between particle count and size. Interest-
ingly, a bimodal size distribution can be observed in the qCryoEM size distribution, with the second peak around 150 nm
in diameter. Instead, NTA measured a mean size of 123.4 nm with a more Gaussian-shaped curve, presumably due to its
inefficiency to detect smaller biological nanoparticles with low scattering efficiency and higher sensitivity to larger, highly
scattering particles (Bachurski et al., 2019). Particle concentration was measured by NTA to be 5.3 × 1012 particles/mL and
by RPS to be 2.63 × 1012 particles/mL, in relative concert with one another (and modern reports on EV characterization)
despite the different sensitivities to size. The total protein in the EV isolation was also determined and was measured to be
1.55E10 particles per μg protein, which corresponds to minimal protein contamination in the isolation (Webber & Clayton,
2013).
The presence and colocalization of EV biomarkers CD9, CD63 and CD81 was confirmed with immunocapture (Figures 1d and

S2). Tetraspanin-based EV capture was carried out using antibodymicroarrays, with each spot decorated with capture antibodies
against either CD81, CD63, CD9 or mouse immunoglobulin G (MIgG) as a non-specific binding control (Figure 1e). After EV
incubation with the microarrayed chip, additional fluorescent detection antibodies against CD81, CD63 or CD9 were added.
For downstream experiments to assess R6G loading the three fluorescent channels were used to detect (1) carboxyfluorescein
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F IGURE  Characterization HEK293T EVs prior to loading. (a) Representative qCryoEM images of isolated particles, with arrows indicating vesicles and
(b) the corresponding quantification of size distribution categorized by EV morphology and lamellarity (n = 433). Blue, red, green and purple arrows indicate
C&UL, C&ML, NC&UL and NC&ML EVs, respectively. (c) Orthogonal size distributions from NTA (red), RPS (purple), qCryoEM (blue) and hybrid
interferometry/immunofluorescence imaging (orange), with corresponding limits of detection for each technique indicated by vertical dashed lines of the
respective colour. (d) An immunofluorescence assay was used to assess the presence and colocalization of common EV tetraspanins CD9, CD63 and CD81,
alongside non-specific control MIgG. (e) Schematic showing workflow for the immunofluorescence assay. (f) Schematic showing labelling strategy for assessing
loading with EV specific anti-CD63, CFSE as a non-specific EV label, and R6G as the surrogate loaded cargo. (g) Microarray fluorescence image showing a
single spot decorated with captured EVs (blue channel: CFSE, red channel: CF647-anti-CD63, green channel: R6G). Figure 1e,f were created with BioRender. C,
circular; ML, multilamellar; NC, non-circular; UL, unilamellar.

succinimidyl ester (CFSE), a non-specific EV dye, (2) the loaded R6G cargo and (3) anti-CD63 CF647 antibody and the resulting
chip was imaged (Figure 1f,g). The MIgG capture spot was used to set fluorescent detection thresholds for each channel.

. Sonication loading

For sonication-based loading, EVs incubated with R6G were probe sonicated for one ‘treatment cycle’, which was defined as 30 s
followed by 3 min of rest at room temperature for various number of cycles. Pulsing was also tested during the sonication period
(i.e., 4 s on/ 2 s off). The specific duration for each cycle and pulse rate were chosen based on prior literature for EV drug loading
(Haney et al., 2015; Lamichhane et al., 2016; Rajendran et al., 2021). Incubation of EVs with R6G without sonication was used as
the negative control to which comparisons were made to account for passive loading and electrostatic interactions due to their
opposing charges (anionic EVs vs. cationic R6G). After EVs were loaded, SEC was then used to isolate EVs from free CFSE and
R6G.
The number of detected particles by immunofluorescence readout from the tetraspanin assay was used to determine EV

loading efficiency, defined as the ratio of detected R6G+ particles to either the number of detected CFSE+ particles, CD63+
particles (i.e., detected fluorescent anti-CD63 antibodies), or total particle number (Figure 2a). Three different parameters were
used to calculate loading efficiency given the limitation of each. CD63+ EVs represent a subpopulation given that not all EVs
express CD63. While CFSE is non-specific EV label, there is no guarantee that CFSE labelling is homogenous. Furthermore,
there may have been CFSE labelled EVs below the limit of detection for that fluorescent channel. Finally, total particle num-
ber was used as a more potentially more holistic parameter, but this still represents tetraspanin enriched EVs. Despite these
limitations, regardless of which of these three populations was used, loading efficiencies were significantly greater than via
passive loading with no significant differences across sonication conditions (3 or 6 cycles, with or without pulsing). Notably,
examination of the raw number of R6G+, CFSE+ or CD63+ particles reveals that the number of CFSE+ and CD63+ parti-
cles decreased with increased sonication treatment cycle number while R6G+ particles remained largely unchanged or even
slightly decreased (Figure 2b). Pulsing resulted in preservation of more particles within each group of the same number of
cycles. Taken together, while bulk loading efficiencies suggest sonication increases R6G loading compared to passive incu-
bation, single EV analysis reveals how sonication may negatively affect EV integrity and lead to fusion or degradation of
EVs.
Next, we considered differential loading across CD63+, CD81+ and CD9+ EV subpopulations isolated by capture spot on the

tetraspanin kit assay. R6G+ particle count for each tetraspanin-enriched subpopulation was normalized by total particle count
(Figure 2c). There was a significant increase in the relative amount of R6G-loaded into CD81+ and CD9+ EVs, but not CD63+
EVs, suggesting that R6G loading via sonication is heterogenous and preferential into CD81+/CD9+ subpopulations of EVs.
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F IGURE  Loading EVs with R6G via sonication using various cycle numbers with and without pulsing. One cycle consisted of 30 s of sonication with or
without pulsing (4 s on/ 2 s off) and 3 min of rest at room temperature. R6G loading into EVs was characterized by using the immunofluorescence readout of
tetraspanin capture assays and quantified as (a) loading efficiency, defined as ratio of R6G-loaded EVs to total EV count (using either the number of detected
CFSE particles, CD63+ particles or total particle number), (b) particle count and (c) subpopulations of R6G-loaded EVs. (d) NTA and (e) qCryoEM were used
size distribution of samples after loading. (f) NTA was used to determine concentration of samples after loading. (g) qCryoEM was used to determine
morphology after loading. Representative CryoEM images with arrows pointing to EVs from (h) the incubation sample, and samples sonicated for (i) 3 cycles,
(j) 3 cycles with pulse, (k) 6 cycles and (l) 6 cycles with pulse. Blue, red, green and purple arrows indicating C&UL, C&ML, NC&UL and NC&ML EVs,
respectively. C, circular; Inc, incubation; ML, multilamellar; NC, non-circular; UL, unilamellar. Bars with no common letters are significantly different
(ANOVA, p < 0.05).

The size of R6G-loaded EVs by interferometry showed a decrease in EVs between 100 and 200 nm following R6G load-
ing, suggesting that sonication preferentially loaded smaller EVs, caused a decrease in EV size, and/or caused fusion of EVs
putting them out of the upper range of detection by interferometry (<200 nm) (Figure S3a–e). Supporting this interpretation,
the fluorescence intensity of R6G+ particles across all capture antibodies revealed that the majority of the detected particles
were not within the interferometry measurements cutoffs (between 250 and 500 AU in intensity representing >75% of the cap-
tured particles), which means the particles were either smaller than 50 nm or larger than 200 nm (Figure S3f–j). NTA and
qCryoEM analyses suggest that the majority of particles were indeed smaller than 200 nm regardless of loading method. NTA
measured a mean diameter of 194.6, 142.5, 151.6, 136.8 and 129.1 nm for the samples loaded via incubation, three cycles, three
cycles with pulsing, six cycles, and six cycles with pulsing, respectively (Figure 2d). qCryoEM revealing the presence of EVs
smaller than 50 nm (Figure 2e). Taken together, these data suggest that most R6G-loaded EVs are the smaller, sub-50 nm
EVs.
Particle concentration by NTA increased after sonication, but only without pulsing (Figure 2f). This is unexpected given

that CFSE+ and CD63+ particle count decreased with sonication cycles (Figure 2b) but could be explained by considering the
detection limitations of NTA, which may be unable to detect smaller particles.
With respect to EVmorphology (by qCryoEM), passive incubation promoted the formation of non-circular andmultilamellar

EVs that were not found after sonication (Figures 2g–l and S4). This change inmorphologywas found to be a significant deviation
with a Chi-squared residual of 5.7. Additionally, six sonication cycles without pulsing promoted the formation of unilamellar,
circular EVs (Figure 2k). All observed changes inmorphology were found to be statically significant (Chi-squared, p= 2.92E-18).
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F IGURE  Loading of EVs with R6G via electroporation. EVs were electroporated with a single pulse at various voltages and 125 μF. The loading of R6G
into the EVs was characterized by using the immunofluorescent readout of tetraspanin immunocapture assays and quantified as (a) loading efficiency, (b)
particle count, and (c) subpopulations of R6G-loaded EVs. (a) Loading efficiency was defined as ratio of R6G-loaded EVs count (number of detected R6G
particles) to total EV count (number of detected CFSE particles, CD63 particles, or total particle number). (d) NTA and (e) qCryoEM were used size
distribution of samples after loading. (f) NTA was used to determine concentration of samples after loading. (g) qCryoEM was used to determine morphology
after loading. Representative CryoEM images with arrows pointing to EVs from (h) the incubation sample, and samples after electroporation at (i) 25 V, (j)
100 V and (k) 400 V. Blue, red, green and purple arrows indicating C&UL, C&ML, NC&UL and NC&ML EVs, respectively. C, circular; Inc, incubation; ML,
multilamellar; NC, non-circular; UL, unilamellar. Bars with no common letters are significantly different (ANOVA, p < 0.05).

. Electroporation loading

Next, electroporation-based loading of R6Gwas examined using 125 μF and either 25, 100 or 400V, chosen around values typically
found in the literature (Alvarez-Erviti et al., 2011; Chen et al., 2023; Johnsen et al., 2016; Kooijmans et al., 2013; Kamerkar et al.,
2017; Lamichhane et al., 2015; Lamichhane et al., 2016). Again, passive incubation of EVs with R6G was used as the negative
control to which comparisons were made. Following electroporation at 25 and 100 V, there was an apparent decrease in loading
efficiency, yet no discernable difference at 400 V from passive incubation (Figure 3a). However, the number of R6G+ particles
only increased with 25 V and decreased with 400 V (Figure 3b). Furthermore, the number of CD63+ and CFSE+ particles were
observed to increase at 25 and 100V, whichmay be due to the splitting of EVs into smaller EVs during the electroporation process.
Contrary to sonication, CFSE+ and CD63+ particles increased dramatically at 25 and 100 V, but decreased at 400 V (Figure 3b).
Subpopulations of R6G-loaded EVs were again investigated by tetraspanin capture following electroporation (Figure 3c). Within
the R6G+ EVs, the number of CD63+, CD81+ and CD9+ EVs initially dropped at 25 V but then increased with increased voltage.
To further characterize the R6G-loaded EVs, their size was determined using interferometry (Figure S5a–d). Unlike with soni-

cation, the number of R6G-loaded EVs between 80 and 150 nm in size increasedwith electroporation of 25V and 100V compared
to incubation. Furthermore, the majority of the detected rhodamine fluorescent particles were within the interferometry thresh-
old for the samples electroporated at 25 and 100 V (Figure S5e–h). This demonstrates the interferometry was able to depict the
size distribution for majority of the R6G loaded EVs. This result is supported by NTA and qCryoEM analyses which suggest that
the majority of particles are less than 200 nm in size (Figure 3d,e). Incubation, 25, 100 and 400 V samples were measured to have
a mean diameter of 194.5, 192.9, 175.2 and 158.9 nm by NTA, respectively.
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F IGURE  Loading of EVs with R6G via various number of freeze-thaw cycles. Freeze-thaw cycles consisted of 5 min at −80◦C and 10 min at room
temperature. The loading of R6G into the EVs was characterized by using the immunofluorescent readout of tetraspanin immunocapture assays and quantified
as (a) loading efficiency, (b) particle count, and (c) subpopulations of R6G-loaded EVs. (a) Loading efficiency was defined as ratio of R6G-loaded EVs count
(number of detected R6G particles) to total EV count (number of detected CFSE particles, CD63 particles, or total particle number). (d) NTA and (e)
qCryoEM were used size distribution of samples after loading. (f) NTA was used to determine concentration of samples after loading. (g) qCryoEM was used
to determine morphology after loading. Representative CryoEM images with arrows pointing to EVs from (h) the incubation sample, and samples after (i) 3
cycles, (j) 5 cycles and (k) 10 cycles of freeze-thaw. Blue, red, green and purple arrows indicating C&UL, C&ML, NC&UL and NC&ML EVs, respectively. C,
circular; ML, multilamellar; NC, non-circular; UL, unilamellar.. Bars with no common letters are significantly different (ANOVA, p < 0.05).

Given that the particle number for non-R6G+ EVs labelled with both CFSE+ (internal EV marker) and CD63+ (mem-
brane marker) decreased, we initially hypothesized that EVs are largely destroyed during electroporation (Figure 3b). NTA
sizing supported that conclusion, showing a decrease in concentration at all tested voltages (Figure 3f). This is contrary to
the observed increase in CFSE+ and CD63+ particles at 25 and 100 V identified via immunocapture (Figure 3b). qCryoEM
of the 400 V samples demonstrates the presence of intact EVs within detectable size range of interferometry (Figure 3e),
so these incongruous findings likely cannot be explained by considering the instrument sensitivity as was the case with
sonication. Finally, the morphology of EVs was also altered, with electroporation leading to increased relative numbers of mul-
tilamellar EVs, as well as a decrease in the relative number of unilamellar and circular EVs compared to EVs before loading
(Figures 3g-k and S6). All observed changes in morphology were found to be statically significant (Chi-squared, p = 6.23e-
08). The more electron dense particles observed in Figure 3i are thought to be artefacts from the vitrification process of
CryoEM.

. Freeze-thaw loading

Finally, EVs incubated with R6G were subjected to various number of freeze-thaw cycles, with each cycle consisting of 5 min
at −80◦C and 10 min at room temperature. All variations resulted in significantly lower loading efficiencies compared to pas-
sive incubation samples (Figure 4a). The number of R6G+ particles was significantly diminished, while the number of CFSE+
and CD63+ particles was largely unchanged (Figure 4b). The relative numbers of CD63+, CD81+ or CD9+ particles within the
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F IGURE  Comparison of incubation, sonication, electroporation, and freeze-thaw to load EVs with R6G. The loading of R6G into the EVs was
characterized by using the immunofluorescent readout of tetraspanin immunocapture assays and quantified as (a) loading efficiency, (b) particle count and (c)
subpopulations of R6G-loaded EVs. (a) Loading efficiency was defined as ratio of R6G-loaded EVs count (number of detected R6G particles) to total EV count
(number of detected CFSE particles, CD63 particles, or total particle number). RPS and NTA were used to determine (d) the size distribution and (e)
concentration of samples. (f) The immunofluorescent readout of tetraspanin immunocapture assays was used to determine tetraspanin expression of
unlabelled EVs incubated in PBS rather than R6G solution before and after loading methods. This was compared to the number of detected CD63 particles in
the presence of R6G. Bars with no common letters are significantly different (ANOVA, p < 0.05).

R6G-loaded EVs following freeze-thawing decreased compared to incubation (Figure 4c). Regardless of number of freeze-thaw
cycles, the relative number of R6G-loaded EVs was lowest for CD81+ EVs.

The number of R6G-loaded EVs between 50 and 200 nm in size decreased by interferometry, with the majority between 50 -
100 nm in size (Figure S7a–d). Aswith sonication, fluorescence intensity data shows that themajority of the detectedR6Gparticles
were not within the interferometry thresholds, signifying that they were either smaller than 50 nm or larger than 200 nm in size
(Figure S7e–h). Orthogonal size measurements via NTA and qCryoEM demonstrate that the majority of the EVs were smaller
than 200 nm in size. NTA measured a mean diameter of 183.3, 168.2, 166.6 and 146.2 nm for samples loaded by incubation,
3 cycles, 5 cycles and 10 cycles of freeze-thaw, respectively (Figure 4d). Furthermore, the mode size of EVs as determine by
qCryoEMwas smaller than 100 nm for all loading methods (Figure 4e). Together this suggests that most of the R6G-loaded EVs
not captured by interferometry data were smaller than 50 nm in size. NTA results also demonstrate that the concentration of
EVs was not significantly affected by freeze-thaw cycles, which supports results on detected CFSE+ and CD63+ particle numbers
(Figure 4b,f). Lastly, freeze-thaw caused an increase in the percentage of non-circular EVs compared to EVs before loading
(Figures 4g–k and S8). All observed changes in morphology were found to be statically significant (Chi-squared, p = 1.16e-13).

. Comparison between methods

The individual parameters across each of the three loading methods that led to the highest number of R6G particles were used
for direct comparison, that is, three treatment cycles of sonication with pulse, 25 V of electroporation, and five freeze-thaw cycles.
These were also compared to passive incubation, as well as an EV-only control (i.e., CFSE-labelled EVs incubatedwith PBS rather
than R6G). Loading efficiency was greatest for sonicated samples, followed by electroporation samples (Figure 5a). Overall, R6G-
loaded particles were discernable above the autofluorescence background of the EV only control (Figures 5b and S9). The number
of R6G particles was not different between EV only and freeze-thaw samples, reaffirming that freeze-thawmay not be an effective
loading method for R6G or similar cargo. The greatest number of R6G particles were detected in the electroporation sample,
followed by the incubation and sonication samples. The number of detected CFSE+ and CD63+ particles was greatest in the EV
only sample, indicating that all active loading methods resulted in the loss of EVs. When looking at subpopulations within the
R6G-loaded EVs, the average percent of loaded CD9+ EVs was greater than CD63+ and CD81+ EVs for all loading methods
(Figure 5c). Furthermore, percent of R6G-loaded CD63+, CD81+ and CD9+ EVs were significantly higher for the sonicated
samples compared to the incubation sample. EV-to-EV heterogeneity in R6G intensity was also analyzed and the fluorescent



LOWE et al.  of 

intensity of the detected R6G particles was highest in the sonicated samples (Figure 5d). Additionally, while most of the detected
R6G particles are between 250 and 300 a.u., there is a large distribution of R6G fluorescent intensity (250 up to 445 a.u.).
The R6G-loaded EVs were further characterized by size using interferometry (Figure S10a–e). A majority of the R6G-loaded

EVs within interferometry thresholds were between 50 and 100 nm in size. To complement this data, the fluorescence intensity
data was analyzed (Figure S10f–j). For the incubation, electroporation and freeze-thaw samples, a similar number of the CD63+
R6G-loaded EVs were included and excluded from the interferometry data. However, for R6G-loaded CD81+ and CD9+ EVs
and for all sonicated EVs, a majority of the R6G detected fluorescence was excluded from the interferometry data (i.e., less than
50 nm or greater than 200 nm in size). RPS and NTA size distribution data show that the mode was between 65–75 and 120–
160 nm for all samples, respectively (Figure 5e). As the limit of detection for NTA is ∼70–80 nm and previously shown qCryoEM
data for each loading method demonstrated a mode size around 50 nm, it is likely that most of the R6G-loaded EVs not included
in the interferometry size distribution data are smaller than 50 nm in size. The RPS concentration data show a decrease in the
concentration of particles in comparison to the EV only sample, expect for the freeze-thaw sample (Figure 5f). On the other hand,
theNTA results also show that the concentration of loaded samples does not change significantly from the EVonly control, except
for the freeze-thaw sample that showed no significant change in Figure 4f.

Finally, to determine the effect that the API can have on the EVs during the loading method, unlabelled EVs incubated with
PBS rather than the R6G solution were subjected to the same loading methods. EVs were then characterized using immunocap-
ture. Fluorescent anti-CD63, anti-CD81 and anti-CD9 detection antibodies were used to interrogate the samples, and this was
compared to the number of detected fluorescent anti-CD63 particles in samples with R6G (Figure 5g). Interestingly, the number
of detected CD63+ particles without R6G were found to be around double of the number of detected particles with R6G for
all loading methods. Sonication and freeze-thawing led to a decrease in the number of detected tetraspanin particles with and
without R6G present compared to the incubation sample. Electroporation of the EVs did not change the number of detected
CD63+ particles with or without the presence of R6G compared to the incubation sample. However, the number of detected
CD81+ and CD9+ particles decreased compared to the incubation sample. These different trends show how the various loading
methods and API can affect each membrane protein differently.

. Comparison of incubation replicates

A limitation of this study was that it did not focus on the development or optimization of a robust loading method. Additionally,
in previously shown results, each experiment used a different single EV isolation batch that was split and tested. As a result,
there were differences in what subpopulations were loaded between repeated runs using EVs from different isolation batches.
For instance, there were observed inconsistencies between the four incubation samples shown here that were run alongside son-
ication samples (run #1), electroporation samples (run #2), freeze-thaw samples (run #3) and during the method comparison
(run #4). As such, here we have directly compared the incubation samples to look at the difference in these biological replicates
(Figure 6). Statically significant differences were found between incubation replicates in loading efficiency (Figure 6a). Further-
more, differences in loaded subpopulations were found between incubation replicates (Figure 6b). The CD9+ subpopulation had
the highest average relative number of R6G-loaded EVs as determined with immunocapture in run #1 and #4, but CD63+ sub-
population had the highest averagein run#2 and the CD63+ and CD9+ subpopulation had similar averages in run #3. EV-to-EV
heterogeneity in R6G fluorescence intensity was also analyzed and the distribution of fluorescent intensity of the detected R6G
was fairly similar between run #1, #2 and #4 (Figure 6c). However, there was a smaller range of fluorescent intensity was observed
on run #3. The size of the R6G-loaded EVs determined by interferometry was also inconsistent between runs (Figure 6d–g). The
R6G-loaded EVs in runs #1, 3 and 4 were found to be mainly between 50 and 100 nm in size. However, R6G-loaded EVs were
found tomainly be between 80 and 130 nm in size in run #2. This could suggest that the observed difference in size of R6G-loaded
EVs according to loading method may not be due to loading method, but rather small differences in handling during loading or
slight differences in cell culture conditions. For instance, experiments performed here utilized EV isolation frommultiple differ-
ent bioreactors and different isolation weeks (up to week 15). It has previously been shown that total particle count and protein
concentration can vary between different isolation from CELLine bioreactors (Hisey et al., 2022). Additionally, there are can be
differences in cell viability and shedding between bioreactors with the same cell line due differences in initial seeding density and
differences environmental factors that affect growth rates.

 DISCUSSION

This study employs a suite of orthogonal techniques to evaluate API loading, including platforms based onmultiple complemen-
tary modes of EV detection, such as light scattering, resistive pulse sensing and electron microscopy (cryoEM). In particular,
cryoEM adds value for direction imaging of the structure of EVs (e.g., lipid bilayer) and superior preservation of EV shape
(size, shape and lamellarity) compared to fixed samples. As such, cryoEM has been used to quantify size distribution and shape
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F IGURE  Comparison of incubation replicates to load EVs with R6G. Incubation samples were run alongside sonication samples (run #1),
electroporation samples (run #2), freeze-thaw samples (run #3) and during the method comparison (run #4). The loading of R6G into the EVs was
characterized by using the immunofluorescent readout of tetraspanin immunocapture and quantified as (a) loading efficiency and subpopulations of
R6G-loaded EVs. (a) Loading efficiency was defined as ratio of R6G-loaded EVs count (number of detected R6G particles) to total EV count (number of
detected CFSE particles, CD63 particles, or total particle number). (d) Tetraspanin immunocapture was also used to determine the size distribution of
R6G-loaded EVs via interferometry. Bars with no common letters are significantly different (ANOVA, p < 0.05).

of native EVs. More commonly, cryoEM is used as part of MISEV guidelines for the characterization of isolated EVs. Despite
its clear advantages, cryoEM is not commonly used, due to its expense, laborious nature and preanalytical variance, as well as
the needs for specialized technicians and highly concentrated samples. CryoEM quantification of size, shape and lamellarity of
engineered EVs is a major strength of this study, and has revealed key differences in loading across the methods tested.
In particular, we found that sonication led to a significantly greater percent EVs loaded compared to passive incubation, but

on closer evaluation using orthogonal single particle characterization to analyze population averages, this trend was found to be
due to a decrease in the number of total detected particles used for normalization (Figure 2a,b). This is at odds with previously
published results showing that the EV encapsulation ratio (percent drug loaded EVs to total EVs) for doxorubicin was lower
for sonicated samples compared to incubated samples (Chen et al., 2023). This could be due to differences in cargo properties
(hydrophobic doxorubicin) or sonication type (probe vs. water bath) and time.
We also found that electroporation led to a significant decrease in CD63+ particle count and overall EV concentration

(Figure 3b,f), a finding comparable to results of electroporation reported in the literature resulting in poor EV recovery (defined
as the ratio of output to input as measured by NTA) between ∼10% and 20% (Lennaárd et al., 2021). Using a similar metric, we
measured ∼30% EV recovery here. Other studies did not report any EV damage or decrease in EV concentration, yet largely did
not employ orthogonal single particle characterization methods (Alvarez-Erviti et al., 2011; Chen et al., 2023; Johnsen et al., 2016;
Kooijmans et al., 2013; Kamerkar et al., 2017; Lamichhane et al., 2015, 2016). An additional influence on the disparate findings
may be due to differences in electroporation buffer, which has been shown to have a marked effect on EV recovery following
electroporation (Lennaárd et al., 2021).
Freeze-thaw cycling was found to be less effective for loading R6G compared to passive incubation (Figure 4a,b). Additionally,

no significant change was observed in EV size distribution and concentration as measured by NTA in the freeze-thaw samples.
Similar results were seen using freeze-thaw to load EVs with doxorubicin (Chen et al., 2023). On the other hand, others have
shown that freeze-thaw cycles weremore effective in loading catalase into EVs compared to incubation (Haney et al., 2015), which
may be due to differences in the cargo properties.
Table 2 summarizes the major trends observed across the optimal conditions for each active loading method. We found that

while sonication led to the greatest loading efficiency, electroporation led to the greatest number of loaded particles (Figure 5a,b).
This difference highlights the significance of how loading is assessed, as well as how bulk versus single particle methods of
measuring loading can lead to different conclusions. Single particle characterization also allows for investigation of differences
in EV subpopulation loading. Differential loading across EV subpopulations may be due to differences in EV characteristics
(e.g., lipids, sterols and size/morphology) as a result of disparate biogenesis pathways. Previously, it has been suggested that
CD81+/CD9+/ CD63− EVs are primarily ectosomes that originate via budding from the plasma membrane of the cell, while
CD81−/CD9−/ CD63+ EVs are primarily exosomes originating from multivesicular bodies (Kowal et al., 2016; Mathieu et al.,
2021). Therefore, slight changes in cell culture conditions may lead to large changes in the type and number of EVs secreted,
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TABLE  Major trends observed when comparing across active loading methods.

Read-out: Comparison of loading methods:

Loading efficiency Sonication > Electroporation > Freeze-thaw = Incubation

R6G particle number Electroporation > Sonication = Incubation > Freeze-thaw = EV only

CFSE particle number EV only > Incubation > Electroporation > Freeze-thaw > Sonication

CD63 particle number EV only > Incubation = Electroporation > Freeze-thaw > Sonication

Total particle count by RPS EV only = Freeze-thaw > Incubation = Sonication = Electroporation

Total particle count by NTA Freeze-thaw > EV only = Incubation = Sonication = Electroporation

which is likely to have a large effect on loading. Furthermore, it should be noted that while sonication and electroporation were
found to have significantly increased loading compared to the incubation control regardless of read-out (loading efficiency or
R6G particle number), the increases weremoderate. This highlights the challenges faced by the field of increase loading efficiency
without damaging EVs.
Our data strongly suggest that CD63+ EVs behave differently than other tetraspanin subpopulations during active loading. For

example, in some cases, CD63 membrane expression was found to decrease without a commensurate decrease in total particle
count. Similarly, prior work noted a decrease in CD63, CD24 and CD47 EVmembrane expression after loading doxorubicin into
EVs via extrusion, freeze-thaw, sonication and surfactant treatment (Chen et al., 2023). Additionally, with increased sonication,
a significant increase in R6G-loaded CD81+ and CD9+ EV was observed but not in CD63+ EVs (Figure 2c). These findings
warrant further investigation into subpopulation-specific differences in active loading.
Shortcoming of our results is that our investigation is limited to only R6Gwithout any functional readout assessed. The impact

of the particular API properties was also not investigated in this study but also warrants further investigation. Considering
that the API itself affects the loading mechanisms and efficiencies, it is likely that active loading methods need be optimized
for each API specifically. For instance, electroporation has been found to cause siRNA to aggregate during the loading pro-
cess (Kooijmans et al., 2013; Lamichhane et al., 2016). Furthermore, our results are limited to one EV source. Given our results
suggesting that cell culture conditions are influencing secreted EVs and therefore loading, we hypothesize that testing load-
ing in EVs from different source would likely lead to differences in loading results. Additionally, we did not study the effect of
CFSE on the loading of R6G, which may have affected the loading of R6G in different ways depending on the loading methods
used.
Finally, it should be noted that a large weakness of this study and indeed the field at large is the lack of calibrated methods

to assess true size and concentration across the entire range of EVs. This study revealed major obstacles in comparing across
techniques with different sensitivities. For example, some results could be explained by assuming that EVs break up into smaller
particles (or release some or all cargo, resulting in a reduction in refractive index) below the NTA detection threshold but still
detectable by interferometry or RPS. It is also possible that the lower detection limit of immunofluorescence precluded us from
detecting EVs with low levels of R6G loaded. A lack of calibration for this instrument is severely limiting in this sense. While
another fluorescence detection method, single particle flow cytometry, has been rigorously developed with size and fluorescence
calibration routines, the technique is not suitable for analyzing EVs smaller than 90–100 nm onmost cytometers, with the excep-
tion of newer instruments specialized for small particle analysis, thus miss the large majority of small EVs (Welsh et al., 2023).
Our own cytometer routinely demonstrates a lower size limitation of >150 nm on a day-to-day basis, thus was not used for this
study. Altogether, these limitations make interpreting orthogonal techniques exceeding difficult.
During this study, we observed inconsistencies in incubation replicates (Figure 6) this despite observing statistically significant

differences between loading methods when using EVs from a single EV isolation (Figures 2–5). This highlights the challenges
that the field will need to address for both large scale production and clinical translation of drug loaded EVs. In addition to
incubation samples, inconsistencies were also observed between runs with active loadingmethods. Initially, CD63 particle count
determine by tetraspanin capture assays was found to be significantly greater after three treatment cycles of sonication with
pulsing compared to incubation but to be significantly less after electroporation with 25 V or 5 freeze-thaw cycles (Figures 2b,
3b and 4b). However, during the second run of the comparison study, sonication and freeze-thaw led to a significantly less CD63
particle count compared to incubation, while electroporation was not found to cause a significant change (Figure 5b). Again, this
difference is likely due to differences in EVs fromdifferent isolations and slight differences in handling during loading.Differences
between runs were also observed in R6G-loaded EV subpopulations. For instance, the relative number of CD63+ R6G-loaded
EVs was not significantly different between incubation and sonication samples for the first run (Figure 2c). However, during the
comparison study the relative number of CD63+ R6G-loaded EVs was significantly greater in the sonication samples compared
incubation samples (Figure 5c). This difference is likely due to the above observed inconsistency in difference of CD63 particle
count. These inconsistencies demonstrate the difficulty in developing a rigorous loading method that consistently target specific
EV subpopulations given their high heterogeneity. Moreover, it highlights the importance in single particle level characterization
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of the EV loading, as which subpopulations are loadedmay greatly affect efficacy and can also be used to help tease out functional
mechanisms (i.e., cellular uptake and longer circulation half-life).
Overall, despite these limitations, we have demonstrated (1) the importance of single particle characterization of EVs before

and after loading with orthogonal methods for describing loading into EV subpopulations, (2) EV drug loading affect EV charac-
teristics and (3) that the rigorous loading of API into the same subpopulations of EVs is challenging due to their dynamic nature.
Our data also suggest that highly controlled and monitored cell culture conditions will be needed to ensure reproducibility of
EVs, or the use of other methods to decrease the heterogeneity and/or increase the consistency of the EVs that will be loaded.
In future, developing a robust loading method that achieve high loading in the same subpopulations of EV across multiple EV
isolations should be developed for successful clinical translation of EV drug delivery systems.
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