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Enhancing the Stabilization Potential of Lyophilization for
Extracellular Vesicles

Eduard Trenkenschuh, Maximilian Richter, Eilien Heinrich, Marcus Koch,
Gregor Fuhrmann, and Wolfgang Friess*

Extracellular vesicles (EV) are an emerging technology as immune
therapeutics and drug delivery vehicles. However, EVs are usually stored at
−80 °C which limits potential clinical applicability. Freeze-drying of EVs
striving for long-term stable formulations is therefore studied. The most
appropriate formulation parameters are identified in freeze-thawing studies
with two different EV types. After a freeze-drying feasibility study, four
lyophilized EV formulations are tested for storage stability for up to 6 months.
Freeze-thawing studies revealed improved colloidal EV stability in presence of
sucrose or potassium phosphate buffer instead of sodium phosphate buffer
or phosphate-buffered saline. Less aggregation and/or vesicle fusion occurred
at neutral pH compared to slightly acidic or alkaline pH. EVs colloidal stability
can be most effectively preserved by addition of low amounts of poloxamer
188. Polyvinyl pyrrolidone failed to preserve EVs upon freeze-drying. Particle
size and concentration of EVs are retained over 6 months at 40 °C in
lyophilizates containing 10 mm K- or Na-phosphate buffer, 0.02% poloxamer
188, and 5% sucrose. The biological activity of associated beta-glucuronidase
is maintained for 1 month, but decreased after 6 months. Here optimized
parameters for lyophilization of EVs that contribute to generate long-term
stable EV formulations are presented.

1. Introduction

Lyophilization is a commonly used method to achieve stable bio-
pharmaceutical products.[1] Substantial literature is available on
freeze-drying of protein biopharmaceuticals, whereas knowledge
about lyophilization of nanoparticulate biopharmaceuticals like
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vaccines, viruses, or polyplexes is limited.[2]

Due to their different particle proper-
ties, nanoparticulate systems require dif-
ferent colloidal and chemical stabilization
mechanisms which increases lyophilization
complexity.

Extracellular vesicles (EVs) are nanoparti-
cles produced by cells from all branches of
the phylogenetic tree. They are surrounded
by a lipid-membrane that contains trans-
membrane proteins. In their lumen, EVs
can contain a plethora of biomolecules,
such as proteins, RNA and DNA.[3] Depend-
ing on the producing species, the mecha-
nism of their assembly and the composi-
tion of their membrane differs. Mammalian
cells produce two main variants of EVs, ex-
osomes derived from multivesicular bod-
ies and microvesicles produced directly by
blebbing from the cell-surface.[4] EVs de-
rived from gram-negative bacteria, the so-
called outer membrane vesicles (OMVs),
are produced by blebbing from the bac-
terial outer membrane.[5] EVs can suc-
cessfully deliver functional cargo for in-
tercellular communication.[6] This cargo is

encapsulated in EVs and can be composed of proteins and nucleic
acids. EVs are therefore intensely investigated as therapeutics,[7,8]

drug-delivery vehicles,[9] and biomarkers for various diseases.[10]

However, to be viable alternatives to established treatment-
options and to allow for their broad use in clinical settings, many
hurdles still need to be overcome.[11] Besides the reproducibility
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of their production and purification, storage stability is a big
challenge.[12] EVs may be relatively stable in liquid state for a few
weeks at room temperature;[13] still, clinical use would require ex-
tended shelf life. Since physical and biological stability is typically
rather limited to a shorter time period, the International Soci-
ety of EVs recommends storage at −80 °C in phosphate-buffered
saline (PBS).[14] However, this storage condition is unfavorable
in terms of energy consumption, transportation, and most im-
portantly clinical application. In general, freezing-thawing (FT)
is considered to destabilize EVs, for example, by changing EV
morphology, function, particle size, and concentration.[15] EV sta-
bility differs by vesicle source and potentially the preparation
method.[16] Pieters et al. demonstrated that milk-derived EVs are
highly stable upon FT while the number of macrophage-derived
vesicles was significantly reduced.[17]

Freeze-drying of EVs could accelerate research and offers
long-term stabilization which is an important step towards their
application as therapeutics. Moreover, lyophilizates offer new
options for administration routes, for example, pulmonary deliv-
ery. Nevertheless, lyophilization increases stress during freezing
and drying, which can result in EV damage unless appropriate
stabilizers are added.[18] Freezing stress includes mechanical
damage due to crystal formation of ice or excipient, exposure
to iceliquid interfaces,[19] pH shifts due to partial buffer salt
precipitation,[20,21] and cryoconcentration of the vesicles as well
as all solutes, leading to a particle rich phase with increased ionic
strength.[18,19,22] During drying, the dehydration of the EVs affects
their stability. Damage on lyophilized vesicles may also result
upon rehydration, for example, with swelling of the amphiphilic
molecules forming the vesicle bilayer or osmotic effects.

Frank et al. investigated the stability of different types of EVs
during lyophilization.[23] Particle numbers of lyophilized EVs
decreased compared to EVs stored at 4 or −80 °C indicating
particle loss or aggregation. They also found a cell type specific
freeze-drying behavior. When comparing different cryoprotec-
tive agents, trehalose was found to be superior to mannitol
and polyethylene glycol 400. In earlier studies, it was already
shown that trehalose is able to protect EVs from freeze-thawing
stress.[24] Charoenviriyakul et al. also examined the impact of
trehalose on aggregation and the biological activity of lyophilized
exosomes.[25] Lyophilization with 50 mm trehalose had no impact
on biological activity and polydispersity compared to samples
stored at −80 °C. A possible damage already taking place during
freezing to −80 °C was not considered. Although lyophilization
of EVs seems to be feasible, there is no comprehensive study on
their long-term stability.

Most EV formulations are based on PBS which is known to
be critical upon freezing and lyophilization of biopharmaceuti-
cals. During freezing, phosphate buffers cause an acidic pH shift
which destabilizes proteins.[1] This effect might be relevant for
surface and/or membrane proteins of EVs. In addition, the pH
shift affects the zeta potential and thus the colloidal interactions
of EVs.[26] Furthermore, the high ionic strength in PBS might fos-
ter particle aggregation shielding repulsive charge-based interac-
tions of EVs. To the best of our knowledge, these effects have not
been elucidated yet.

The aim of this study was to develop a lyophilized formula-
tion for EVs with long-term stability of encapsulated cargo up to
6 months at 2–8 °C, including the evaluation of basic formula-

tion components such as buffer agent and cryoprotectant. In or-
der to provide a high number of different formulations, particle
characterization was focused on methods using low vesicle con-
centrations thereby disregarding experiments such as cryo-EM
which would have required increasing vesicle amounts by up to
two orders of magnitude.

FT studies were performed to investigate the impact of PBS,
various buffers and pH values, and the addition of sucrose and
surfactants on EV stability. Here, OMVs derived from SBCy050
myxobacteria and EVs derived from B lymphoblastoid cells (RO
cells) were evaluated. RO cells were isolated from the blood of
a patient with severe combined immunodeficiency.[27] As they
do not express MHC class II complexes they might be lower in
immunogenicity, as this prevents possible MHC-mismatches.[28]

RO cells can be cultivated under serum-free conditions which
removes the challenges associated with the use of fetal bovine
serum.[29] Thus, RO cell-derived EVs are a highly interesting ba-
sis for EV-based drug delivery applications.

Based on findings from the FT studies, suitable formulations
were selected for freeze-drying experiments of mammalian RO
EVs. The lyophilizates were investigated for their longterm col-
loidal stability over 6 months at different temperatures. Vesicles
were characterized with respect to their hydrodynamic diameter
and polydispersity index (PDI) using dynamic light scattering
(DLS). Particle number-based size distribution was examined
by tunable resistive pulse sensing (TRPS), while subvisible par-
ticle (SVP) numbers were detected by flow cytometry imaging.
Lyophilizates were additionally tested for their ability to preserve
the biological activity of beta glucuronidase (𝛽Glu) encapsulated
into the vesicles as a sensitive model biomacromolecule. Enzyme
activity was quantified employing a simple fluorescence-based
assay.

2. Results

2.1. Freeze-Thawing Studies

2.1.1. Impact of Buffer Type, pH, and Ionic Strength

Figure 1A–D shows cryo-TEM pictures of EVs from RO cells
(mammalian) and SBCy050 OMVs (bacterial) both directly after
UC and after an additional step of purification by SEC. Before
SEC, the samples still contained non-vesicular material that was
removed after SEC. Purified RO EVs were positive for two typi-
cal EV markers, CD9 and CD63 (Figure 1E,F), and negative for
the endoplasmic reticulum marker calnexin (Figure S1, Support-
ing Information). The hydrodynamic particle size and PDI values
before formulation preparation, that is, before dialysis, filtration,
and excipient addition, were measured by DLS and are summa-
rized in Table S1, Supporting Information. The conducted purifi-
cation steps (i.e., ultracentrifugation, SEC, and 0.2 µm filtration)
help to avoid the presence of foreign particles.

Different formulation parameters (buffer type, pH, ionic
strength) were initially tested in FT studies prior to EV freeze-
drying and extended stability studies. FT was conducted in a
freeze-dryer allowing controlled and thus reproducible ramp
freezing (200 µL vial fill volume). Samples were frozen to a min-
imum of −50 °C since lower temperatures are not relevant for
medium and larger-scale pharmaceutical freeze-dryers. Buffer
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Figure 1. Characterization of RO EVs and SBCy050 OMVs by cryo-TEM, both directly after ultracentrifugation (A and C) and after an additional step of
SEC-purification (B and D). Red arrows point to vesicular structures, while white arrows indicate non-vesicular structures and cell debris. Panels E and
F show the analysis of RO EVs by flow cytometry (FACS). RO EVs are positive for both CD9 (E) and CD63 (F).

type and ionic strength may be critical formulation parameters af-
fecting the stability of colloids upon FT and freeze-drying.[1] For
this purpose, EVs were prepared in 10 mm Na or K-phosphate
buffer of different pH values, and in PBS. EVs are usually frozen
and stored at pH 7.4.[14] Thus, pH values of 7.4 ± ≈1 pH unit
were investigated in this study. As particle size and concentra-
tion are important quality criteria, DLS and TRPS measurements
were performed before and after FT providing information about
colloidal stability. In contrast to DLS, TRPS measurements pro-
vide further insight into number-based particle size distribu-
tions. Nanopores with two different size ranges were used to
identify FT stable vesicles (NP100) as well as aggregates and/or
fused vesicles (NP600). Before FT, SBCy050 OMVs and RO EVs
exhibited a mean particle size of 120 and 127 nm (NP100) respec-
tively. DLS revealed particle sizes of 110 nm (SBCy050 OMVs)
and 150 nm (RO EVs) with a PDI below 0.4 (Figure S2, Support-
ing Information).

After three FT cycles, the number of intact RO EVs decreased
more drastically (total particle reduction ≈96%) compared to bac-
terial SBCy050 OMVs (Figure 2) indicating a markedly lower FT
stability of the RO EVs. For both vesicle types, the total number
of larger particles increased after FT; up to 330-fold for SBCy050
OMVs formulated at pH 8.5, and up to ≈fourfold for RO EVs
in PBS (Figure S3, Supporting Information). Interestingly, the
number of larger particles became markedly higher for SBCy050
OMVs compared to RO EVs. Thus, SBCy050 OMVs predomi-

nantly increased in size (e.g., due to aggregation or vesicle fusion)
while RO EVs potentially got disrupted upon freezing. For both
vesicle types, flow imaging measurements revealed the highest
number of SVPs in PBS-containing samples (Figure S5, Support-
ing Information). These results were in line with DLS (Figure S2,
Supporting Information).

The pH value substantially affected FT stability of EVs. Both
vesicle types revealed a lower number of large particles in K-
phosphate buffer at pH 7.4 compared to pH 6.0; total particle
reduction ≈54% and ≈45% for SBCy050 OMVs and RO EVs re-
spectively. SBCy050 OMVs exhibited a low number of small par-
ticles and simultaneously a high number of large particles at
pH 8.5. In case of RO EVs, an increasing pH resulted in a higher
quantity of large particles (total number of particles/mL at pH
6.5: ≈5.06E+06; pH 7.4: ≈5.90E+06; pH 8.5: ≈5.99E+06) which
was also represented by an increasing particle size in DLS mea-
surements (Figure S2, Supporting Information). In general, K-
phosphate buffers led to a significantly lower number of large
particles compared to Na-phosphate buffers. This effect was more
pronounced for SBCy050 OMVs compared to RO EVs.

To further evaluate the impact of buffer pH on colloidal sta-
bility, EVs were formulated in K-phosphate at four different
acidic pH values and measured by DLS over 1 h (Figure 3). At
acidic pH values, larger particle sizes were already measured
at T0 indicating low particle stability, especially for bacterial
SBCy050 OMVs. Over time, the particle size of SBCy050 OMVs
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Figure 2. Number-based particle size distribution of EVs before FT (mean) or three times freeze-thaw stressed SBCy050 OMVs and RO EVs (TRPS,
NP100 and NP600) formulated in 10 mm Na or K-phosphate buffer at different pH values, and in PBS (mean ± SD; n = 3).

Figure 3. Hydrodynamic particle size (DLS) of A) SBCy050 OMVs and B) RO EVs formulated in K-phosphate buffer at different pH values over 1 h at
25 °C (n = 3). Each data point represents mean ± SD, n = 3. Two-way ANOVA, Bonferroni-Holm post-hoc test, *p < 0.05, ns = non-significant.
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Figure 4. Number-based particle size distribution of EVs before FT (mean) or three times freeze-thaw stressed SBCy050 OMVs and RO EVs (TRPS,
NP100, and NP600) formulated in 10 mm Na-phosphate pH 7.4 or PBS with sucrose and/or surfactants (mean ± SD; n = 3).

substantially increased at pH 3, 4, and 5. RO EVs showed less par-
ticle growth which corresponded to the behavior upon FT shown
before. Thus, a near-neutral pH proved to be most suitable for
particle stability.

2.1.2. Impact of Sucrose and Surfactant

Subsequently, different stabilizers were evaluated for their suit-
ability to protect EVs upon freezing. PS20 and P188 were chosen
as potential surface-active stabilizers while sucrose was tested as
a cryoprotectant. Vesicles were either formulated in 10 mm Na-
phosphate at pH 7.4 or in PBS, using more critical buffer con-
ditions than K-phosphate to challenge the stabilizer capacity. K-
phosphate was tested in combination with P188 in the following
storage stability study providing a control for the Na-phosphate
formulation. FT-induced particle growth could be reduced in
presence of sucrose (Figure 4, for DLS results, see Figure S2,
Supporting Information). The total number of large particles was
reduced by ≈11% and ≈44% for SBCy050 OMVs and by ≈57%

and ≈55% for RO EVs in samples formulated in PBS and 10 mm
Na-phosphate respectively (Figure S3, Supporting Information).
Still, a pronounced loss of intact vesicles and a high number of
larger particles were found in PBS-containing samples compared
to 10 mm Naphosphate. Sucrose better stabilized SBCy050 OMVs
compared to RO EVs in 10 mm Na phosphate (measured with
NP100). However, particle growth was also more pronounced for
SBCy050 OMVs and confirmed for both vesicle types by DLS.

The addition of P188 led to preserved EV numbers with a
slight increase of larger particles (SBCy050 OMVs: ≈1.8-fold; RO
EVs: ≈1.5-fold; Figure S3, Supporting Information). Moreover,
P188 combined with sucrose as cryoprotectant led to the highest
number of intact vesicles and the lowest number of aggregated
and/or fused particles. The concentration of RO EVs could
be preserved in samples containing PS20 and 5% sucrose. In
contrast, SBCy050 OMVs showed a loss of approximately 60%
of vesicles (6.87E + 08 particles per mL instead of ≈1.70E +
09 particles per mL) already before FT and were thus excluded
from the mean particle size distribution (data not shown).
Interestingly, in spite of the initial loss, about 90% of SBCy050
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OMVs were maintained after FT with an increased number of
larger particles compared to P188. SBCy050 OMVs exhibited
a mean particle size of 55 nm and a PDI of 1.0 according to
the cumulant fit analysis in DLS measurements (Figure S4,
Supporting Information). The more suitable regularization fit
analysis for non-monomodal particle size distributions revealed
two particle populations: i) a population with a particle size of
130 nm which corresponded to intact vesicles, and ii) a popula-
tion with a particle size of about 23 nm indicating fragments of
disrupted EVs. This effect was not observed for RO EVs which
indicates that this population in the 20 nm size range does not
reflect PS20 micelles. In DLS, placebos of surfactant-containing
formulations revealed 7 nm sized particles in presence of PS20
representing micelles, while no particles were detected in pres-
ence of P188 due to a concentration below the critical micelle
concentration[30] (data not shown). TRPS using NP100 was not
suitable to detect micelles in placebo formulations.

Before FT, SBCy050 OMVs and RO EVs revealed a surface
charge of ≈−25 and ≈−30 mV respectively, independent of buffer
type, pH, sucrose, or surfactant addition (Table S2, Supporting
Information). After FT, the surface charge increased by up to 80%
in formulations causing a high number of large particles. In con-
trast, the surface charge changed to 10–30% in surfactant or K-
phosphate-containing samples.

2.2. Lyophilization of EVs

Consequently, mammalian RO EVs and bacterial SBCy050 OMVs
formulated in 10 mm Na-phosphate buffer in combination with
0.02% P188 and 5% sucrose were tested for their freeze-drying
stability (same EV batches as for FT studies). In addition to
the assessment of the colloidal stability, unfiltered RO EVs were
lyophilized and analyzed for vesicle morphology by cryo-TEM
and EV markers by FACS. A conservative freeze-drying cycle was
applied (200 µL vial fill volume). The samples were frozen to
−50 °C and the product temperature during primary drying was
maintained well below the Tg′ of sucrose (−32 °C) at 40 mTorr
chamber pressure and −20 °C shelf temperature. The lyophilized
samples showed a good cake appearance and dissolved instantly
(<5 s) upon addition of 190 µL HPW (calculation based on the
solid content).

Figure 5A,B shows cryo-TEM pictures of unfiltered RO EVs
after lyophilization and subsequent reconstitution. RO EVs
were positive for the two typical EV markers, CD9 and CD63
(Figure 5C,D).

The particle concentration of 0.2 µm filtered was well pre-
served for both vesicle types with a slight decrease of small par-
ticles for RO EVs (Figure 6). However, lyophilization led to an
increased number of larger particles compared to FT stressed
vesicles; this effect was more pronounced for bacterial SBCy050
OMVs (15-fold increase of the total particle number). In DLS, the
mean particle sizes and PDI did not change (Figure S6, Support-
ing Information).

2.3. Long-Term Stability of Lyophilized EVs

Based on the previous results, four formulations of mammalian
RO EVs loaded with ß-Glu were prepared using saponin-based

Figure 5. Characterization of unfiltered RO EVs by cryo-TEM, directly af-
ter lyophilization and reconstitution (A,B). Red arrows point to vesicular
structures. RO EVs are positive for both C) CD9 and D) CD63 as shown by
flow cytometry (FACS) analysis.

encapsulation, with the enzyme acting as an easily quantifiable
surrogate for biologically active EV-cargoes. Samples were inves-
tigated regarding long-term colloidal stability over 6 months at
28, 25, and 40 °C. After reconstitution of the lyophilizates, sam-
ples were analyzed for particle size, particle concentration, sur-
face charge, and the biological activity of the associated model
enzyme 𝛽-Glu. Furthermore, solid-state properties of lyophilized
placebo formulations were characterized by Karl–Fischer titra-
tion and DSC. FT experiments had shown that the addition of
P188 drastically improved EV stability. Although colloidal stabil-
ity issues of EVs in Na-phosphate buffer can be overcome by the
addition of P188, the influence of the buffer salt type on biological
activity of the encapsulated enzyme over time was unclear. There-
fore, formulations in a Na-phosphate and K-phosphate buffer
were considered for the long-term stability study. Furthermore,
PVP (MW ≈ 8.000–10.000 Da) was investigated as a surface-active
polymer. It is used in lyophilization due to its cryoprotective prop-
erties and the ability to form elegant lyophilizate cakes.[31] Thus,
0.02% PVP was tested as an alternative to P188, while 5% PVP
was evaluated as a sucrose replacement.

2.3.1. Colloidal Stability of Lyophilized EVs

Upon lyophilization and storage, the particle size and concentra-
tion of EV samples containing P188 and sucrose remained stable
independently of the used phosphate buffer type (Figure 7). Ac-
cording to TRPS NP600 measurements, large particles formed
during freeze-drying. Their number slightly further increased
with increasing storage temperature and time.

Before lyophilization, DLS measurements revealed an EV
particle size of about 217 nm in samples containing 5%
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Figure 6. Number-based particle size distribution of EVs before FT/FD (mean), three times freeze-thaw stressed (FT), and freeze-dried (FD) SBCy050
OMVs and RO EVs (TRPS, NP100 and NP600) (mean ± SD; n = 3).

PVP compared to about 150 nm in the other formulations.
This discrepancy was not observed in TRPS measurements. Fur-
thermore, a PDI of 1.0 for these formulations resulted from
an additional peak in the low nanometer range in the inten-
sity versus size distribution. This peak was reproducible for EVs
and placebo formulations (i.e., 10 mm Na-phosphate + 0.02%
P188 + 5% PVP without EVs) and no additional peaks at bigger
particle diameters were detected (data not shown). The particle
number measured by TRPS NP100 directly after lyophilization
was decreased by 27% and 35% in 0.02% and 5% PVP samples
respectively. The number of small particles remained constant
over 1 month, but decreased further over 6 months of storage.
In parallel, a low number of larger particles was measured for
0.02% PVP samples while a distinct increase was detected in
presence of 5% PVP, especially after 6 months at 40 °C. Zeta po-
tential measurements revealed similar surface charge in all for-
mulations (≈−24 mV) which remained mostly unchanged dur-
ing storage (Table S3, Supporting Information). To ensure that
the particles measured were not related to aggregated free en-
zyme, non-encapsulated 𝛽-Glu formulated in phosphate buffer

containing P188 and sucrose was freeze-dried. NTA measure-
ments did not reveal enzyme aggregation (Figure S7, Supporting
Information).

The residual moisture levels of all lyophilizates increased with
increasing storage temperature and longer storage time (Table 1).
5% PVP formulations showed higher water contents (0.8–3.4%)
compared to 5% Suc formulations (0.7–2.3%). The Tg values de-
creased correspondingly to the increase in moisture. 5% PVP
formulations revealed the highest Tg values between 111.9 and
86.0 °C.

2.3.2. Biological Activity of Encapsulated 𝛽-Glu

As the assessment of the colloidal vesicle-stability already showed
that formulations containing the combination of 5% Suc and
0.02% P188 best-preserved EVs, they were further evaluated re-
garding the stability of encapsulated 𝛽Glu. Figure 8 shows the
activity of encapsulated 𝛽Glu before and after lyophilization and
storage of the formulations containing 5% Suc, 0.02% P188,
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Figure 7. Particle concentration and size of beta glucuronidase encapsulated RO EVs before lyophilization, after lyophilization, and after storage for
1 month and 6 months at 2–8, 25, and 40 °C measured with TRPS using NP100 and NP600, and DLS. Each data point represents mean ± SD, n = 3.
One-way ANOVA, Bonferroni post-hoc test, *p < 0.05, ns = non-significant.

and either 10 mm Na-phosphate or 10 mm K-phosphate. Sam-
ples were purified by SEC to remove non-encapsulated enzyme
and the enzyme-activity in EV-containing fractions was mea-
sured by the conversion of non-fluorescent fluorescein-di-𝛽-D-
glucuronide to fluorescent fluorescein. EVs from both formula-
tions showed a similar initial fluorescence. After lyophilization,
there was a decrease in enzyme activity compared to the initial
value, which was more pronounced for K-phosphate samples. Af-
ter one month of storage between 66 and 100% enzyme-activity
were recovered for Na-phosphate and between 52 and 67% for
K-phosphate. After 6 months of storage, the recovered enzyme
activity was reduced for all samples to 1525% at 28 and 25 °C. In
samples containing Naphosphate, 26% enzyme activity remained
at 2–8 °C and 18% at 25 °C, while no activity remained in sam-

ples stored at 40 °C. EV samples containing K-phosphate, stored
6 months at 28 or 40 °C showed a recovery of approx. 20% of the
initial enzyme activity, while 15% remained in sample stored at
25≈°C.

3. Discussion

We studied the stabilization of EVs derived from RO cells and
SBCy050 bacteria by lyophilization. cryo-TEM showed the typi-
cal morphology of EVs and OMVs in the size-range reported in
literature[32,29] and the successful removal of non-vesicular struc-
tures from the samples. The appearance of fewer vesicles was
attributed to the dilution of the vesicles due to SEC. The isolated
and purified EVs were further processed by dialysis and filtration
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Table 1. T′
g before lyophilization and Tg and RM directly after lyophilization and after storage for 1 month or 6 months at 2–8, 25, and 40 °C (mean ±

SD; n = 3).

10 mm NaPh.
0.02% P188 + 5% Suc

10 mm KPh.
0.02% P188 + 5% Suc

10 mm NaPh.
0.02% PVP + 5% Suc

10 mm NaPh.
0.02% P188 + 5% PVP

Tg′/Tg [°C] RM [%] Tg′/Tg [°C] RM [%] Tg′/Tg [°C] RM [%] Tg′/Tg [°C] RM [%]

before lyo 31.9 ± 0.1 32.1 ± 0.1 31.6 ± 0.1 24.5 ± 0.0

after lyo 65.3 ± 0.9 0.7 ± 0.1 65.5 ± 0.5 0.7 ± 0.0 65.8 ± 1.7 0.7 ± 0.1 111.9 ± 0.7 0.8 ± 0.0

1 m 28 °C 65.6 ± 0.4 0.7 ± 0.1 64.0 ± 0.6 0.7 ± 0.0 65.6 ± 0.4 0.7 ± 0.0 111.1 ± 1.1 0.9 ± 0.0

1 m 25 °C 59.9 ± 0.7 1.2 ± 0.1 59.4 ± 1.1 1.2 ± 0.1 60.8 ± 0.5 1.3 ± 0.0 103.7 ± 2.3 1.5 ± 0.0

1 m 40 °C 55.6 ± 0.6 1.8 ± 0.1 54.9 ± 0.4 1.9 ± 0.1 56.1 ± 1.0 1.9 ± 0.1 98.3 ± 0.5 2.8 ± 0.1

6 m 28 °C 54.9 ± 1.5 1.4 ± 0.2 50.6 ± 2.2 1.3 ± 0.0 53.9 ± 1.6 1.4 ± 0.1 95.9 ± 3.5 1.6 ± 0.1

6 m 25 °C 48.3 ± 2.8 2.1 ± 0.0 46.0 ± 1.3 2.0 ± 0.0 47.9 ± 1.2 2.1 ± 0.1 88.4 ± 5.2 3.1 ± 0.1

6 m 40 °C 47.1 ± 1.5 2.2 ± 0.2 44.5 ± 3.2 2.2 ± 0.2 47.7 ± 2.5 2.3 ± 0.1 86.0 ± 4.9 3.4 ± 0.1

Figure 8. Comparison of the stability of beta glucuronidase encapsu-
lated in RO EVs formulated with 5% Suc, 0.02% P188 and either 10 mm
Na-phosphate or 10 mm K phosphate. Enzyme activity is expressed as
the fluorescence-intensity of fluorescein generated through the enzymatic
conversion of fluorescein-di-𝛽-D-glucuronide. Percent values indicate the
recovery rate of active enzyme after lyophilization and after storage for
1 and 6 months compared to samples before lyophilization. Placebo in-
dicates samples containing only the respective buffers and cryoprotec-
tants and no EVs. Each data point represents mean ± SD, n = 3. Two-way
ANOVA, Bonferroni-Holm post-hoc test, *p < 0.05, ns = non-significant.

which may lead to vesicle loss due to adsorption processes[33] and
exclusion of larger vesicles respectively. These steps, however,
ensured reliable particle characterization using well-established
techniques (i.e., TRPS, DLS, and SVP measurements). Espe-
cially before FT, polydisperse samples do not allow comparison
of PDI values (all >0.56) and hamper TRPS measurements due
to nanopore clogging using NP100 as seen in preliminary studies
(data not shown). TRPS was introduced as a suitable method pro-
viding an insight into number-based particle size distributions.
Nonetheless, this method may not be able to discriminate be-
tween different types of particles,[41] such as intact EVs, protein
aggregates, or vesicle fragments. Furthermore, particles much
smaller than the nanopore may not be detected resulting in an
underestimated particle concentration.[35]

The stability of EVs can be drastically affected by freezing
and drying. Both aspects of lyophilization cause several types of
stresses, such as cryoconcentration, mechanical damage by ice
crystals, interaction at the ice water interfacial area, and loss of
a stabilizing hydration shell.[1] The effect of freezing itself was
investigated prior to lyophilization by FT studies and maybe the
more aggressive step.[36] Three FT cycles were conducted to eval-
uate the stabilizer capacity and the damage promoted by freez-
ing. Recent studies showed a correlation of EV particle and cargo
stability upon the freezing and lyophilization process.[23,37] Nev-
ertheless, FT is also reported as a method enabling drug load-
ing into exosomes, however, suffering from low encapsulation
efficiency and the formation of large particles most likely due to
aggregation.[38]

Maintenance of biological activity is the most important as-
pect after lyophilization. A loss of vesicles or the formation of
larger particles indicate inappropriate stabilization and have to be
avoided, especially as the number of visible particles is restricted
in injectable drug products.[39] Thus, for the sake of simplicity,
FT and FD feasibility were performed using unloaded EVs, while
EV loading with 𝛽Glu was introduced in the subsequent stor-
age stability study. The stabilizer excipients used throughout this
study were chosen carefully and are approved for various admin-
istration routes, including parenteral use.[40] Furthermore, side
effects due to potassium ions are not expected at the low dosing
levels required for EVs.

In general, mammalian RO EVs were more prone to colloidal
destabilization upon freezing compared to SBCy050 EVs. The dif-
ferent compositions of the lipid bilayer and surface and/or mem-
brane proteins of EVs originating from mammalian cells and
gram-negative bacteria are assumed to lead to divergent stabil-
ity profiles. The trend could be observed for different formula-
tion parameters varying in buffer type, pH, the addition of su-
crose and a surfactant. Differences in the stability profiles after
lyophilization of EVs from different mammalian cell-lines were
also identified by Frank et al.[23]

The formulation itself drastically affected the propensity of
EV’s to form larger particles. These larger particles may be
formed due to aggregation of intact vesicles, or components
thereof, or fusion into larger vesicles as seen for liposomes.[41]

Interestingly, surface charge measurements by TRPS revealed no
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differences between the formulations before FT/FD; this might
be due to, in fact, little surface charge variations or potential
charge shielding in presence of 140 mm NaCl. A more detailed
investigation of the nature of the particles was beyond the scope
of the study. It could be executed by cryo-TEM which however re-
quires up-concentration bearing a high risk of artefacts. Without
other stabilizers, the number of larger particles was substantially
reduced in K-phosphate compared to Na-phosphate buffer. Na-
phosphate buffer systems are known to cause an acidic pH shift
during freezing due to selective crystallization of buffer compo-
nents while K-phosphate buffers are able to maintain the pH.[20]

This pH shift appears to destabilize EVs during freezing. There-
fore, the impact of acidic pH was further investigated in the liquid
state. DLS measurements over time showed that an acidic pH is
unfavorable for colloidal stability leading to the formation of large
particles. A detrimental effect of an acidic environment was also
shown by Cheng et al. when comparing EV loss upon storage at
pH 4 to pH 7 and 10.[37] A change in pH also affects the EV sur-
face charge and thereby the electrostatic interactions.[42] In case
of SBCy050 EVs, after FT a higher concentration of larger parti-
cles was found at pH 8.5 compared to pH 6.5 and pH 7.4. Thus,
a pH optimum providing colloidal stability is essential and has to
be maintained during the freezing process.

PBS is the most commonly used buffer for the processing of
EVs. Therefore, PBS is usually used during storage at −80 °C
which is the gold standard for preservation of EVs.[14] Interest-
ingly, PBS reveals to be unfavorable for both EV types since a
high number of large particles was measured after FT. This effect
might be driven by the aforementioned pH shift of Na-phosphate
which is part of the buffer system. Furthermore, the salt present
in PBS (137 mmol NaCl, 2.7 mmol KCl) can be assumed to trig-
ger particle aggregation. During freezing, the formation of ex-
tracellular ice leads to up-concentration of the extracellular so-
lutes. High salt concentrations are known to negatively impact
the stability of colloids by shielding repulsive forces.[43] Further-
more, surface and/or integral proteins of EVs might be prone to
salt denaturation. The cryoconcentration of salts also elevates the
extracellular osmotic pressure and rapid water flux through the
bilayer can be responsible for physical forces leading to rupture
and destabilization.[44]

Cryo- and lyoprotection is an important means to preserve
the stability of proteins and colloids during freezing and freeze-
drying. We, therefore, tested the effect of sucrose on the colloidal
stability of EVs. Both EV types showed less particle growth in
presence of sucrose, but this effect could not be avoided com-
pletely. Various mechanisms, such as the preferential exclusion
theory, and increased viscosity were discussed in the past in or-
der to explain how cryoprotectants preserve colloids during freez-
ing. The preferential exclusion theory was originally proposed for
proteins and later for liposomes.[45] The theory states that solutes
are preferentially excluded from protein surfaces or membranes
leading to the formation of a stabilizing solvent layer. Due to cry-
oconcentration, the solute concentration drastically increases in-
tensifying this mechanism. Furthermore, the increased solution
viscosity during freezing is assumed to restrict diffusion and thus
colloidal interactions slowing down aggregation and degradation
processes.[46]

Surfactants are known to protect colloids from surface-induced
damage during freezing.[1] However, the use of surfactants is

generally avoided in lipid delivery vehicles due to the fear of
disrupting the lipid bilayer. During freezing, this effect is even
more critical due to the up-concentration of the surfactant. PS20
and P188 are approved in parenteral products and were there-
fore selected in this study.[40] We could demonstrate here that
the type of surfactant has to be chosen carefully. In contrast to
RO EVs, our SBCy050 OMVs showed a low number of intact
vesicles in presence of PS20 already before FT. The small par-
ticles measured by DLS are attributed to EV fragments formed
upon lysis. The phenomenon of differential detergent sensitiv-
ity was also reported by Osteikoetxea et al. showing surfactant
and concentration-dependent lysis of EVs.[47] Although surfac-
tants can be detrimental to lipid bilayers, Yu et al. showed that
the addition of polysorbate 80 could minimize aggregation and
loss of transfection-activity of lyophilized lipoplexes.[48]

Interestingly, in presence of P188, size and concentration
of EVs were preserved upon FT independently of the vesicle
type. Furthermore, the detrimental effect of Na-phosphate was
not observed indicating protective properties of the surfactant
in spite of the pH shift during freezing. A stabilizing effect of
P188 on lipid membranes was reported by Sharma et al. who
observed that P188 decreased the susceptibility of lipid mem-
branes to electroporation.[49] Further studies revealed that P188
directly inserts into lipid monolayers.[50] This mechanism was
confirmed by later computer simulation studies. It is suggested
that hydrophobic chains of P188 get inserted into damaged
lipid bilayers, ultimately closing pores.[51] A stabilizing effect
of P188 was also reported for liposomes.[52] Surfactants protect
proteins against surface-mitigated aggregation which could be
the second mechanism for EV stabilization.[53] The addition
of sucrose as a cryoprotectant was not mandatory to preserve
the size and concentration of RO EVs in presence of P188. The
combination of P188 and 5% Suc only slightly reduced the num-
ber of larger particles for SBCy050 EVs. This finding indicates
that vitrification may be less critical for EV preservation upon
freezing. Freezinginduced damage is rather promoted at the
ice–liquid interface or due to hydrophobic interactions which are
reduced by surfactants. The differences in molecular weight and
hydrophilic/lipophilic balance of P188 (MW ≈ 8400 Da, HLB =
29) and PS20 (MW ≈ 1200 Da, HLB = 16.7) are assumed to lead
to different interactions with lipid bilayers and therefore differ-
ent lysing properties. The gained information is furthermore
helpful for current storage practice, that is, storage at −80 °C;
our studies confirm that physical stability can be maintained
upon repeated FT which may avoid discarding of once thawed
but unused sample.

Since sucrose was suitable to provide vesicle stability in pres-
ence of P188, it was used as a bulking agent for freeze-drying to
render isotonicity and to obtain an elegant macroscopic cake ap-
pearance. Both EV types were evaluated for their lyophilization
feasibility using the formulation containing P188 and sucrose in
Na-phosphate buffer at pH 7.4. Particle size and concentration of
EVs were well-preserved after lyophilization showing a negligi-
ble increase of larger particles compared to three times FT sam-
ples. Furthermore, the vesicle morphology and the typical mark-
ers CD9 and CD63 were maintained, as shown for RO EVs. The
drying step of lyophilization appears to be less critical compared
to freezing and thus FT studies prove to be an important formula-
tion screening tool to evaluate physical stability. Storage stability
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studies were conducted with vesicles lyophilized in four different
formulations:

i) a formulation containing P188 and sucrose in Na phosphate
buffer pH 7.4

ii) a formulation containing P188 and sucrose in K-phosphate
buffer pH 7.4 to evaluate the criticality of the pH shift for the
freeze-dried product with a cargo

iii) a formulation with 0.02% PVP as an alternative stabi-
lizer to P188 with similar molecular weight (PVP ≈ 8.000–
10.000 Da)

iv) a formulation with 5% PVP as an alternative stabilizer, ly-
oprotectant, and bulking agent since PVP is commonly used
in lyophilization and known for the excellent cake appear-
ance of lyophilizates due to the relatively high Tg′ and Tg
values

RO EVs were chosen for the freeze-drying storage stabil-
ity studies due to the greater relevance of EVs derived from
mammalian cells in current efforts for clinical translation.[7] To
assess not only the colloidal stability, but also gain insight into
the fate of their cargo, 𝛽Glu was encapsulated as a surrogate.
Saponin-based encapsulation of hydrophilic cargoes has been
used previously without negative impact on EV-morphology.[38,54]

Correspondingly, we did not observe differences in the physico-
chemical characterization of freshly lyophilized RO EVs with or
without encapsulated 𝛽Glu.

Before freeze-drying, the identity of EVs derived from RO cells
was confirmed by assessing typical surface-markers CD9 and
CD63 and proving the absence of the endoplasmic reticulum
marker calnexin by FACS.[55] RO EVs exhibited a larger particle
size in 5% PVP compared to sucrose formulations. This marked
size difference was detected by DLS but not in TRPS measure-
ments. The larger size in DLS is attributed to significantly dif-
ferent osmolality in 5% Suc and 5% PVP solutions. In contrast,
TRPS measurements are conducted in presence of 140 mm NaCl
which is required to provide sufficient conductivity of the solu-
tion. Thus, the osmotic effect of the cryoprotectant may become
negligible resulting in vesicles of similar particle size.

After lyophilization and storage, the particle concentration of
small particles (NP100) decreased drastically in PVP-containing
formulations while the concentration of large particles (NP600)
increased indicating insufficient particle stabilization. These re-
sults are in line with findings by El Baradie et al. who ob-
served an EV loss after lyophilization in presence of 100 mm
trehalose/5% PVP40.[56] Thus, the ability of P188 to directly in-
teract with lipid membranes is vital for freeze-drying success.
Furthermore, we conclude that RO EVs are better embedded in
sucrose compared to PVP due to enhanced water replacement
and interactions between the lyoprotectant and vesicles. Our ob-
servation is in accordance with findings by Mensink et al. who
showed that molecularly more flexible disaccharides better stabi-
lized proteins during freeze-drying than molecularly more rigid
polysaccharides.[57] The excess of PVP might furthermore lead to
hampered stabilization by P188 due to competitive interactions
with the vesicle lipid bilayer.

The solid-state properties of the lyophilizates showed an in-
crease in residual moisture content over time up to 3.4% which
might be due to i) transfer of moisture from stoppers to the for-

mulation, ii) diffusion or transmission of moisture through the
stopper, and iii) microleaks in the stopper-vial seal.[1] The low
fill volume and thus lyophilizate mass contributes to the pro-
nounced increase of water content upon uptake of only little ab-
solute water amounts. The Tg of the lyophilizates was decreased
by about 27% due to the plasticizing effect of water. Vitrification
becomes the limiting factor for storage stability when the storage
temperature is closer to or above the Tg. In order to avoid residual
viscous flow of the lyophilizate, Franks proposed that the Tg value
should be 20 °C above the storage temperature.[58] This specifica-
tion was kept at 28 and 25 °C storage but was exceeded at 40 °C.
Still, we did not see any extreme decrease in colloidal stability at
40 °C.

Na and K-phosphate were both suitable to maintain particle
size and concentration of lyophilized and 6 months stored RO
EVs. Thus, the pH shift of a Na-phosphate buffer does not affect
particle stability. However, the lyophilization process and further
storage led to a decrease of the enzyme activity which is in line
with previous findings,[59,60] as freezing and dehydration cause
stress to the protein. The increased recovery of 𝛽Glu activity after
1 month of storage compared to samples directly after lyophiliza-
tion speculatively could be an indication for reversible confor-
mational changes of the enzyme inside the EVs.[61] Storage for
1 month at 2–8 °C revealed no statistically significant changes
in encapsulated enzyme activity in both formulations. However,
the mean value for K-phosphate was reduced compared to Na-
containing formulation, which is in contrast with previous find-
ings, where K-phosphate showed better suitability for the preser-
vation of lyophilized enzymes.[62] Pikal-Cleland et al., however,
looked at free enzyme, while in our study the EV-membrane pre-
vents the direct contact between 𝛽Glu and buffer. After 6 months
of storage, both formulations showed a pronounced reduction in
enzyme activity. Storage at 28 °C best-preserved 𝛽Glu revealing
an enzyme recovery of 2026%. In general, Na-phosphate sam-
ples exhibited slightly higher recovery rates. Only at 40 °C, the
K-phosphate-containing samples showed a clear improvement
over their Na-phosphate counterpart. Overall, 𝛽Glu activity did
not correlate with the high colloidal stability. This points to either
enzyme leakage or enzyme degradation within the vesicle as the
main causes for the 𝛽Glu activity loss. The high enzyme recovery
after 1 month suggests that general leakage of the enzyme during
freeze-drying or rehydration was not the reason for the activity-
reduction after 6 months. Thus, we speculate that 𝛽Glu encap-
sulated in the lyophilized EVs degraded over time.[59] Whether
activity-reduction is related to lyophilization in general or to the
specific environment and the conditions inside the EVs should
be subject of detailed future studies including freeze-drying of
free enzyme in different formulations with various stabilizers
and concentrations.

To the best of our knowledge, there are no publications, con-
cerning the long-term stability of lyophilizates of liposomes or
EVs loaded with enzymes that could allow a closer insight. As
hydrophilic molecules do not readily cross the EV-membrane,[55]

sucrose and P188 will not be present inside the vesicles in suf-
ficient amounts for cryo and lyoprotection of the encapsulated
enzyme. Kannan et al. found that during the lyophilization of li-
posomes, luminal sucrose increased stability, by stabilizing the
liposomes from the inside.[63] A similar effect might be found
for EVs if sucrose could be actively encapsulated in sufficient
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amounts. Nonetheless, compared to previous studies, where af-
ter two weeks of storage at 4 °C in a 4% trehalose lyophilizate only
2550% of enzyme-activity remained,[23] we showed a substantial
improvement in preserving the 𝛽Glu activity in this work. 𝛽Glu
only served as a surrogate to other vesicle cargoes, such as RNA,
its sensitive tertiary and quaternary structure making it a good in-
dicator of unfavorable storage-conditions. Its facile encapsulation
into EVs and the straightforward and sensitive evaluation of its
stability made it possible to screen manifold EV formulations in
parallel. With the knowledge gathered here, the next step would
be to characterize the EV integrity and apply our following recom-
mended formulation parameters to other biomedically relevant
EVs:

■ Buffer: replace PBS with 10 mm Na- or K-phosphate pH 7.4
■ Cryo- and lyoprotection: 0.02% P188 and 5% sucrose
■ Proposed lyophilization conditions:

– Freezing: 1 °C min−1 to −50 °C
– Primary drying: −20 °C, 40 mTorr, manometric endpoint

determination (product temperature below Tg′)
– Secondary drying: 20 °C, 40 mTorr, 8 h

Ideal targets could be mesenchymal stem cell-derived EVs that
have shown promising results in many applications,[64] myxobac-
terial OMVs with antibacterial activity[65] or OMVs with protective
effects in inflammatory bowel disease,[66] where lyophilization
could provide an ideal basis for the development of solid dosage
forms.

4. Conclusion

The growing interest in EVs for various pharmaceutical applica-
tions rises the demand for long-term stable formulations without
the need for storage at −80 °C. Lyophilized formulations provide
easier shipping and storage, and offer new options for admin-
istration, such as pulmonary delivery. We therefore investigated
the longterm stability of lyophilized RO-cell derived EVs regard-
ing colloidal and cargo stabilization for up to 6 months stored at
28, 25, and 40 °C.

Prior to lyophilization, FT studies were performed to select the
most effective buffer type and stabilizers. Most freezing induced
damage of both SBCy050 OMVs and RO EVs was seen in PBS,
which is commonly used in EV isolation and preservation. This
damage could be minimized by using 10 mm phosphate buffer
without salts. K-phosphate instead of Na-phosphate buffer or the
addition of sucrose further improved the FT stability. The col-
loidal stability of both vesicle types could be most effectively pre-
served by the addition of low amounts of the surfactant P188.
PS20 was not suitable for SBCy050 EVs since it reduced the initial
particle concentration. The well established cryo/lyoprotectant
and bulking agent sucrose was found to be appropriate for suc-
cessful lyophilization. The lyophilized and stored RO EVs formu-
lated with P188 and sucrose showed comparable particle size and
concentrations in Na-phosphate and K-phosphate buffer. Col-
loidal stability was preserved for 6 months while in vitro experi-
ments revealed that the activity of encapsulated 𝛽Glu was main-
tained for at least 1 month. PVP was included in the freeze-drying
study as an alternative stabilizer to either P188 or sucrose, but

turned out to be not able to sufficiently preserve mammalian RO
EVs after lyophilization and storage.

In conclusion, we could successfully lyophilize mammalian
EVs derived from RO cells, maintaining their original particle
size and concentration without cargo loss. Storage at 2–8 °C ap-
pears suitable for at least 1 month. We further demonstrated that
colloidal stability can be provided for at 6 months. Since enzymes
are known for their sensitivity during storage, future research
might focus on more stable cargos (e.g., RNA, DNA) providing
further insight into content retention. In addition, the stabiliz-
ing effect of P188 could be elucidated by testing different types
of poloxamer.

5. Experimental Section
Materials: RO cells (ACC452) were obtained from DSMZ, Braun-

schweig, D. Strain SBCy050 of the Cystobacterineae order of myxobacteria
was kindly provided by Rolf Müller, Department of Microbial Natural Prod-
ucts, Helmholtz Institute for Pharmaceutical Research, Saarbrücken.

RPMI medium and insulin-transferrin-selenium-ethanolamine were
obtained from Thermo Fisher Scientific (Waltham, MA, USA). 2SWC
medium was prepared from Bacto Casitone, Bacto Soytone (both Bec-
ton, Dickinson, NJ, US), glucose, MgSO4 heptahydrate, CaCl2 dihidrate
(all Sigma-Aldrich, Steinheim, D), maltose monohydrate, cellobiose (both
MP Biomedicals SARL, Illkirch–Graffenstaden, FR), HEPES (Carl Roth,
Karlsruhe, D) and KOH (Thermo Fisher Scientific, Waltham, MA, US).
PBS was prepared from tablets (Thermo Fisher Scientific, Waltham, MA,
US). 10 mm Na-phosphate (Sigma-Aldrich, Steinheim, D) at pH 7.4 was
prepared for size exclusion chromatography. Both buffers were filtered
through a 0.2 µm mixed cellulose ester membrane filter (GE Healthcare,
Chicago, IL, USA) prior to use. The protein content of EV-samples was
measured using a QuantiPro BCA assay kit (Sigma-Aldrich, Steinheim,
D). Bovine serum albumin (BSA) was obtained from Sigma-Aldrich (Stein-
heim, D). To adsorb EVs in FACS experiments, aldehyd/sulfate latex beads
with 4 µM diameter (Thermo Fisher Scientific, Waltham, MA, USA) were
used.

Stabilizer stock solutions of sucrose (Sigma-Aldrich, Steinheim, D),
poloxamer 188 (Kolliphor P188, BASF, Ludwigshafen am Rhein, D),
polysorbate 20 (Tween 20, Merck, Darmstadt, D), and polyvinylpyrrolidone
(Kollidon 17 PF, BASF, Ludwigshafen am Rhein, D) were prepared at vari-
ous concentrations. 20 mm Na-phosphate and K-phosphate buffers (VWR
International, Ismaning, D) at different pH values were prepared for dial-
ysis. Stabilizer stock solutions were filtered with 0.2 µm polyethersulfone
(PES) membrane syringe filters (VWR International, Ismaning, D). For the
preparation of buffers and stock solutions, HPW was used. All excipients
had analytical or higher grade and were used without further purification.

Carboxylated polystyrene particle standards with a nominal mean diam-
eter of 110 and 950 nm, denoted as CPC100 and CPC1000 were used for
TRPS instrument calibration (Izon Science Europe, UK).

2R glass vials (Fiolax clear, Schott, Müllheim, D) with igloo rubber stop-
pers (B2-TR coating, West Pharmaceutical Services, Eschweiler, D) were
cleaned with HPW and dried for 8 h at 60 °C.

Cell Culture: RO cells (DSMZ, ACC 452) were cultivated as described
previously.[29] Briefly, cells were cultured in RPMI with 1% (v/v) insulin-
transferrin-selinium-ethanolamine and a density of 0.75 × 106 cells mL−1

in 45 mL. 25 mL of the total volume were replaced with 50 mL new medium
after 3 days. Vesicles were isolated after 7 days from cells cultured until
passage 33. RO cell supernatants were centrifuged at 300 × g for 8 min to
pellet cells. Subsequently, supernatants were centrifuged at 9500 × g for
15 min and then filtered through a 0.45 µm bottletop filter with a polyvinyli-
dene fluoride membrane (Steritop, Merck, Darmstadt, D). Cell free condi-
tioned medium was subjected to ultracentrifugation (UC) on the same
day. UC was performed using a Type 45 Ti rotor (Beckman Coulter, Brea,
CA, USA) for 2 h at 100 000 × g with 70 mL polycarbonate tubes (Beck-
man Coulter, Brea, CA, USA). The resulting EV pellet was resuspended in
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residual supernatant, left in the tubes after decanting. This resulted in a
total volume of approx. 800 µL resuspended EV pellet obtained from one
UC run with six tubes.

Bacterial Culture: SBCy050 myxobacteria were cultured in 2SWC
medium (0.5% Bacto Casitone, 0.1% Bacto Soytone, 0.2% glucose, 0.1%
maltose monohydrate, 0.2% cellobiose, 0.05% CaCl2 dihydrate, 0.1%
MgSO4 heptahydrate, 10 mm HEPES, adjusted to pH 7.0 with KOH) for
4 days, starting with an optical density of 0.04±0.01. To obtain conditioned
medium the cultures were centrifuged at 9500 × g for 10 min and then fil-
tered through a 0.45 µm pore size bottletop filter (see above). Cell free con-
ditioned medium was subjected to UC on the same day. UC was performed
using a SW 32 Ti rotor (Beckman Coulter, Brea, US) for 2 h at 100 000 × g
using 32 mL polycarbonate tubes (Beckman Coulter, Brea, US). EV pellets
were resuspended as described above.

FACS of RO EVs: EV evaluation by FACS was based on the protocol
of Hoppstaedter et al.[67] The protein content of RO EVs was measured
using a bicinchoninic acid assay kit. Then the vesicles were mixed 1:1 with
FACS beads (µg mL−1 protein to µL beads), incubated for 15 min at room
temperature, diluted to 1 mL with PBS and incubated for 1 h applying mild
shaking. Next, 1 mL of a 200 mm glycine stop solution was added to satu-
rate the beads. After 20 min incubation, the beads were centrifuged twice
at 2000 × g for 4 min and resuspended in 1% BSA in PBS, in the original
volume of FACS beads employed in the initial step. Next, 10 µL of sample
were mixed with 10 µL of FITC-labeled antibody, either anti CD9, anti CD63
or calnexin or the isotype control and incubated on ice for 30 min in the
dark (see Table S4, Supporting Information, for further information on an-
tibodies). After dilution to 1 mL using 1% BSA in PBS, samples were cen-
trifuged twice at 2000× g for 4 min, then measured by FACS (LRS Fortessa,
BD Biosciences, NJ, USA) using BD FACSDiva v9.0 software. Data was an-
alyzed using FloJo (version 10.7.0). Negative controls were prepared in the
same way as EV-containing samples, but EVs were replaced with the re-
spective amount of BSA. For the positive calnexin and isotype control with
RO cells, cells were centrifuged at 300 × g and resuspended in PBS. One
million cells per 100 µL were fixed with 4% paraformaldehyde for 10 min,
washed twice with PBS and then incubated with 0.1% saponin and 1 µl
calnexin or 2.1 µL of the respective isotype for 30 min. Cells were washed
once and resuspended in 400 µL PBS for FACS analysis.

Beta Glucuronidase Encapsulation: 𝛽Glu was encapsulated in RO EVs
as previously described.[68] The resuspended pellet was mixed with 𝛽Glu
and saponin to final concentrations of 1.5 and 0.1 mg mL−1 respectively
and incubated for 10 min at ambient temperature.

Size Exclusion Chromatography: To remove impurities carried over
from UC and free glucuronidase, EV samples were purified by SEC. SEC
was performed using a 1.5 cm diameter glass column (Flex Column, Kim-
ble Chase, Vineland, NJ, USA), filled with 35 mL of sepharose Cl 2b (Cytiva,
Marlborough, MA, USA). PBS was used as mobile phase with a flow rate
of 1 mL min−1. Up to 750 µL UC pellet were purified per SEC run, purified
EVs were collected in 1 mL fractions. The process was automated using an
ÄKTA start system equipped with a Frac30 fraction collector (both Cytiva,
Marlborough, MA, USA). The vesicle containing fractions were collected
and pooled for subsequent characterization and lyophilization. Each SEC
run included a 120 mL washing step to ensure the removal of all non-
encapsulated glucuronidase, before the next sample was injected.

Beta Glucuronidase Assay: Glucuronidase activity was measured as de-
scribed previously.[23] Free enzyme potentially present from EV leakage
during storage was removed by SEC after reconstitution of lyophilized
samples. For this purpose, a 1.0 cm diameter column filled with 10 mL
of sepharose Cl2b was used with 10 mm Na-phosphate buffer at pH 7.4
as the mobile phase and a flow rate of 1 mL min−1. Fractions of 0.5 mL
were collected. Glucuronidase activity was measured after mixing samples
with fluorescein-di-𝛽-D-glucuronide to a final concentration of 8.3 µg mL−1

in a total volume of 150 µL. Directly after mixing, the fluorescence was
measured using a plate reader (Infinite 200Pro, Tecan, Männedorf, CH),
with an excitation wavelength of 480 nm and an emission wavelength of
516 nm. After 18 h incubation at 37 °C, the fluorescence was measured
again. The difference between t18 h and t0 h indicated the enzyme activ-
ity found in the respective sample. PBS treated in the same way as EV-

Table 2. Formulations for freeze drying experiments.

Formulation # Buffer Cryoprotectant Surfactant

1 10 mm Na-phosphate pH 7.4 5% Suc 0.02% P188

2 10 mm K-phosphate pH 7.4 5% Suc 0.02% P188

3 10 mm Na-phosphate pH 7.4 5% Suc 0.02% PVP

4 10 mm Na-phosphate pH 7.4 5% PVP 0.02% P188

containing samples was measured as a control and subtracted from sam-
ples values.

Cryo-TEM: Cryo-TEM pictures of EV-samples both directly after ul-
tracentrifugation and after SEC purification were acquired as previously
described.[65] Briefly, a drop of 3 µL of EV suspension was placed on a
holey carbon film (type S147-4, Plano, Wetzlar, D), blotted for 2 s, then
plunged into liquid ethane at T = 108 K with a Gatan cryoplunger model
CP3 (Pleasanton, CA, USA). After transferring the frozen samples to a
Gatan model 914 cryo-TEM sample holder, they were imaged in brightfield
TEM at T = 100 K with a JEOL JEM-2100 LaB6 (Tokyo, JP).

Formulation Preparation: After isolation and SEC purification, EVs
were dialyzed with 20 mm Na or K-phosphate buffer in Slide-A-Lyzer
MINI dialysis devices or cassettes (20K MWCO; Thermo Fisher Scientific,
Waltham, MA, USA). After dialysis, EVs were filtered through a 0.2 µm PES
membrane syringe filter (VWR International, Ismaning, D) and mixed 1:1
with stabilizer stock solutions to match the respective final buffer and sta-
bilizer concentration (see Table S5, Supporting Information). Unloaded
and 𝛽Glu loaded RO EVs were investigated from different batches.

Freeze-Thawing Cycle: Formulations (200 µL in 2R vials) were freeze-
thawed three times on a pilot scale freeze-drier (FTS LyoStar 3, SP Scien-
tific, Stone Ridge, NY, USA) at −1 °C min−1 to −50 °C followed by a 30 min
hold at −50 °C and thawing at 1 °C min−1 to 10 °C followed by a 30 min
hold. Before freeze-thawing, EV concentrations were determined by TRPS
and denoted as “before FT”.

Freeze-Drying Cycle: A lyophilization process stability study was
conducted using unloaded RO EVs and SBCy050 OMVs (same batches
as for freeze-thawing studies) formulated in 10 mm Na-phosphate buffer
pH 7.4 in combination with 0.02% P188 and 5% sucrose. Selected formu-
lations of 𝛽Glu loaded RO EVs were used for longterm stability studies
(Table 2), including placebos consisting of identical formulations without
EVs. The samples were lyophilized in 2R vials with 200 µL fill volume.
Before lyophilization, EV concentrations were determined by TRPS and
denoted as “before FD”. Lyophilization was performed on a pilot-scale
freeze-dryer (LyoStar 3). After an equilibration step at −5 °C for 15 min, the
samples were frozen at −1 °C min−1 to −50 °C and held for 120 min. Pri-
mary drying was performed at −20 °C and 40 mTorr with manometric end
point determination. The product temperature, monitored with thermo-
couples, was kept below the glass transition temperature of the maximally
frozen concentrate (Tg′) which was determined by DSC. Secondary drying
was performed at 20 °C and 40 mTorr. Samples were stoppered under
slight vacuum at 450 Torr nitrogen, and vials were crimped with aluminum
seals. The lyophilizates were reconstituted by adding 190 µL of HPW. The
reconstitution volume was calculated based on the solid content. The
vials were shaken gently to ensure wetting of the complete lyophilizate.

Long-Term Stability Testing of Lyophilized Samples: For longterm sta-
bility testing, sealed lyophilizates were stored at 28, 25, and 40 °C over a
period of 1 and 6 months.

Dynamic Light Scattering: Mean particle sizes and respective polydis-
persity indices (PDI) were measured using a DLS platereader (DynaPro
III, Wyatt Technology, D). 20 µL sample (n = 3) per well of a 384 UV-well
plate (Costar, Corning, Tewksbury, MA, USA) was analyzed at 25 °C using
10 acquisitions with 5 s each. The corresponding preset refractive index
parameters were used for all samples. Viscosities of sucrose and PVP for-
mulations required for DLS measurements were determined via an AMVn
Automated Micro Viscometer (Anton Paar, Graz, A).
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Tunable Resistive Pulse Sensing: Concentration based particle size dis-
tributions and zeta potentials were analyzed by TRPS (qNano, Izon Sci-
ence Europe, UK). Adjustment of nanopore stretch and voltage were opti-
mized according to manufacturer recommendations. In order to provide
sufficient conductivity, 27 µL of each sample containing 10 mm phos-
phate (not PBS) was mixed with 3 µL of a 1.4 M NaCl solution result-
ing in 140 mm NaCl and 9 mm phosphate. Samples were measured in
triplicate with a minimum of 500 particles per analysis. In case of fewer
particles a maximum measurement time of 10 min was performed. Cal-
ibration of the nanopores NP100 (measurement size range: 50 330 nm)
and NP600 (measurement size range: 275–1570 nm) was conducted using
carboxylated polystyrene particle standards CPC100 and CPC1000 respec-
tively. Calibration particles were prepared in 10 mm phosphate buffer and
mixed with a NaCl solution as described before for sample particles. Zeta
potential analysis was conducted according to IZON’s instruction “V3.1
Charge Analysis” using NP100 and CPC100 particles. The calibration par-
ticles were measured at three applied voltages; particles measured at the
highest voltage were measured at two external pressures. Data obtained
from measured samples and calibration particles were evaluated using the
template “Zeta Template V3.1a” provided by IZON.

Subvisible Particles (SVP): SVPs were analyzed by flow cytometry imag-
ing (FlowCam 8100, Fluid Imaging Technologies, Inc., Scarborough, ME,
USA). A 10× magnification cell was used for the measurements. After 1:10
dilution, 160 µL sample solution was measured with a flow rate of 0.15 mL
min−1, an auto image frame rate of 28 frames per s, and a run time of 60 s.
After each measurement, the flow cell was flushed with HPW. Particle iden-
tification was set with a distance to the nearest neighbor of 3 µm, and a
segmentation threshold of 13 and 10 for the dark and light pixels respec-
tively. The software VisualSpreadsheet 4.7.6 was used for measurements
and evaluation.

Nanoparticle Tracking Analysis: Nanoparticle tracking analysis was per-
formed using a Nanosight LM-10 (Malvern Instruments, UK) equipped
with a green laser measurement cell. Three videos of 30 s were recorded
using a camera level of 14–15 and detection threshold 10 and analyzed
using NTA software (NTA 3.1 Software).

Karl–Fischer Titration: The RM of placebo lyophilizates was deter-
mined in triplicates by Karl–Fischer titration after lyophilization and after
storage. Measurements were performed using an Aqua 40.00 titrator (An-
alytik Jena AG, Halle, D) equipped with a headspace oven set at 100 °C.
Samples of 10 to 20 mg crushed lyophilizates were analyzed in stoppered
2R vials.

Differential Scanning Calorimetry (DSC): DSC measurements were
performed in 40 µL aluminum crucibles using a Mettler Toledo DSC 822e
(MettlerToledo GmbH, Giessen, D). In order to determine the glass tran-
sition temperature of the maximally freeze-concentrated solution (Tg′),
20 µL of the liquid samples were cooled at−10 °C min−1 from 25 to−60 °C,
held at −60 °C for 1 min, and reheated at 10 °C min−1 to 25 °C. For the
determination of the glass transition temperature of the lyophilized sam-
ples (Tg), approximately 10 mg were weighed into the aluminum crucibles.
Samples were preheated from 0 to 70 °C, cooled to 0 °C and heated to
150 °C at a scanning rate of 10 °C min−1. Tg and Tg′ were defined as the
inflection point of the glass transition in the heating scan of the DSC exper-
iment. All analyses were performed in triplicate with placebo formulations.

Statistical Analysis: Unless otherwise stated, results are given as mean
value ± standard deviation (SD). Statistically significant differences were
determined via a two-tailed student t-test using Origin 2019b Software
(OriginLab Corporation, Northampton, MA, USA). Mean values having p
values >0.05 were judged to be not significantly different.
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