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Encapsulation of Hydrophilic Compounds in Small
Extracellular Vesicles: Loading Capacity and Impact on

Vesicle Functions

Britta Franziska Hettich, Johannes Josua Bader, and Jean-Christophe Leroux*

Their natural functions in intercellular communication render extracellular
vesicles (EV) highly attractive for drug delivery applications. However, the
loading efficiency of present methods to incorporate particularly hydrophilic
low molecular weight drugs of biomedical interest is largely unexplored, as is
the impact these methods may have on the intrinsic structural and biological
vesicle properties. Here, different methods are exploited to incorporate
hydrophilic non-membrane permeable compounds into stem cell-derived
small EV, and to assess the vesicle characteristics after the different loading

suffer from targeting inefficiency, low cargo
transfer into the host cells, and tolerance
issues.'*] Fueled by these limitations,
small extracellular vesicles (EV) such as exo-
somes have been proposed as an appealing
alternative.!]

Small EV are cell-secreted vesicles with di-
ameters of no more than 200 nm.[”8] As
intercellular communication messengers,
they have intrinsic biological functions and

processes. When comparing several methods head-to-head, the loading
capacity increases in the order saponin < sonication < fusion <
freeze-thawing < osmotic shock. Interestingly, the structural and biological
functions of small EV are dependent on the applied encapsulation process,
with the functional properties being altered at a greater extent. Therefore, the
importance of including additional characterization parameters to probe
alterations of the biological functionality of small EV is clearly demonstrated.
Here, freeze-thawing and particularly the osmotic shock have proven to be the
most appropriate methods for EV loading, as they achieve a high drug
encapsulation and yet preserve the investigated structural and biological

vesicle characteristics.

1. Introduction

Drug delivery platforms can substantially improve the therapeu-
tic index of drugs by enhancing the pharmacological response
within disease sites and minimizing off-target effects.['?] Ar-
tificial nanocarriers (e.g., liposomes, drug-polymer conjugates)
have demonstrated some clinical success for this purpose, hence
making their way into several approved drug formulations
(e.g., Doxil, Adagen).[>?! Nevertheless, synthetic systems often
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targeting capabilities that make them inter-
esting from a biomedical perspective.[”1"]
Particularly stem cell-derived small EV pos-
sess a broad therapeutic activity spectrum,
rendering them suitable for the manage-
ment of chronic wounds and graft-versus-
host disease, among other pathologies.['1?]
As demonstrated in rodent and a few
human studies, stem cell-derived EV are
poorly immunogenic and not toxic.['*714]
Moreover, they are believed to be rel-
atively degradation-resistant and to effi-
ciently traffic their payload to host cells, po-
tentially outperforming artificial nanocarri-
ers in these aspects.[**1°]

In terms of drug loading into EV, different strategies can
be followed.l'*) Hydrophobic and amphiphilic drugs (e.g., pa-
clitaxel, doxorubicin) can be incorporated by simple coincuba-
tion with the vesicles, albeit the achieved loading levels are gen-
erally low.''8] More hydrophilic and macromolecular drugs
(e.g., nucleic acids, enzymes) require a transient permeabiliza-
tion of the vesicle membrane to be encapsulated, which has
been achieved by electroporation, sonication, saponin treatment,
freeze-thawing, and osmotic shock approaches.['1619] Electro-
poration has been applied mostly for nucleic acids,[**] but has
proven inefficient for the incorporation of other types of com-
pounds into EV, such as an intermediately hydrophilic analogue
of the photosensitizer porphyrin.[?*-22] Enzymes such as cata-
lase can be encapsulated with reasonable efficiency when exo-
somes are subjected to saponin treatment, freeze-thawing, or
sonication.[”! A comparison of the loading methods’ efficien-
cies between different studies is, however, severely restricted
due to inconsistencies in the declaration of drug loading lev-
els (e.g., drug molecules per vesicles,[?”) drug concentration per
vesicles, '] and total encapsulated drug concentration!*®)), and
in the purification protocols used to remove excess drug (e.g.,
ultracentrifugation,!?!! size exclusion chromatography!?°)). Apart
from nucleic acids, mainly classical drugs with a hydrophobic
to moderate hydrophilic nature have hitherto been incorporated
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into EV,['"] leaving the capacity of current loading methods
to encapsulate highly hydrophilic classical drugs largely unad-
dressed.

Particularly relevant for the applicability of EV in drug deliv-
ery, analyses of their physicochemical features, morphological
appearance, and cellular uptake revealed that the loading meth-
ods can partially affect the vesicle integrity.*22324] In a study
of macrophage-derived exosomes, sonication induced a signifi-
cant size increase and re-shaping of the vesicle structure, while
freeze-thawing led to aggregation.?’] Treatment with the surfac-
tant saponin, by contrast, preserved the vesicle characteristics, 23]
as independently corroborated by another study applying this
method on cancer cell-derived EV.[?] Originally described for
erythrocyte loading,!?! hypotonic dialysis has been used for en-
capsulating intermediately hydrophilic porphyrins into EV.20 Al-
though the loading efficiency was reported to be relatively high,
the vesicles’ size profile was significantly altered.?") Interestingly,
the investigated loading methods seemed to not impair the cellu-
lar uptake of EV, which was interpreted as indicative of preserved
biological functions.[2*?3] The latter has in most cases been cor-
roborated by the pharmacological response induced by the en-
capsulated drug within the target cells.?021:3] However, little is
known about the potential impact of the loading methods on the
intrinsic enzymatic and biological activity of the EV themselves.

In this work, several loading methods are investigated with the
aim of identifying the optimal one(s) in terms of loading effi-
ciency of hydrophilic compounds, and minimal impact on the
integrity and bioactivity of small EV. The pH-sensing probe pyra-
nine and the phosphodiesterase inhibitor pentoxifylline were se-
lected as model hydrophilic candidates to determine the loading
capacity of the investigated encapsulation processes. The impact
of the loading methods on the vesicle integrity was subsequently
investigated, thereby focusing on the intrinsic biological func-
tions of small EV derived from HPV-16 E6/E7 transformed hu-
man bone marrow mesenchymal stromal cells (HS-5).

2. Results and Discussion
2.1. HS-5 Cell-Derived Small EV

As reported in our previous work, 2l small EV, including exo-
somes, were isolated from HS-5 cells by differential ultracentrifu-
gation and extensively characterized following the recommenda-
tions of the International Society for Extracellular Vesicles.[728]
In brief, nanoparticle tracking analysis (NTA) revealed that the
diameters of the isolated vesicles were generally below 200 nm,
with the main population having a mode of 101 + 12 nm (Figure
S1A, Supporting Information). Vesicles displayed a characteris-
tic, though artificially created, cup-shaped appearance when ana-
lyzed by transmission electron microscopy (TEM), and expressed
broadly accepted EV marker proteins (Figure S1B,C, Supporting
Information). Importantly, depletion of the representative con-
taminant calregulin indicated purity (Figure S1C, Supporting In-
formation).

For subsequent drug loading studies of the obtained HS-5
cell-derived small EV, different physical principles were assessed
for their efficiency in promoting a temporary destabilization of
the vesicle membrane, including liposomes fusion,?’! freeze-
thawing,!?! sonication,?! osmotic shock,?*?° and saponin
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treatment(?*! (Figure 1). For the fusion of HS-5 cell-derived small
EV with drug-loaded liposomes, the optimal liposomal formula-
tion was first determined.

2.2. HS-5 Cell-derived Small EV Efficiently Fuse with Cationic
Liposomes to form Hybrid Vesicles

The neutral lipid 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) was selected as base component of the screened lipo-
somal formulations (Figure 2A) as it is abundantly present in
HS-5 exosomes!?*l and commonly used in drug delivery.?*3! To
increase the liposomes’ fusion propensity with the negatively-
charged HS-5 cell-derived small EV, the cationic lipid 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP) was incor-
porated at varying molar ratios.?3233] Phosphoethanolamines
(i-e., 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine- N-
[carboxy(polyethylene glycol)-2000] (DSPE-PEG)) were addi-
tionally incorporated into the liposome formulations to mod-
ulate their fusion efficiency.?%3334 Overall, positively-charged
liposomes with similar modal diameters as native HS-5 cell-
derived small EV were generated (Figure S2A,B, Supporting
Information). Liposomes fusion with these EV was subsequently
induced by freeze-thawing to spare the need for contaminat-
ing fusion-promoting chemicals (e.g., polyethylene glycol or
calcium).?®*] The fusion process was traced by a fluorescence
resonance energy transfer (FRET) assay, employing liposomes
containing the fluorescent probes nitrobenzoxadiazol (NBD)
and rhodamine.[?>333°] Fusion efficiencies of labeled liposomes
with unlabeled small EV were detected as an increase of the
NBD fluorescence.l*]

Here, it was found that DOPC liposomes fused to a signifi-
cantly higher extent with HS-5 cell-derived small EV at a DOTAP
content of 50 mol% compared to 20 mol% (Figure 2B). The
fusogenicity of liposomes formulated with 50 mol% DOTAP
remained unaffected upon incorporation of either DSPE-PEG
or DOPE at 20 mol% (Figure 2B). Yet in presence of DOPE,
the liposomes’ fusion efficiency seemed independent of the
DOTAP content (Figure 2B). Interestingly, liposomes containing
DOPC/DOTAP/DOPE at a molar ratio of 70:10:20 fused to a sig-
nificantly higher degree than those composed of DOPC/DOTAP
80:20 mol%, indicating that DOPE may promote fusion at low
DOTAP contents.[**]

Overall, liposomes formulated with 20 mol% DOPE and
either 10 or 50 mol% DOTAP had the highest fusion effi-
ciencies, although the latter remained generally modest (<
20%). Since cationic lipids are associated with toxicity issues,*®!
the formulation containing the lowest content thereof (i.e.,
DOPC/DOTAP/DOPE at 70:10:20 mol%) was used for subse-
quent drug loading studies.

2.3. Hydrophilic Compounds can be Incorporated into Small EV
To compare different loading methods in terms of their load-
ing capacity for hydrophilic low molecular weight compounds,

the fluorophore pyranine (524.4 g mol~!) was selected as model
cargo (Figure 3A) as its three negative charges at pH 7.4 render it
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Figure 1. Schematic snapshot view of investigated loading approaches. The hydrophilic low molecular weight fluorophore pyranine was incorporated
into small EV by the depicted loading strategies, i.e., fusion with preloaded liposomes, freeze-thawing, sonication, osmotic shock-controlled loading,

and saponin permeabilization under isotonic conditions.
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Figure 2. HS-5 cell-derived small EV can be fused with cationic liposomes. A) Schematic overview of the different liposomal formulations (in mol%)
tested for fusion with HS-5 cell-derived small EV. B) Fusion efficiency as a function of the liposome composition. Fusion efficiency is expressed as
percentage of the NBD fluorescence (y-axis). Lipid concentrations are indicated as mol% (x-axis). Data represent mean + SD, n = 3. Significance was

calculated with an ordinary two-way ANOVA followed by a post-hoc Tukey’s multiple comparison test, “p < 0.05, “p < 0.01.

non-permeable across lipid bilayers.[*”! To account for potential

passive incorporation of pyranine within the vesicle structure, co-
incubation at isotonic conditions was performed as control. Of
note, the pyranine concentration was similar between the differ-
ent loading methods to ensure comparability. Taking advantage
of the strong intrinsic pyranine fluorescence at neutral pH,**l a
rapid qualitative screening by fluorescence microscopy was first
performed. Highest fluorescence signals were observed with the
osmotic shock and freeze-thawing methods, whereas no fluores-
cence was detected for sonicated and saponin-treated EV (Figure
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S3A-F, Supporting Information). Fusion and coincubation con-
trol revealed comparable fluorescence signals, which were both
below those of the osmotic shock and freeze-thawing (Figure
S3G,H, Supporting Information).

Confirming the qualitative results, quantification of encapsu-
lated pyranine levels revealed that permeabilization of the vesi-
cle membrane through osmotic shock encapsulated significantly
higher pyranine quantities than simple coincubation, reaching
levels around 25 pmol pg~! independently of the temperature
and incubation time (Figure 3A). These results were in line
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Figure 3. Osmotic shock-controlled loading achieves highest loading capacities. A) Pyranine loading into HS-5 cell-derived small EV. Small EV were

loaded with pyranine by osmotic (osm) shock (performed at 4 °C or room

temperature (RT), for overnight (o/n) or 4 h), freeze-thawing, sonication,

saponin permeabilization, or fusion with pyranine-loaded liposomes (DOPC/DOTAP/DOPE 70:10:20 mol%). Coincubation served as loading control.
B) Pentoxifylline loading into HS-5 cell-derived small EV. Pentoxifylline was incorporated into small EV by a 4-h osmotic shock at RT at varying drug con-
centrations. Coincubation, representatively shown for 70 mm pentoxifylline, served as loading control. All data represent mean + SD, n = 3. Significance
was calculated with an ordinary two-way ANOVA followed by a post-hoc Tukey’s multiple comparison test, “p < 0.05, p < 0.01, “**p < 0.0001.

with previous reports of efficient encapsulation of highly water-
soluble glucocorticoid-analogues and intermediately hydrophilic
porphyrin analogues by osmotic shock at room temperature
(RT) for 30 min into erythrocytes and at 4 °C for 4 h into EV,
respectively.2%%5] The apparent loading capacity reached follow-
ing coincubation might have resulted from unspecific dye bind-
ing to membrane surface structures (e.g., heparan sulfate pro-
teoglycans, surface proteins, or lipid head groups) as pyranine is
not permeable across lipid bilayers.”] When small EV were sub-
jected to repeated freeze-thawing, pyranine contents were com-
parable to those obtained with the osmotic shock, while those af-
ter the fusion approach were approximately two-fold lower (Fig-
ure 3A). Sonication and saponin treatment, on the other hand,
were ineffective in loading pyranine (Figure 3A), which was con-
trary to a former study reporting that these two methods per-
formed under similar experimental conditions were efficient in
encapsulating the enzyme catalase into exosomes.[?*] Interest-
ingly, pyranine contents following sonication and saponin meth-
ods were even below those of the coincubation control (Fig-
ure 3A). Possibly, the hydro-mechanical shear forces induced by
sonication disrupted non-specific pyranine interactions with the
vesicle membrane. Likewise, the detergent saponin may have dis-
placed surface-bound pyranine given its use in immunofluores-
cence stainings to block non-specific antibody binding.*!

Overall, osmotic shock and freeze-thawing were identified as
the methods with the highest loading capacity, while fusion re-
sulted in intermediate values. Sonication and saponin treatment,
on the other hand, failed to load the hydrophilic fluorophore pyra-
nine. The same trends applied to the estimated transfer efficiency
of the investigated encapsulation processes (Table S1, Supporting
Information).

2.4. Osmotic Shock can Encapsulate the Hydrophilic Model Drug
Pentoxifylline

Since the osmotic shock procedure performed at RT for 4 h
yielded one of the highest loading capacities, it was represen-
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tatively selected for encapsulating the hydrophilic model drug
pentoxifylline (278.3 g mol~!) (Figure 3B). Unlike pyranine, pen-
toxifylline did not associate with the vesicles upon coincubation,
even when used at significantly higher concentrations than pyra-
nine (70 mm pentoxifylline vs. 5 mm pyranine) (Figure 3A,B).
Following osmotic shock, relatively high amounts of pentoxi-
fylline (2000-3000 pmol pg~! on average) could be incorporated,
whereby an increase of the pentoxifylline concentration from 5
to 70 mm produced a non-significant trend toward higher encap-
sulated quantities (Figure 3B). Compared to pyranine, a 100-fold
higher concentration of pentoxifylline could be loaded into small
EV. We hypothesized that, compared to pyranine, the smaller
molecular weight and largely uncharged state of pentoxifylline
may have facilitated its diffusion across the vesicle membrane
under permeabilizing conditions.

2.5. Loading Methods can Modify the Size and Zeta Potential of
Small EV

To track potential alterations of the vesicles’ size and surface
charge after being subjected to the loading methods, EV were
characterized by NTA. When compared to native HS-5 cell-
derived small EV, the modal diameters and size distribution pro-
files remained relatively unchanged irrespective of the loading
procedure (Figure 4A; Figure S4A-H, Supporting Information).
Only the EV-liposome hybrid vesicles obtained via the fusion ap-
proach displayed a small, but significant increase of the modal
diameter compared to native EV (Figure 4A;Figure S4H, Support-
ing Information), which corresponded to previous findings.!?*33
This size increase was expected as the fusion process of two vesi-
cles should result in a larger hybrid vesicle. Sonication, on the
other hand, was the only method with which additional vesicle
populations between 200 and 700 nm were clearly noted, albeit
in low portions (Figure S4F, Supporting Information). These re-
sults were in direct contrast with previous reports showing signif-
icant size increases and/or massive vesicle aggregates formation

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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following the different methods, even when performed under
similar experimental conditions.[20-23:24.29:33]

Regarding the zeta potential, EV subjected to osmotic shock
or freeze-thawing presented similar mean values as native vesi-
cles (Figure 4B), which confirmed previous findings.?***! In con-
trast, fusion with cationic liposomes, sonication, and saponin
treatment significantly increased the zeta potential vs. native vesi-
cles (Figure 4B). Regarding the fusion approach, similar trends
have been previously shown for the zeta potential of hybrid vesi-
cles when exosomes were fused with cationic liposomes.[*°] Fol-
lowing sonication and saponin treatment, on the other hand, it
was formerly reported that the vesicles’ zeta potential remained
unchanged,°2*] a difference that we hypothesized could be
due to the specific lipid composition of HS-5 cell-derived small
EV,1264] which could render them more susceptible to alterations
of their membrane integrity in comparison to vesicles of other
cell sources. Membrane remodeling processes experienced upon
sonication and saponin treatment may have led to changes in the
surface-exposed membrane proteins and/or lipids, hence poten-
tially affecting the zeta potential of the EV. This phenomenon was
previously presumed to account for an increased cellular uptake
of sonicated vs. native exosomes.[?*] It is conceivable that the de-
gree of such remodeling processes might, apart from the mem-
brane lipid composition, also depend on the applied saponin
concentration and sonication power, respectively, which differed
across studies.[2023.24]

Taken together, freeze-thawing and osmotic shock methods
preserved both the size and zeta potential of HS-5 cell-derived
small EV. In contrast, fusion with cationic liposomes, sonication,
and saponin treatment substantially affected the surface charge
of the vesicles, and sonication further clearly induced the forma-
tion of larger vesicle and/or aggregate populations.

2.6. Osmotic Shock and Freeze-Thawing Preserve the Biological
Functions of HS-5 Cell-Derived Small EV

The impact of the drug loading methods on the EV integrity is
primarily studied as a function of the physicochemical proper-
ties, morphology, and cellular uptake of the vesicles,[?*?*] exclud-
ing potential effects on their bioactivity. HS-5 cell-derived small
EV are particularly useful to monitor the biological functional-
ity post-loading because they abundantly express the transmem-
brane enzyme CD73, which can serve as a proxy for the vesicle
functionality.! Here, osmotic shock and freeze-thawing were
both found to preserve the CD73 activity of HS-5 cell-derived
small EV (Figure 4C). Interestingly, sonication, saponin perme-

www.advhealthmat.de

abilization, and fusion significantly reduced this enzymatic activ-
ity by approximately ten-fold on average (Figure 4C).

To further assess whether the loading process impacted the
vesicles’ biological activity, an in vitro scratch wound healing as-
say was performed on human immortalized keratinocytes (Ha-
CaT cells!*?]). We previously employed this assay to investigate
the efficacy of HS-5 exosomes and concurrently monitor their
CD73 activity.?! As with the CD73 activity, HS-5 cell-derived
small EV subjected to osmotic shock or freeze-thawing displayed
similar wound closure rates as native vesicles (Figure 4D), indi-
cating that their bioactivity was unaffected by these methods. In
contrast, sonication and fusion significantly reduced the wound
closure rates of HS-5 cell-derived EV by half, which might be as-
sociated to the near-complete loss of their CD73 activity.[* Re-
markably, saponin permeabilization fully abrogated the wound
closure-promoting activity of the EV (Figure 4D), which could be
a combination of the ablated CD73 activity and a potential loss of
intraluminal bioactive EV components (e.g., nucleic acids, pro-
teins), which are essential for the bioactivity of HS-5 cell-derived
EV.[2°l Importantly, control treatments with saponin and lipo-
somes used for fusion did not affect the scratch wound closure
rate (Figure 4D), confirming the method’s suitability for an un-
biased tracing of the functions of EV.

These results were subsequently verified by cryo-TEM, which
was representatively performed for the osmotic shock and fusion
as their CD73 and wound closure-promoting activity suggested a
preserved and altered integrity, respectively. Indeed, vesicle mem-
branes remained morphologically intact following the osmotic
shock procedure, while after fusion the membranes appeared to
be damaged (Figure 4E; Figure S5A-C, Supporting Information).
Interestingly, only few membranes seemed to be damaged when
native EV were subjected to repeated freeze-thawing cycles (Fig-
ure S5D, Supporting Information), suggesting that alterations in
the lipid composition of the EV-liposome hybrid vesicles might
reduce their resistance against freeze-thawing induced stress.
Of note, since liposomes subjected to the fusion conditions re-
mained clearly morphologically intact and could be distinguished
from EV by their smoother membrane and more transparent
vesicle core (Figure S5E, Supporting Information), the damaged
membranes observed after the fusion process likely belonged to
(un)fused EV. These findings correlated well with the measured
activity of the transmembrane enzyme CD73, which would likely
lose its activity upon membrane damage.

Overall, from the investigated loading approaches, the osmotic
shock and freeze-thawing methods were able to preserve the mor-
phological integrity as well as the CD73 enzymatic and in vitro
wound closure-accelerating activity of HS-5 cell-derived small EV.

Figure 4. The loading methods can affect the vesicle characteristics. A,B) Modal diameters and zeta potentials of HS-5 cell-derived small EV, as charac-
terized by NTA. C) CD73 activity of HS-5 cell-derived small EV was determined by a malachite green assay after applying the different loading methods.
D) Scratch wound healing assay with HaCaT cells. Cells were treated with small EV (13.5 pg protein) subjected to the different loading procedures,
negative controls (buffer, saponin, or liposomes formulated with DOPC/DOTAP/DOPE 70:10:20 mol%), or the positive control epidermal growth factor
(EGF, 50 ng mL™"). Wound closure was analyzed after 24 h. E) Morphology of HS-5 cell-derived small EV. The vesicles’ native-like state was visualized
by cryo-TEM. Yellow arrows mark potentially damaged membranes. Representative images are shown, scale bars = 100 nm. F) Cellular uptake studies
in HaCaT cells. Cells were treated for 24 h with DyLight 680-labeled small EV (10 pg protein) after being subjected to the different loading methods,
and the percentage of fluorescent cells was determined by flow cytometry. G) Visualization of cellular uptake in HaCaT cells. Confocal images of HaCaT
cells that were treated for 24 h with DyLight 680-labeled small EV (10 pg protein, red) subjected to the indicated loading procedures. The cellular plasma
membrane was stained with CellMask Green (green) and nuclei with Hoechst 33342 (blue). Representative images are shown, scale bars = 20 ym. All
data represent mean + SD, n = 3. Significance was calculated with an ordinary two-way ANOVA followed by a post-hoc Tukey’s multiple comparison
test, “p < 0.01, “*p < 0.001,
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2.7. Cellular Uptake of Small EV is Only Minimally Affected by
the Loading Procedures

Since changes of the vesicles’ biological functionality and mem-
brane integrity may also affect their cellular uptake, the latter
was subsequently investigated in HaCaT cells using DyLight 680-
labeled vesicles. As determined by flow cytometric analysis, os-
motic shock and freeze-thawing had no effect on the cellular up-
take of HS-5 cell-derived small EV, whereas saponin treatment
and sonication non-significantly diminished it (Figure 4F). The
decrease observed with sonicated small EV contradicted a former
study reporting an increased uptake efficiency of these exosomes
compared to freeze-thawed and native vesicles.[?)] We hypothe-
sized that the different membrane composition (i.e., lipids and
proteins) of EV obtained from varying cell sources (HS-5 cells in
our study vs. macrophages(?*)) may have resulted in the observed
differences. Following fusion with cationic liposomes, the uptake
of EV-liposome hybrid vesicles was enhanced by approximately
10% after a 24-h incubation time (Figure 4F). Confocal imaging
confirmed a general uptake of native DyLight 680-labeled EV and
those being subjected to the loading methods by HaCaT cells
(Figure 4G). After the osmotic shock, freeze-thawing, saponin,
and fusion methods, the vesicles’ location appeared as smaller
or larger red dots distributed throughout the whole cell, whereas
only weak fluorescent signals of sonicated vesicles could be ob-
served (Figure 4G). Interestingly, internalization of EV-liposome
hybrid vesicles seemed to be higher compared to native small EV
and those after the other loading approaches (Figure 4G). Simi-
lar results have been obtained in a previous work when exosomes
were modified with cationic lipids.[*}] Whether this observation
may result from a different uptake route and/or intracellular traf-
ficking of the EV-liposome hybrid vesicles remains to be deter-
mined. Moreover, given the fact that cationic lipids have been re-
ported to show a concentration-dependent toxicity and enhanced
uptake by the mononuclear phagocyte system,3%#*] the safety as
well as the pharmacokinetic and biodistribution profiles of the
EV-liposome hybrid vesicles have to be examined in future in vivo
studies.

Taken together, the investigated loading methods only mini-
mally impacted the extent of the cellular uptake of small EV, sug-
gesting that this parameter by itself might not accurately reflect
potential modifications of the intrinsic vesicle functions.

3. Conclusion

In this study, different loading methods (i.e., fusion with lipo-
somes, freeze-thawing, sonication, osmotic shock, and saponin
treatment) were investigated for their capacity to encapsulate
hydrophilic low molecular weight compounds into HS-5 cell-
derived small EV. Moreover, their impact on both the physico-
chemical properties and intrinsic bioactivity of HS-5 cell-derived
small EV was monitored.

Freeze-thawing and particularly osmotic shock proved to be
the only methods able to encapsulate hydrophilic low molecular
weight probes (i.e., the fluorophore pyranine and the drug pen-
toxifylline), while fully preserving the vesicle functions. More-
over, the importance of thoroughly characterizing the vesicle
functions post-loading was demonstrated, not only in terms of
their physicochemical characteristics and cellular uptake, but par-
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ticularly their intrinsic biological activity. Remarkably, the latter
was found to be a critical parameter allowing to probe alterations
of the EV functions that cannot be unambiguously captured by
physicochemical characterization tools and cellular uptake stud-
ies. We strongly believe that future biomedical investigations may
benefit from our results as they provide first insights on the load-
ing capacity of certain methods for hydrophilic drugs and on the
impact of the loading step on the intrinsic bioactivity of EV.

4. Experimental Section

Small EV Preparation and Characterization: Small EV were isolated
from the HPV-16 E6/E7 transformed human bone marrow mesenchy-
mal stromal cell line HS-5 (ATCC, Manassas, VA, USA) as previously
described.28] Prior EV production, cells were tested for mycoplasma using
the MycoAlert Mycoplasma Detection kit (Lonza Group AG, Basel, Switzer-
land). Briefly, 27 x 10° cells cm™2 were seeded in 15 mL complete growth
medium (Dulbecco’s Modified Eagle’'s Medium (DMEM) supplemented
with 100 U mL~" penicillin, 100 ug mL~" streptomycin, and 10% v/v fe-
tal bovine serum (FBS) (all from Thermo Fisher Scientific, Waltham, MA,
USA)) and grown for 40 h. For EV production, cells were washed twice with
phosphate-buffered saline (PBS, Thermo Fisher Scientific) and cultured
in 18 mL fresh serum-free DMEM for 48 h. The supernatant (i.e., condi-
tioned medium (CM)) was clarified by centrifugation at 4 °C and 2000 X
g for 5 min, followed by 10 000 X g for 15 min, and subsequent 0.22-ym
filtration. Small EV were then enriched from 396 mL of the obtained clari-
fied CM by ultracentrifugation at 4 °C and 100 000 x g for 70 min with an
Optima XE-90 ultracentrifuge equipped with a Type 45 Ti Fixed-Angle Tita-
nium Rotor (Beckman Coulter Life Sciences, Indianapolis, IN, USA). Small
EV pellets were resuspended in PBS, pooled, and re-centrifuged under
identical conditions. The purified small EV pellet was then resuspended
in either 200 pL PBS or, for CD73 activity measurements, HEPES-buffered
saline (20 mm HEPES (Thermo Fisher Scientific), 150 mm sodium chloride
(Sigma Aldrich, St. Louis, MO, USA), pH 7.4) and stored at —20 °C. The
vesicles’ size profile was determined by NTA (see section NTA). For analyz-
ing the vesicle morphology, small EV were fixed with 1% v/v glutaraldehyde
(Sigma Aldrich) on carbon-coated grids (Quantifoil Micro Tools GmbH,
Grosslobichau, Germany), stained with uranyl oxalate (Sigma Aldrich),
and visualized with a FEI Morgagni 268 microscope (Field Electron and
lon Company, Hillsboro, OR, USA) at 100 kV.[*] EV protein and contami-
nation markers were detected by Western blot analysis.[*647] Briefly, after
HS-5 cell and EV lysis, proteins were separated on 12% sodium dodecyl
sulfate polyacrylamide gels and subsequently transferred on Immun-Blot
PVDF membranes (Bio-Rad Laboratories, Hercules, CA, USA). The mem-
brane was blocked in 5% w/v skim milk in Tris buffered saline containing
1% v/v polysorbate 20 (Sigma Aldrich), followed by incubation with CD73,
CD63, CD9, TSG101, calregulin, and GAPDH primary antibodies (Santa
Cruz Biotechnology Inc., Dallas, TX, USA), and secondary HRP-conjugated
antibody (Dako Denmark A/S, Glostrup, Denmark). Protein bands were
visualized with Western Blotting Luminol Reagent (Santa Cruz Biotech-
nology Inc.), and developed on Fuji medical X-ray films (FUJIFILM Europe
GmbH, Dusseldorf, Germany).

Liposome Preparation: Liposomes composed of varying molar concen-
trations of DOPC, DOTAP, DOPE, and DSPE-PEG (PEG M,, 2000 g mol~")
(all from Avanti Polar Lipids, Alabaster, AL, USA) were prepared by the
thin-film hydration method.[“®! Lipids dissolved in chloroform Reagent-
Plus (Sigma Aldrich) were mixed at the corresponding molar ratios in-
dicated in the Results and Discussion section, and dried in vacuo for
overnight to form a thin lipid film. Liposomes at a final lipid concentration
of 2 mm were obtained by rehydration in PBS with or without 25 mm pyra-
nine (Thermo Fisher Scientific) at 55 °C and subsequent extrusion through
two-stacked 100-nm pore-sized polycarbonate filter membranes at 55 °C.
Liposomes were purified from non-encapsulated pyranine by size exclu-
sion chromatography using PD MidiTrap columns with a Sephadex G-25
resin (GE Healthcare, Chicago, IL, USA) and subsequently stored at 4 °C.
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Fusion Efficiency: The fusion efficiency between small EV and lipo-
somes containing 1.5 mol% each of NBD- and rhodamine-labeled 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine (Avanti Polar Lipids) was
evaluated by a FRET assay as previously described.[?*33] Small EV were
fused with liposomes by freeze-thawing (see section Loading procedures)
and the NBD fluorescence was monitored at an excitation and emission
wavelength of 470 and 530 nm, respectively, using a Tecan Infinite M200
plate reader (Tecan Group Ltd., Mdnnedorf, Switzerland). The percentage
of the NBD fluorescence, indicative of the fusion efficiency, was calculated
as ratio of the NBD fluorescence of the samples and the NBD fluorescence
obtained upon lysing the vesicles with 2.5% w/v n-dodecyl-p-D-maltoside
(Sigma Aldrich).[3%] The percentage of the NBD fluorescence obtained for
small EV and liposomes incubated under non-fusion conditions served as
control to account for spontaneous dye transfer, and was subtracted from
the value yielded under fusion conditions.

Loading Procedures: Pyranine encapsulation into HS-5 cell-derived
small EV was achieved by either sonication,[?}] saponin permeabiliza-
tion under isotonic conditions,[?3! freeze-thawing,[?’l osmotic shock
induction,[202%] or fusion with pre-loaded liposomes. Coincubation!?0]
served as a loading control. Unless indicated otherwise, 20 ug EV pro-
teins and 5 mm pyranine were mixed in a sample volume of 100 pL and
subjected to the different drug loading procedures.

For control loading, samples were incubated under isotonic conditions
at RT for 4 h. For saponin permeabilization, 2 mg mL~" saponin (Sigma
Aldrich) was added to the EV-pyranine mixture and incubated at RT for
20 min under agitation. In case of freeze-thawing, the EV-pyranine mixture
was subjected to ten cycles of freezing in liquid nitrogen and thawing in a
water bath at 30 °C. For sonication, the EV-pyranine mixture was cooled on
an ice bath and sonicated for 24 s at a 20% amplitude (700 W, 50/60 Hz,
6 cycles of 4 s pulse and 2 s pause) using a FB-705 Sonic Dismembrator
(Fisher Scientific, Reinach, Switzerland). After a 2-min cooling period on
ice, the sample was re-sonicated under identical conditions. In case of the
osmotic shock procedure, EV were loaded in 3.5 kDa molecular weight cut-
off dialysis units (Thermo Fisher Scientific) and first dialyzed against 2 mL
water at RT for 3 h. Then, pyranine was carefully added to the hypotonic EV
and the mixture was dialyzed against 1 mL water containing 5 mm pyra-
nine for either 4 h at RT or 18 h at RT or 18 h at 4 °C. EV were recovered
by diluting the mixture in hypertonic buffer to reach a final osmolality of
300 mOsmol kg™! and dialyzed against an isotonic buffer at RT for 2.5 h.
In case of fusion with pyranine-loaded liposomes, 20 pg EV proteins and
100 pm liposomes were subjected to ten freeze-thawing cycles and non-
fused liposomes were removed by cation exchange chromatography using
Dowex Monosphere 650C resin (Merck KGaA, Darmstadt, Germany). To
account for pyranine-loaded liposomes that could not be removed from
fused vesicles, 100 pm pyranine-loaded liposomes were subjected to ten
freeze-thawing cycles and purified by cation exchange chromatography as
control. Control pyranine concentrations were subsequently subtracted
from the ones obtained for fused vesicles.

HS-5 cell-derived small EV were additionally loaded with the hydrophilic
drug pentoxifylline (Sigma Aldrich) at varying concentrations (5, 35 or
70 mm) via the osmotic shock procedure for 4 h at RT. Coincubation served
as a loading control, and was performed with 5 and 70 mm pentoxifylline.

For all loading procedures, except the fusion approach, free com-
pound was removed by size exclusion chromatography using PD MidiTrap
columns with a Sephadex G-25 resin.

Quantification of Loading Levels: Lyophilized small EV loaded with ei-
ther pyranine or pentoxifylline were resuspended in 65 pL 4 m hydrochlo-
ric acid (Sigma Aldrich) and incubated at 95 °C for 1 h under agitation to
lyze the vesicles. For neutralization, 65 pL 4 m sodium hydroxide (Sigma
Aldrich) was added and re-incubated at 95 °C for 30 min under agitation.
Following centrifugation at 10 000 x g for 5 min, 60 pL aliquots were ana-
lyzed in a randomized order on a XBridge BEH C18 column (Waters Corpo-
ration, Milford, MA, USA) using a VWR-Hitachi Chromaster HPLC (VWR
International LLC, Radnor, PA, USA) as follows.

For pyranine quantification, samples were separated by a 10 mm glycine
and 2 mm tetrabutyl ammonium hydroxide (Sigma Aldrich) in water pH 10
(solvent A) and acetonitrile (solvent B, Sigma Aldrich) gradient (from 20%
to 60% B in 5 min, 60% B for 1 min, 50% B in 1 min and for 5 min, 20% B in
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1 min and for 7 min) at 35 °C and a flow rate of 0.7 mL min~". Pyranine was
detected at a 454 nm excitation and 511 nm emission wavelength using
the fluorescence system detector (VWR International LLC) and quantified
based on a pyranine calibration curve ranging from 0.4 to 50 nwm.

For pentoxifylline quantification, samples were separated by a 10 mm
sodium acetate (VWR International LLC) in water pH 4.0 (solvent A) and
acetonitrile (solvent B) gradient (10% B for 3 min, 30% B in 3 min and
for 7 min, 50% B in 1 min and for 3 min, and 10% B in 2 min and for
6 min) at 30 °C and a flow rate of 0.8 mL min~". Pentoxifylline was detected
at 275 nm using the UV absorbance system detector (VWR International
LLC) and quantified based on a pentoxifylline calibration curve ranging
from 4 to 90 um.

The loading capacity was calculated as pmol compound per pg EV pro-
tein. To obtain the estimated transfer efficiency, the encapsulated com-
pound concentration was calculated assuming the vesicles as a perfect
water-filled sphere with a mean diameter of 101 nm, and divided by the
initial compound concentration. A 100% transfer efficiency would corre-
spond to an internal EV compound concentration being equivalent to the
initial one in the bulk solution.

NTA: Size, concentration and zeta potential of small EV and lipo-
somes were analyzed with a ZetaView PMX 120-Z instrument equipped
with a CMOS camera and a 405-nm laser source (Particle Metrix GmbH,
Meerbusch, Germany). Samples were diluted to 107-10% vesicles mL™!
(50-200 vesicles per frame), and measured in a randomized order with a
sensitivity of 85, shutter of 150 and frame rate of 30 s~' at 11 positions with
two readings per position. Zeta potential measurements were performed
in the pulsed mode applying similar acquisition settings. Data were an-
alyzed with the ZetaView software package (version 8.05.12 SP1, Particle
Metrix GmbH), applying the instrument’s default post-acquisition param-
eter settings with the width of the bin class set to 5 nm.

Protein Quantification: EV protein contents post-loading were quan-
tified by the Micro BCA assay following the manufacturer’s instructions
(Thermo Fisher Scientific). Briefly, 80 pL of the EV suspension were di-
luted with nanopure water ad 150 pL and incubated with 150 pL Micro
BCA reagent at 37 °C for 2 h. The absorbance at 562 nm was measured
using a Tecan Infinite M200 plate reader.

CD73 Enzymatic Assay: The CD73 activity of small EV was determined
as reported before.1?] In brief, 0.1 pg EV protein and 24 umol adenosine-
5’-monophosphate (Acros Organics, Geel, Belgium) were incubated in
a reaction volume of 60 pL at RT for 10 min. Following incubation with
40 pL color reagent (0.034% w/v malachite green (Bender & Hobein
GmbH, Munich, Germany), 1.55% w/v ammonium molybdate tetrahy-
drate (abcr GmbH, Karlsruhe, Germany), 0.0625% v/v polysorbate 20
(Sigma Aldrich)) at RT for 1 h, the absorbance at 620 nm was measured
with a Tecan Infinite M200 plate reader.

Cryo-TEM: Small EV (3 pL) were added on 300-mesh lacey carbon-
coated copper grids (Quantifoil Micro Tools GmbH) previously glow-
discharged for 30 s in an Emitech K100X glow discharge device (Quorum
Technologies Ltd., Lewes, UK), and vitrified in liquid ethane/propane using
a Vitrobot Mark Il (Field Electron and lon Company). Micrographs were
subsequently recorded with a Tecnai F20 Cryo transmission electron mi-
croscope equipped with a Falcon Il 4K Direct Electron Detector (Field Elec-
tron and lon Company). The cryo-microscope was operated at —180 °C in
the bright field mode at a 200 kV acceleration voltage and <500 electrons
nm=2,

Invitro Scratch Wound Healing Assay:  The scratch wound healing assay
was performed as described previously.[?¢] In brief, human immortalized
keratinocytes (HaCaT cells,[42] kindly provided by Dr. P. Boukamp (Leibniz
Institute for Environmental Medicine, Diisseldorf, Germany)) were seeded
in a 48-well plate (TPP Techno Plastic Products AG, Trasadingen, Switzer-
land) at a density of 105 000 cells per well in DMEM supplemented with
100 U mL~" penicillin, 100 yg mL™" streptomycin, and 10% v/v FBS. When
confluency was reached, a sterile 200 pL pipette tip was used to scrape
a cross-shaped wound into the cell monolayer. Cells were then washed
with PBS and treated with complete growth medium containing 13.5 pg
HS-5 cell-derived small EV proteins previously subjected to the investi-
gated drug loading methods, or negative controls. Directly after scratch-
ing and after a 24-h stimulation time, the wound was imaged at a 2.5x
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magnification using a Leica DMI6000 B epifluorescence microscope (Le-
ica Microsystems, Wetzlar, Germany). The wound closure rate was ana-
lyzed randomly in a blinded fashion with FIJI softwarel*’! and normalized
to medium controls. HaCaT cells were regularly tested for mycoplasma
using the MycoAlert Mycoplasma Detection kit (Lonza Group AG).

Labeling of HS-5 Cell-Derived Small EV:  For uptake studies and con-
focal microscopy measurements, small EV were labeled with the near-
infrared dye DyLight™ 680 N-succinimidyl (NHS) ester, mainly adher-
ing to the manufacturer’s instructions (Thermo Fisher Scientific). Briefly,
small EV and dye (20:1 w/w, whereby the EV quantity refers to pg of EV
proteins) were incubated for 2 h at RT, followed by 2 h at 4 °C. Excess dye
was subsequently removed by ultracentrifugation at 4 °C and 100 000 x
g for 70 min, and the labeled small EV pellet was resuspended in 150 pL
PBS. In parallel, an equal dye quantity was purified in a similar way and
used as dye control to assess the purification efficiency.

Flow Cytometry: HaCaT cells were seeded at 80 000 cells per well in
a 24-well plate (TPP Techno Plastic Products AG) and grown over 24 h.
Cells were then incubated with 10 pg DyLight 680-labeled HS-5 cell-derived
small EV proteins previously subjected to the investigated drug loading
methods, or controls for 24 h. For flow cytometry measurements, cells
were detached, centrifuged at 4 °C and 300 x g for 10 min and resus-
pended in 100-150 pL ice-cold PBS containing 2 mm ethylenediaminete-
traacetic acid (Sigma Aldrich) and 0.5% w/v bovine serum albumin (Sigma
Aldrich). Data of 10 000 cells per sample were subsequently acquired with
a CytoFLEX S flow cytometer (Beckman Coulter Life Sciences) and ana-
lyzed with FlowJo software (BD Biosciences, Franklin Lakes, NJ, USA).

Confocal Microscopy: In 24-well plates, HaCaT cells were seeded on
sterile 12 mm round coverslips (VWR International LLC) at a density of
80 000 cells per well, grown over 24 h and treated with 10 pg DyLight 680-
labeled HS-5 cell-derived small EV proteins, either native or after the inves-
tigated drug loading methods, or dye control for 24 h. After PBS-washing,
cell plasma membranes were stained with CellMask™ Green according
to the manufacturer’s instructions (Thermo Fisher Scientific). Cells were
subsequently fixed with 4% v/v PBS-buffered paraformaldehyde (Sigma
Aldrich) for 15 min at RT, washed with PBS and counter-stained with
Hoechst 33342 (Sigma Aldrich). Coverslips were subsequently mounted
in Prolong™ Diamond Antifade Mountant (Thermo Fisher Scientific) and
imaged on a Leica TCS SP8 STED 3Xx confocal microscope (Leica Microsys-
tems).

Statistical Analysis: Data represent mean + SD, n = 3, unless stated
otherwise. Assuming a normal distribution, significance between groups
was calculated with an ordinary two-way ANOVA followed by a post-hoc
Tukey's multiple comparison test (@ = 0.05, p-value calculated) using
GraphPad Prism software (version 8.2.0, GraphPad Software Inc., San
Diego, CA, USA).
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