
Abstract. Background/Aim: Extracellular vesicles (exosomes,
EVs) (30-200 nm in diameter) are secreted by various cells in
the body. Owing to the pharmaceutical advantages of EVs, an
EV-based drug delivery system (DDS) for cancer therapy is
expected to be the next-generation therapeutic system.
However, preservation methods for functional and therapeutic
EVs should be developed. Here, we developed the method of
lyophilization of arginine-rich cell penetrating peptide (CPP)-
modified EVs and investigated the effects of lyophilization on
the characteristics of EVs. Materials and Methods: Particle
size, structure, zeta-potential, and cellular uptake efficacy of
the arginine-rich CPP-modified EVs were analyzed. The model
protein saporin (SAP), having anti-cancer effects, was
encapsulated inside the EVs to assess the cytosolic release of
EV content after cellular uptake. Results: Lyophilization of the
EVs did not affect their particle size, structure, zeta-potential,
and cellular uptake efficacy; however, the biological activity of
the encapsulated SAP was inhibited by lyophilization.
Conclusion: Lyophilization of EVs may affect SAP structures
and/or reduce the cytosolic release efficacy of EV’s content
after cellular uptake and needs attention in EV-based DDSs.

Extracellular vesicles (exosomes, EVs) are cellular membrane
vesicles (ca. 30-200 nm diameter) that are secreted from
almost all the cells of the body (1-3). EVs are generated in
multivesicular endosomes (MVEs) by inward budding of

cellular membranes. After fusion of plasma and MVE
membranes, EVs are secreted and taken up by other cells via
membrane fusion and endocytosis (1-3). Because of
encapsulation of biofunctional molecules including
microRNAs and enzymes in the MVEs, EVs participate in
cell-to-cell communication and regulate cellular/body
homeostasis and the progression of diseases such as cancer (1-
4). In cancer cells, cell-to-cell communication based on EVs
induces angiogenesis, tumor cell migration, metastasis, and
immune response modulation (2, 3). EV-based diagnostics
have gained increased attention owing to ability EVs to
encapsulate disease-related proteins and microRNAs (3, 4). In
addition, the development of EV-based drug delivery systems
(DDSs) is highly expected to become the next-generation
therapeutic system because of the several advantages of EVs,
such as immunological control, usage of EV-based cell-to-cell
communication routes, low toxicity, controlled and designed
expression of protein in/on EVs, infinite secretion, and
artificial/natural encapsulation of therapeutic molecular
cocktails (3, 4). A receptor target system has been developed
by expressing on EV membranes, through genetic engineering,
a sequence that interacts with a receptor target. Examples
include the central nervous system-specific rabies viral
glycoprotein (RVG) peptide for targeting acetylcholine
receptor (5), anti-epidermal growth factor receptor (EGFR)
nanobodies fused with glycosylphosphatidylinositol (GPI)
anchor signal peptides derived from decay-accelerating factor
(DAF) (6), and designed ankyrin repeat proteins for targeting
human epidermal growth factor receptor 2 (HER-2) (7). In
recent years, our research group has successfully developed
biofunctional peptide-modified EVs for EV-based DDS
including the effective usage of artificial coiled-coil peptides
for receptor targeting (epidermal growth factor receptor) (8),
arginine-rich cell-penetrating peptides (CPPs) for enhanced
cellular uptake via the macropinocytosis route (9, 10), and pH-
sensitive fusogenic peptide for increased cytosolic release of
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EV content in the cells (11). Using these systems of peptide
modification, the anti-cancer protein saporin (SAP) was
successfully delivered into the targeted cancer cells in in vitro
assays (8-11).

Usually, the EVs are frozen for long-term storage, and
hence, preservation methods for functional and therapeutic EVs
should be developed. Repeated freeze-thawing cycles easily
induce destruction and/or fusion of the EVs (12). In recent
years, different methods of lyophilization of EVs have been
reported (12-14). Charoenviriyakul et al. have developed
lyophilization methods using trehalose for EVs, resulting in the
prevention of EV aggregation, as well as in the retention of
their biological activity as analyzed using an in vivo assay (13).
In this study, we applied a lyophilization method to arginine-
rich CPP-modified EVs and studied the effects of
lyophilization on EV characteristics including vesicular
structure, cellular uptake efficacy, and cytosolic delivery of the
EV content. We demonstrated that after lyophilization of the
EVs and addition of H2O for their recovery, the particle size,
structure, zeta-potential, and cellular uptake efficacy of the EVs
were not affected; however, the biological activity of the
encapsulated SAP, which has anti-cancer effects, was inhibited
by lyophilization, warranting attention to EV-based DDSs.

Materials and Methods
Peptide synthesis. The acetylated-cysteinyl-glycine coupled with
hexadeca-arginine residues (Ac-CG-R16) was synthesized by 9-
fluorenylmethyloxycarbonyl (Fmoc) solid-phase synthesis method on
a Rink Amide resin with coupling reagents 1-hydroxybenzotriazole
(HOBt)/2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) (Peptide Institute, Osaka, Japan)/N-
methylmorpholine (NMM) as previously described (15, 16). The Rink
Amide resin and the Fmoc-amino acid derivatives were purchased
from Shimadzu Biotech (Kyoto, Japan) and the Peptide Institute
(Osaka, Japan). The N-terminals of the peptide resin were acetylated
with acetic anhydride in the presence of NMM in dimethylformamide
(DMF) (17). Deprotection of the protecting group included in the
peptide sequence and cleavage from resin were performed by
treatment with trifluoroacetic acid (TFA)/ethanedithiol (EDT) mixture
(95:5) for 3 h at 25˚C. The deprotected peptides were purified by
high-performance liquid chromatographic (HPLC) purification, and
the molecular weight of the detected peptides was determined with
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOFMS) (Microflex, Bruker, Billerica, MA,
USA). Ac-CG-R16 [CH3-CO-NH-Cys-Gly-(Arg)16-amide]: MALDI-
TOFMS: 2717.8 [calculated for (M+H)+: 2717.7]. Retention time in
HPLC, 11.6 min [column: Cosmosil 5C18-AR-II (4.6×150 mm);
gradient: 5-50% B in A (A=H2O containing 0.1% CF3COOH,
B=CH3CN containing 0.1% CF3COOH) over 30 min flow: 1 ml/min;
detection: 220 nm]; and yield from the starting resin, 9.3%.

Conjugation of N-ε-maleimidocaproyl-oxysulfosuccinimide ester
(EMCS) linker via the side chain of cysteine of the peptide
sequence. The EMCS linker-conjugated peptide was prepared by
mixing the purified peptides and EMCS (1.1 equivalent) (Thermo
Fisher Scirntific Inc., Rockford, II, USA) in DMF for 2 h at 25˚C

followed by HPLC purification. R16-EMCS [CH3-CO-NH-
Cys(EMCS)-Gly-(Arg)16-amide]: MALDI-TOFMS: 3105.9
[calculated for (M+H)+: 3105.1]. Retention time in HPLC, 9.5 min
[column: Cosmosil 5C18-AR-II (4.6×150 mm); gradient: 5-95% B
in A (A=H2O containing 0.1% CF3COOH, B=CH3CN containing
0.1% CF3COOH) over 30 min flow: 1 ml/min; detection: 220 nm];
yield from the starting resin, 4.9%.

Cell culture. HeLa (human cervical cancer-derived) cells, Chinese
hamster ovary (CHO)-K1 cells, and CHO-A745 cells
(xylosyltransferase deficient cells), were purchased from the Riken
BRC cell Bank (Ibaraki, Japan) (HeLa cells) and American Type
Culture Collection (Manassas, VA, USA) (CHO-K1 cells and CHO-
A745 cells), respectively. Each cell line was grown on 100-mm
dishes and incubated at 37˚C under 5% CO2.

Stably expressing green fluorescent protein (GFP)-fused CD63 in
HeLa cells. CD63, also known as an EVs (exosomes) marker
protein, is a tetraspanin protein located in exosomal membranes. We
prepared HeLa cells stably expressing GFP-fused CD63 to obtain
CD63-GFP-containing EVs (CD63-GFP-EVs) as previously
reported (11). HeLa cells (1×105 cells) were plated on a 24-well
microplate (Iwaki, Tokyo, Japan), incubated for 1 day, and then
transfected with CD63-GFP-plasmid (pCT-CD63-GFP, pCMV,
Cyto-Tracer, System Biosciences, Mountain View, CA, USA) (800
ng) complexed with Lipofectamine LTX reagent (2 μl) and PLUS
reagent (1 μl) (Invitrogen, Life Technologies Corporation, Eugene,
OR, USA) in α-MEM containing 10% FBS (200 μl). The cells were
also treated with puromycin (3 μg/ml) (LKT Laboratories, St. Paul,
MN, USA) for antibiotic selection of HeLa cells stably expressing
CD63-GFP (CD63-GFP-HeLa).

Isolation of EVs. CD63-GFP-HeLa cells or HeLa cells (2×106 cells)
were seeded on 100-mm dishes in α-MEM containing 10% EV-free
FBS (EXO-FBS, ATLAS biological, Fort Collins, CO, USA) for 2
days. The EVs were isolated from the culture medium by using
ultracentrifugation (18). To isolate the EVs, the cell culture medium
was centrifuged (300 × g) for 10 min at 4˚C. The supernatant was
centrifuged (2,000 × g for 10 min at 4˚C followed by 10,000 × g
for 30 min at 4˚C) to remove the cell debris. After centrifugation,
the supernatant was centrifuged (100,000 × g) for 3 h at 4˚C (Himac
CP85β, Hitachi, Tokyo, Japan) in duplicate and the pellet was
collected in PBS. The concentrations of the isolated EVs were
described in terms of their protein concentrations, which were
determined using a Pierce BCA protein assay kit (Thermo Fisher
Scientific Inc., Rockford, IL., USA).

Western blotting analysis. To detect CD63, isolated EVs were
treated with lysis buffer (50 mM Tris-HCl (pH=7.5), 150 mM NaCl,
0.1% SDS, 1% Triton X-100, and 1% sodium deoxycholate). The
boiled samples were transferred onto polyvinylidene fluoride
(PVDF) membranes (GE Healthcare, Pittsburgh, PA, USA) after
separation by 10% SDS-PAGE. The PVDF membranes were
incubated with the anti-CD63 primary antibody (TS63, Abcam,
Cambridge, UK). A secondary antibody labelled with horseradish
peroxidase (HRP) [anti-mouse IgG HRP (NA931V (GE
Healthcare)] was then used, and immunoreactive species were
detected using the Enhanced Chemiluminescence (ECL) Plus
Western Blotting Detection System (GE Healthcare) with the
Amersham Imager 600 (GE Healthcare).



Preparation of R16-modified EVs and lyophilization. The R16-
EMCS peptide (final 1.8 mM) diluted in H2O was added to a
solution of EVs (36 μg) in PBS (total 57 μl) and incubated for 30
min at 25˚C (10). After mixing, the R16 peptide-modified EVs were
lyophilized using a freeze dryer (FDU-1200 EYELA, Tokyo
Rikakikai Co, Ltd, Tokyo, Japan).

Zeta-potential and particle size. The zeta-potential and the particle
size of EVs in PBS were analyzed using zeta-potential and particle
size analyzer EISZ-DN2 (Otsuka Electronics, Osaka, Japan)
according to the manufacturer’s instructions.

Encapsulation of SAP into EVs. To encapsulate SAP (Sigma-
Aldrich, St. Louis, MO, USA) into EVs by electroporation, the EVs
(25 μg) were mixed with SAP (50 μg) in PBS (100 μl). After
electroporation [poring pulse: twice pulse 100 V, 5 msec, transfer
pulse: five pulse (20 V, 50 msec)] in a 1-cm electroporation cuvette
at 25˚C using a super electroporator NEPA21 Type II (NEPA Genes,
Tokyo, Japan), removal of the unencapsulated SAP was
accomplished by washing and filtration using Amicon Ultra
centrifugal filters (100K device, Merck Millipore, Billerica, MA,
USA) as previously reported (8-10).

Electron microscopy. The EVs suspended in PBS (20 μg/ml) were
dropped onto a carbon-coated copper grid (250-mesh) and then the
excess was removed with a filter paper. Subsequently, 2% sodium
phosphotungstate aqueous solution (10 μl) was dropped onto the
grid and dried in a desiccator overnight prior to imaging under a
transmission electron microscope (TEM) (JEM-2000FEX II, JEOL,
Tokyo, Japan) operated at 200 kV.

Flow cytometer. The CHO-K1 and CHO-A745 cells (1.4×105 cells)
were seeded on a 24-well microplate (Iwaki) and incubated in the
Ham’s F-12 medium containing 10% FBS for 24 h at 37˚C under 5%
CO2. After complete adhesion, the cells were washed with cell
culture medium containing 10% FBS and treated with each EV
sample (600 μl/well) before washing with 0.5 mg/ml heparin
dissolved in PBS (triple washing, 200 μl). The cells were then treated
with 0.1g/l-Trypsin/0.51 mmol/l-EDTA (Nacalai Tesque, Kyoto,
Japan) at 37˚C for 10 min prior to the addition of PBS (200 μl) and
then centrifuged at 800 ×g for 5 min at 4˚C. After removal of the
supernatant, the cells were washed with PBS (400 μl) and
centrifuged at 800 ×g for 5 min at 4˚C. This washing cycle was
repeated, and the cells were suspended in PBS (400 μl) and subjected
to fluorescence analysis with a Guava® easyCyte (Merck Millipore)
flow cytometer using 488-nm laser excitation and a 525-nm emission
filter. For the detection of cellular fluorescence intensity, 10,000
cells/sample live cells were quantified based on forward-scattering
and side-scattering analyses.

Evaluation of the biological activity of SAP (WST-1 assay). Analysis
of cell viability was conducted for evaluating the biological activity of
SAP using the WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-
tetrazolio]-1,3-benzene disulfonate) assay as previously described (8-
10). CHO-K1 cells (1×104 cells, 100 μl) were incubated into 96-well
microplates in Ham’s F-12 medium containing 10% FBS for 24 h at
37˚C under 5% CO2. The cells were then treated with each EV sample
(50 μl) for 48 h at 37˚C under 5% CO2. After sample treatment, WST-
1 reagents (10 μl) were added to each well and the samples were
incubated for 40 min at 37˚C. The absorbances at 450 nm (A450) and

620 nm (A620) were determined. The value obtained by subtracting
A620 from A450 corresponded to the viable cell number.

Statistical analyses. All statistical analyses were conducted by using
the GraphPad Prism software (ver. 5.00; GraphPad, San Diego, CA,
USA). The data are presented as the mean±standard deviation (SD).
For comparisons of the two groups, unpaired Student’s t-test (two-
tailed) was used after verification of equal variances by an F-test.
For comparisons among more than three groups, a two-way analysis
of variance (ANOVA) followed by Bonferroni’s post-hoc test was
used. Differences were considered significant when the calculated
p-value was <0.05.

Results

Characteristic confirmation of the isolated EVs after
lyophilization. EVs were isolated by ultracentrifugation (18)
as described above and their identity was confirmed by
examining the expression of CD63, a tetraspanin membrane
protein, which is an EV (exosome) marker protein (19).
Figure 1A shows the results of the western blot analysis of
CD63 expression in the isolated EVs. EVs isolated in PBS
were lyophilized without any additives. The lyophilized EVs
were reconstituted using H2O at a volume similar to the
original PBS. After lyophilization and reconstitution in H2O,
western blot analysis of the EV sample showed that the
expression of CD63 was similar to that before lyophilization
(Figure 1A). The particle size of EVs was not affected by
lyophilization and reconstitution in H2O (Figure 1B). In
addition, the zeta-potential of the EVs showed almost the
same ca. − 10 mV before and after lyophilization (Figure
1C). The results suggested that our lyophilization and
reconstitution methods did not affect the structure and
characteristics of the isolated EVs.

Preparation of the R16 peptide-modified EVs and
characteristic confirmation and cellular uptake of the EVs
after lyophilization. In our previous report, we have shown
that macropinocytosis (ruffling of cell plasma membranes)
by actin reorganization and engulfment of large volume of
fluids (>1 μm diameter) outside the cells (20-22) is an
important cellular uptake route of EVs (23). Further
modification of the arginine-rich CPPs, which can induce
macropinocytosis (24, 25) of the EV membranes,
significantly enhances their internalization by the target cells
(9, 10). Hexadeca oligoarginine [(Arg)16, R16] is one of the
arginine-rich CPPs, and we have already reported that
incorporation of the R16 peptides on EV membranes
significantly increased the cellular EVs uptake (10). The
sulfo EMCS linker, which has both succinimide and
maleimide moieties, was used to covalently conjugate the
sulfhydryl of the Cys residue of the peptide and the amino
group (e.g. Lys residue) of the EV membrane proteins
(Figure 2A). As previously reported, 1.0 μM of R16 peptides
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was attached to the EVs (20 μg/ml) by the addition of R16-
EMCS (10 μM) (Figure 2A) (10). The R16 peptide-modified
EVs were also lyophilized following similar methods as
depicted in Figure 1. The particle structure of the R16
peptide-modified EVs was assessed under a TEM and the
vesicular structure of the EVs after peptide modification
were confirmed (Figure 2B). The zeta-potential of the R16-
EVs was almost the same (ca. 13 mV) before and after
lyophilization (Figure 2C). The results suggest that our
lyophilization and reconstitution methods did not affect the
structure and characteristics of the R16-EVs.

We have already prepared green fluorescent protein (GFP)-
fused CD63 (CD63-GFP) stably expressing HeLa cells, and
identified that CD63-GFP-expressing EVs were secreted from
these cells (11). We next investigated the cellular uptake
efficacy of the CD63-GFP-EVs with or without modification
with R16 peptides. CHO-K1 cells were treated with each EV
sample (20 μg/ml) for 24 h at 37˚C before analysis by flow
cytometry as described above. Modification of EVs with R16
peptides (R16-CD63-GFP-EVs) significantly enhanced the
cellular uptake in comparison to that of non-modified EVs
(Figure 3A). The lyophilized R16-CD63-GFP-EVs were also
efficiently taken up by the cells at a level similar to that of the
non-lyophilized EVs (Figure 3A). In addition, we examined
the cellular uptake efficacy of the R16 peptide-modified EVs
into the CHO-A745 cells, which are deficient in all sugar
chains of proteoglycans (Figure 3B and C), because the
arginine-rich CPPs highly depend on the sugar chains of
proteoglycans including heparan sulfate and chondroitin

sulfate for induction of macropinocytosis and effective cellular
uptake (25). We confirmed that the deficiency of sugar chains
on the cellular membrane reduced the cellular uptake efficacy
of R16-CD63-GFP-EVs (Figure 3B). Lyophilization of R16-
CD63-GFP-EVs resulted also in the reduction of their cellular
uptake efficacy in the CHO-A745 cells (Figure 3C) suggesting
that the R16 peptides, which were attached on the EV
membrane, are considered to depend on the sugar chains of
proteoglycans even after lyophilization.

Effects of lyophilization on the biological activity of SAP-
encapsulated R16-EVs. To assess the intracellular delivery of
therapeutic proteins encapsulated in EVs, we prepared SAP-
encapsulated EVs (SAP-EVs) by electroporation. SAP is a
ribosome-inactivating protein, which shows biological
activity in the cytosol after cell membrane penetration,
leading to cell death (26). Therefore, SAP has been applied
as an anti-cancer drug, for example in combination with an
antibody (26). We have already developed methods of SAP
encapsulation into EVs (8-10), and the encapsulation efficacy
has been calculated to be 65 ng/ml of SAP in 20 μg/ml of
EVs as assessed using fluorescently-labeled SAP. SAP-
encapsulated EVs were modified with R16-EMCS (R16-
SAP-EVs) as depicted in Figure 2A. Before assessments of
the biological activity of R16-SAP-EVs, we tested the effects
of lyophilization of SAP without encapsulation in EVs on the
biological activity of cell death. Figure 4A shows the viability
of CHO-K1 cells which were treated with SAP for 48 h at
37˚C. Induction of cell death was dependent on SAP
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Figure 1. Confirmation of the characteristic of the isolated EVs after lyophilization. (A) Western blot analysis for CD63, tetraspanin and EV
(exosome) marker, of the isolated EVs before or after lyophilization. (B) Particle size (C) zeta-potential analyses of the isolated EVs before or after
lyophilization.



concentration as assessed by WST-1 assay, and lyophilization
of SAP did not affect the biological activity (Figure 4A). 

The CHO-K1 cells were treated with SAP-EVs (20 μg/mL)
for 48 h at 37˚C, and cell viability was assessed by the WST-
1 assay. Modification of EV membranes with R16 peptides
significantly enhanced induction of cell death (Figure 4B) as
previously reported (10). However, lyophilization of R16-
SAP-EVs completely prevented the induction of cell death
(Figure 4B). Similar results were obtained by microscopic
observation (Figure 4C). As mentioned above, lyophilization
of R16 peptide-modified EVs and SAP did not affect their
cellular uptake and biological activity (Figures 3A and 4A).
However, lyophilization of R16-SAP-EVs highly reduced the
biological activity of SAP (Figure 4B and C), suggesting that
lyophilization of the EVs might affect SAP structures and/or

reduce the cytosolic release efficacy of the EV content after
cellular uptake.

Discussion

Lyophilization methods are useful for maintaining the
biological activity of proteins following long-term storage
even at room temperature. Therefore, these methods have
been widely used, especially in various therapeutic reagents.
In this study, we evaluated the effects of lyophilization of
EVs on their cellular uptake and biological activity.
Lyophilization of EVs did not affect the particle size and zeta-
potential (Figure 1). In addition, lyophilization of the R16-
peptide-modified EVs maintained the particle structures
without any aggregations as observed under a TEM (Figure
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Figure 2. Preparation of R16 peptide-modified EVs and confirmation of the characteristics of EVs after lyophilization. (A) Scheme of R16 peptide
modification of the EV membranes. A linker of sulfo EMCS was conjugated to the Cys side chain of the R16 peptide sequence (R16-EMCS). The
EVs were then reacted with R16-EMCS to conjugate via the amino group of the EV membrane proteins (R16-EVs). (B) Transmission electron
microscopic observation of the isolated R16-EVs after lyophilization and recovery in H2O. Scale bar: 200 nm. (C) Zeta-potential analyses of R16-
EVs before or after lyophilization.
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Figure 3. Cellular uptake of R16 peptide-modified EVs after lyophilization. (A) Relative cellular uptake of CD63-GFP-EVs or R16-CD63-GFP-EVs
with or without lyophilization into the CHO-K1 cells (10% FBS contained F-12 medium at 37˚C for 24 h) analyzed using a flow cytometer. The
data are expressed as the mean±SD of three experiments. ***p<0.001. (B, C) Comparison of the cellular uptake of R16-CD63-GFP-EVs with (C)
or without (B) lyophilization into CHO-K1 or CHO-A745 cells (all glycosaminoglycan deficient) (37˚C, 24 h) analyzed using a flow cytometer. The
data are expressed as the mean±SD of three experiments. **p<0.01.



2B). Trehalose has been used during lyophilization for the
prevention of EV aggregation and retention of their biological
activity (13, 14), however, we did not use trehalose in our
experiments, and aggregation of the EVs was not observed
(Figures 1 and 2B). The species of cell types, which secret
EVs possibly affect the degree of EV aggregation after
lyophilization because of their differential molecular content.
Further, the isolation methods of EVs are also considered to
affect the aggregation tendency by lyophilization.

We examined the cellular uptake efficacy of the EVs.
Modification of EV membranes with R16 peptides
significantly enhanced the internalization of EVs by CHO-
K1 cells (Figure 3A). The cellular uptake efficacy was not
significantly affected by the lyophilization of the EVs
(Figure 3A). Besides, the R16-peptide-modified EVs were
highly taken up by the CHO-K1 as compared to that of the
CHO-A745 cells which were glycosaminoglycans deficient,
even after lyophilization (Figure 3B and C). These results
suggested that dependency of the modified R16 peptides on
sugar chains for cellular uptake after lyophilization of EVs
were retained.

Next, the cytosolic release of the EV content and its
biological activity after cellular uptake was examined by
the encapsulation of SAP. The SAP is a ribosome-
inactivating protein, and the cytosolic release of SAP is
needed to induce its biological activity (26). The
lyophilized SAP without encapsulation into EVs showed
cytotoxic activity almost similar level to that of the non-
lyophilized (Figure 4A), suggesting that lyophilization did
not affect the biological activity of SAP. However, in the
case of SAP-encapsulated R16-modified EVs, the cytotoxic
activity was completely prevented by lyophilization (Figure
4B and C). The various reasons behind this effect are
considered to be as follows: (i) only aggregation of SAP in
the EVs after lyophilization, (ii) secondary structural
changes of the SAP, (iii) reduction of the cytosolic release
efficacy of the encapsulated SAP in EVs by lyophilization,
and (iv) enhanced protection against cell death by
lyophilized EVs. However, the functionality of molecules
used to modify EV membranes, might be retained even
after lyophilization, although further studies are needed to
elucidate the actual mechanisms. 

To conclude, in this study, we demonstrated that
lyophilization of EVs did not affect the functionality of the
peptides used to modify the EV membranes; however, the
biological activity of proteins encapsulated in the EVs was
highly affected after cellular uptake. These findings are very
important for the development of EV-based therapeutic
and/or diagnostic methodology.
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Figure 4. Effects of lyophilization on the biological activity of SAP-
encapsulated R16-EVs. (A) Viability of the CHO-K1 cells treated with
SAP (10% FBS contained F-12 medium at 37˚C for 48 h) before or after
lyophilization and analyzed by WST-1 assay. The data are expressed as
the mean±SD of three experiments. (B) Viability of the CHO-K1 cells
treated with EVs (without modification of R16 peptide and SAP-
encapsulation), SAP-EVs (SAP-encapsulation in EVs without R16
modification), R16-EVs (R16 modification on EV membranes without
SAP-encapsulation in EVs), and R16-SAP-EVs (with modification of
R16 peptide and SAP-encapsulation) (10% FBS contained F-12 medium
at 37˚C for 48 h) before or after lyophilization and analyzed by WST-1
assay. The data are expressed as the mean±SD of three experiments.
****p<0.0001. (C) Microscopic observation of the CHO-K1 cells after
treatment of R16-SAP-EVs with or without lyophilization under the
same experimental condition as in (B).
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