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Extracellular vesicles (EVs) are increasingly being recognized as candidate drug delivery systems due to their
ability to functionally transfer biological cargo between cells. However, the therapeutic applicability of EVs
may be limited due to a lack of cell-targeting specificity and rapid clearance of exogenous EVs from the circula-
tion. In order to improve EV characteristics for drug delivery to tumor cells, we have developed a novel method
for decorating EVs with targeting ligands conjugated to polyethylene glycol (PEG). Nanobodies specific for the
epidermal growth factor receptor (EGFR) were conjugated to phospholipid (DMPE)-PEG derivatives to prepare

:E(i}t,::ggﬁilar vesicles nanobody-PEG-micelles. When micelles were mixed with EVs derived from Neuro2A cells or platelets, a
Drug delivery temperature-dependent transfer of nanobody-PEG-lipids to the EV membranes was observed, indicative of a
Polyethylene glycol ‘post-insertion’ mechanism. This process did not affect EV morphology, size distribution, or protein composition.
Circulation time After introduction of PEG-conjugated control nanobodies to EVs, cellular binding was compromised due to
Targeting the shielding properties of PEG. However, specific binding to EGFR-overexpressing tumor cells was dramatically
Nanobody increased when EGFR-specific nanobodies were employed. Moreover, whereas unmodified EVs were rapidly
cleared from the circulation within 10 min after intravenous injection in mice, EVs modified with nanobody-
PEG-lipids were still detectable in plasma for longer than 60 min post-injection. In conclusion, we propose
post-insertion as a novel technique to confer targeting capacity to isolated EVs, circumventing the requirement
to modify EV-secreting cells. Importantly, insertion of ligand-conjugated PEG-derivatized phospholipids in EV
membranes equips EVs with improved cell specificity and prolonged circulation times, potentially increasing

EV accumulation in targeted tissues and improving cargo delivery.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction compartments upon fusion with the plasma membrane [5,6]. EVs have

Over the past decade extracellular vesicles (EVs) have increasingly
gained attention as candidate drug delivery systems due to their unique
properties. As extensively reviewed elsewhere [1-4], EVs are lipid
bilayer-surrounded vesicles released by many, if not all, cell types in
the body. They are heterogeneous in terms of protein, nucleic acid and
lipid composition, with sizes ranging from 30 to 1000 nm. EVs can be
subdivided in different classes based on intracellular origin, e.g.
microvesicles (or ectosomes) are released through direct budding of
the plasma membrane, while exosomes are released from endosomal
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been implicated in intercellular communication, and are believed
to be capable of functionally transferring condensed packages of
biological cargo (e.g. miRNA, mRNA and proteins) to target cells
and tissues [1,7]. These characteristics make EVs ideal candidate de-
livery systems for therapeutic nucleic acids (e.g. sSiRNA and miRNA).
Hence, it is not surprising that therapeutic applications of EVs are a
topic of intense investigation, and the first clinical trials with EVs
are emerging [8].

Although EVs harbor potential advantages for drug delivery over
conventional drug delivery systems, such as biological tolerability and
the ability to induce phenotypical changes in recipient cells [1,9],
major challenges for their therapeutic applicability remain. Due to
their highly complex and variable composition, cell specificity and bio-
logical effects of EVs can be unpredictable [10]. These could manifest as
off-target effects when EVs are employed as drug carriers. To limit such
effects and promote therapeutic efficacy, EVs may be equipped with
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targeting ligands and appropriate cargos. Such modifications have been
explored in several studies, which showed successful targeted drug
delivery using EVs and underlined their therapeutic potential [11-16].
A popular strategy to decorate EVs with targeting ligands is the
transfection of EV-producing cells to drive expression of targeting
moieties fused with EV membrane proteins, such as Lamp2b [11,17,
18]. Although effective, such strategies are hampered by the require-
ment to modify producer cells, which often is time-consuming and chal-
lenging, especially when using primary cells. In addition, some targeting
ligands are prone to improper expression and degradation, which limits
their functional display on EVs [17]. Moreover, while decoration of EVs
with targeting ligands usually improves target cell interactions, it does
not necessarily prevent interactions with other, non-target cells,
allowing nonspecific uptake and related off-target effects. To overcome
such issues, we here propose a novel method to provide stealth as well
as tumor cell-targeting characteristics to pre-isolated EVs, based on the
‘post-insertion’ method previously applied to functionalize liposomes
[19]. The hydrophilic polymer polyethylene glycol (PEG) is well
known to shield nanoparticles from interactions with plasma proteins
and improve circulation time [20,21]. We hypothesized that these fea-
tures would be beneficial for EV-based drug delivery systems, given
that exogenously administered EVs have been described to be rapidly
cleared from the circulation by the reticulo-endothelial system (RES)
[22], limiting their accumulation in target tissue. Furthermore, we
employed nanobodies against the epidermal growth factor receptor
(EGFR) as model targeting ligands. This receptor is overexpressed in a
range of solid tumors and is an established target for cancer therapy
with several inhibitors used in the clinic [23,24]. Nanobodies are single
variable domains derived from the heavy chains (VH) of Camelidae
heavy (H) chain antibodies, and are therefore also termed VHHs or
single-domain antibodies (sdAbs) [25]. These 15 kD fragments possess
the full antigen-binding capacity of the original antibody, and have
other favorable characteristics compared with conventional antibodies,
such as high solubility and resistance to extreme thermal and chemical
conditions [26,27]. Here, we evaluated how introduction of polyethyl-
ene glycol (PEG)-conjugated nanobodies onto EVs via post-insertion
affects EV characteristics, in vitro interactions with tumor cells, and
in vivo circulation time and tissue distribution in tumor-bearing mice.

2. Materials and methods
2.1. Materials

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine (DSPE)-PEG, MW
2000 and 1,2-Dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE)-
PEG-maleimide, MW 3400 were purchased from Nanocs Inc. (New
York, USA). 1,1”-dioctadecyl-3,3, 3”,3"-tetramethylindotricarbocyanine
iodide (DiR), MicroBCA Protein Assay Kit, N-succinimidyl S-
acetylthioacetate (SATA) and CellTracker Deep Red dye were obtained
from Thermo Fisher Scientific (Waltham, USA). Sepharose CL-4B
was ordered from Sigma-Aldrich (Steinheim, Germany). pET28a
vectors encoding EGal and R2 Myc-tagged nanobodies were kindly
provided by Dr. S. Oliveira (Department of Biology, Utrecht Universi-
ty, Utrecht, The Netherlands).

2.2. Nanobody production

R2 and EGal nanobodies were expressed and purified as described
previously [28], with minor modifications. pET28a expression vectors,
containing a pelB leader sequence followed by a nanobody sequence
with C-terminal c-Myc- and Hisg-tags for detection and purification,
respectively, were introduced in BL21 Star (DE3)pLysS chemically
competent E. coli (Thermo Fisher Scientific). Cells were grown over-
night in shaking cultures at 37 °C in 2xYT medium supplemented with
2% (w/v) glucose and selection antibiotics. A 5L Bioflo 115 fermentor
(Eppendorf, Germany) with ZYP-5052 auto induction medium

(described in [29]) was inoculated with the overnight culture and
cells were grown for several hours at 37 °C until log phase was observed.
The culture was incubated for 22 h at 22 °C, and protein was extracted
from the periplasmic space with lysis buffer (25 mM HEPES, 0.5 M
NaCl, 1 pg/mL DNase I, 10 mM MgCl,, pH 7.8) in three freeze-thaw
cycles using liquid nitrogen. After removal of insoluble material by cen-
trifugation at 10,000 xg and 4 °C for 1 h, nanobodies were extracted
overnight at 4 °C with TALON Superflow IMAC resin (Clontech Laborato-
ries, Inc). Nanobodies were eluted from the resin with elution buffer
(25 mM HEPES, 0.5 M NaCl, 500 mM imidazole) and further purified
in HEPES-buffered saline (HBS) on an AKTA FPLC system (GE Healthcare
Europe GmbH, Germany) coupled to a HiLoad 26/60 Superdex gel filtra-
tion column (GE Healthcare). Protein concentrations were measured by
spectrophotometry at 280 nm, using molar extinction coefficients calcu-
lated via the online ProtParam tool (web.expasy.org/protparam/).
Purity of the nanobodies was verified by PageBlue staining after SDS-
PAGE.

2.3. Preparation of nanobody-PEG micelles

Reactive sulfhydryl groups were introduced to the nanobodies with
SATA as described elsewhere [30]. Unconjugated SATA was removed
using Zeba Spin desalting columns with a 7 kD MWCO (Thermo Fisher
Scientific). DMPE-PEG-maleimide and DSPE-PEG were dissolved in a
1:1 molar ratio in HEPES buffer (10 mM HEPES, 135 mM NaCl, pH 7.4)
for 15 min at 60 °C to form micelles. After deprotection of the sulfhydryl
groups, nanobodies were conjugated to the micelles in a 8.6:1000 molar
ratio of nanobody:DMPE-PEG-maleimide overnight at 4 °C. Unreacted
maleimide groups were quenched by addition of a 20-fold molar excess
of B-mercaptoethanol, and free nanobodies were removed by four
washing steps on 100 kD MWCO Vivaspin tubes (Sartorius, UK). Traces
of B-mercaptoethanol were removed by overnight dialysis against ex-
cess HBS in 10 kD Slide-A-Lyzer cassettes (Thermo Scientific). Micelles
were redissolved at 60 °C for 10 min, followed by sonication with
10 pm amplitude for 2 x 5 s in a Soniprep 150 sonicator (MSE, UK) to
reduce micelle size and facilitate upstream separation from EVs. Con-
centration of nanobodies on the micelles was estimated using a
MicroBCA Protein Assay according to the manufacturer's instructions.
Micelles were stored at 4 °C and used within 2 weeks.

24. Cell culture and EV isolation

Human epidermoid carcinoma cells (A431, ATCC, Manassas, USA)
were cultured at 37 °Cand 5% CO, in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 100 U/mL
penicillin and 100 U/mL streptomycin. Mouse neuroblastoma cells
(Neuro2A, ATCC) were maintained under the same conditions in
Roswell Park Memorial Institute (RPMI) 1640 medium supplement-
ed with 10% FBS and antibiotics. For EV production, Neuro2A cells
were seeded at an appropriate density in EV-depleted medium
(which contained FBS depleted from EVs by overnight centrifugation
at 100 000 xg at 4 °C). Cells were allowed to produce EVs and after
72 h, when cells reached 90-95% confluency, EVs were isolated
with a differential (ultra)centrifugation method as previously described
[31]. The washed EV pellet after the final 100,000 xg step was resus-
pended in phosphate-buffered saline (PBS). EV aggregates resulting
from ultracentrifugation were removed by centrifugation at 1000 g for
10 min at 4 °C. EV protein concentration was determined with a
MicroBCA Protein Assay.

2.5. Introduction of nanobody-PEG-lipids on EVs using post-insertion

EVs were mixed with nanobody-PEG micelles in a 1:1 ratio (ug
protein:pg protein) in a total volume of 100-150 pL and incubated in a
GeneAmp PCR System 9700 thermocycler with heated lid for 2 h at
40 °C (unless stated otherwise). EV-micelle mixtures were cooled to
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4 °C and EVs were immediately purified from free micelles by size-
exclusion chromatography.

2.6. Purification of EVs by size-exclusion chromatography

For purification of EVs from free nanobody-PEG micelles, Sepharose
CL-4B (Sigma-Aldrich) was packed in a XK-26/40 column (GE
Healthcare) according to manufacturer's instructions. A smaller column
(XK-16/20) was employed for purification of EVs from fluorescent dyes.
Column was connected to an AKTA pure system (GE Healthcare) which
was maintained at 4 °C and equilibrated with PBS. EV suspensions were
injected and eluted fractions containing EVs (identified by UV absor-
bance at 280 nm) were pooled and concentrated using 100 kD MWCO
Vivaspin tubes (Sartorius).

2.7. Western blot analysis

EV samples were mixed with sample buffer containing dithiothreitol
(DTT), heated to 95 °C for 10 min and separated on 4-12% Bis-Tris poly-
acrylamide gels (Thermo Scientific). Proteins were electrotransferred
to Immobilon-FL polyvinylidene difluoride (PVDF) membranes
(Millipore). Membranes were blocked with 50% v/v Odyssey Blocking
Buffer (LI-COR Biosciences) in Tris buffered saline (TBS). All
immunolabeling was performed with 50% v/v Odyssey Blocking Buffer
in TBS containing 0.1% Tween 20 (TBS-T). Primary antibodies were
used overnight at 4 °C and included rabbit anti-CD9 antibody (Abcam,
clone EPR2949, 1:2500 dilution), rabbit anti-TSG101 (Abcam,
ab30871, 1:1000 dilution), mouse anti-Alix (Abcam, clone 3A9, 1:1000
dilution), rabbit-anti-EGFR (Cell Signaling Technology, clone D38B1,
1:1000 dilution) mouse-anti-B-actin (Cell Signaling Technology, clone
8H10D10, 1:1000 dilution), and mouse-anti-Myc (9E10 from MYC 1-
9E10.2 hybridoma, ATCC, 1:4000). Secondary antibodies included
Alexa Fluor 680-conjugated anti-rabbit antibodies (Thermo Fisher
Scientific, A-21,076, 1:7500 dilution) or IRDye 800CW anti-mouse anti-
bodies (LI-COR Biosciences, 926-32212, 1:7500 dilution). Imaging was
performed on an Odyssey Infrared Imager (LI-COR Biosciences, Leusden,
The Netherlands) at 700 and 800 nm, respectively.

2.8. Immuno-electron microscopy

EVs in PBS were adsorbed to carbon-coated formvar grids, fixated in
a mixture of 2% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M
phosphate buffer, and immunolabeled with mouse anti-Myc antibody
(9E10, 1:100), followed by rabbit-anti-mouse IgG (Rockland, 610-
4120, 1:250) and 10 nm Protein A gold (CMC, Utrecht, The
Netherlands). Grids were counterstained with uranyl-oxalate and
embedded in methyl cellulose uranyl-acetate [6]. Imaging was per-
formed using a Tecnai T12 electron microscope (FEI, Eindhoven, The
Netherlands).

2.9. Nanoparticle tracking analysis

EV size distribution and concentration were determined with nano-
particle tracking analysis (NTA) using a Nanosight LM10-HS
(NanoSight, UK). Before measurements, EVs were diluted to an appro-
priate dilution with sterile PBS (confirmed to be particle-free). Of each
sample, 5 movies of 30 s were recorded using camera level 13, while
temperature was maintained at 22 °C. Data was analyzed with NTA An-
alytical Software suite version 2.3.

2.10. Cell binding assays

To evaluate the binding of EVs to EGFR-expressing cells, EVs were
mixed with 10 uM CellTracker Deep Red dye (dissolved at 2 mM in
dimethyl sulfoxide (DMSO)) and incubated for 1 h at 37 °C. EVs were
purified from free dye using size-exclusion chromatography. If

applicable, post-insertion was performed, followed by size-exclusion
chromatography and determination of protein concentration. To deter-
mine whether differences in labeling efficiency existed among samples,
fluorescence of all samples was analyzed in a black 96-well plate in a
Spectramax M2 microplate reader (Molecular Devices, UK) at excitation
630 nm and emission 660 nm, and compared with corresponding
protein concentrations. For binding assays, A431 and Neuro2A cells
were trypsinized, resuspended in ice-cold culture medium and seeded
in round-bottom 96-well plates at a density of 3 x 10% cells/well. EVs
were mixed with the cells at a concentration of 8 pug/mL while cells
were kept on ice to inhibit cellular uptake. After 1 h, cells were collected
by centrifugation at 500 g and 4 °C for 5 min. Medium was removed
and cells were resuspended in ice-cold PBS with 0.3% bovine serum
albumin (PBSA). This washing procedure was repeated twice and cells
were resuspended in 0.2% formaldehyde in PBS. Mean fluorescence
intensity of the cells was analyzed in a FACSCanto II flow cytometer
(BD Biosciences, USA) and corrected for the autofluorescence of
untreated cells.

2.11. In vivo circulation time and biodistribution

All animal experiments were performed with approval from the
Utrecht Animal Welfare Body of the UMC Utrecht, and animal care
was according to established guidelines. Sixty female Crl:NU-Foxn1™
mice (20-25 g) were obtained from Charles River International Labora-
tories, Inc. (Germany) with free access to water and a chlorophyll-
reducing chow (2016S, Harlan Laboratories, The Netherlands) to reduce
organ autofluorescence. To establish human tumor xenografts, A431
cells were trypsinized, counted and suspended in ice-cold PBS. Mice
were subcutaneously injected with 100 pL containing 1 x 10° cells in
the right flank. Tumor growth was monitored during approximately
two weeks, using a caliper to measure tumor size. Tumor volume was
calculated with the formula V = (1/6)LS?, where L and S are the largest
and smallest superficial diameters, respectively. When tumors reached
a volume of 200-300 mm?>, mice were injected intravenously in the
tail vein with 2.5 pg DiR-labeled EVs in 100 L PBS. EVs were labeled
by mixing EV suspension with 5 uM DiR (using a DiR stock of 1 mM in
DMSO), followed by incubation for 1 h at 22 °C. EVs were purified
from free DiR with size-exclusion chromatography, modified with
post-insertion, and purified again. To exclude the presence of aggre-
gates, EVs were filtered through 0.45 pm syringe filters (Millipore). EV
protein concentration and number was quantified with MicroBCA Pro-
tein Assay and NTA, respectively, before administration to mice. Blood
samples were collected in EDTA anti-coagulated tubes by submandibu-
lar vein punctures at 1, 10, 20 and 30 min post-injection (n = 3 per time
point). Mice were sacrificed 60 and 240 min post-injection by cervical
dislocation, and additional blood samples were collected via heart punc-
ture. Blood samples were centrifuged for 10 min at 2000 xg and 4 °C and
platelet-poor plasma was collected and stored at — 80 °C. For analysis of
circulation times, 35 pL of each plasma sample was transferred to a clear
384-well plate and analyzed by an Odyssey Infrared Imager at 800 nm.
Quantification of fluorescent signals was performed using Odyssey soft-
ware (LI-COR Biosciences). EV plasma concentrations were calculated
using a standard curve of corresponding EVs spiked in normal mouse
plasma. To evaluate EV biodistribution, mouse organs were collected
60 and 240 min post-injection and imaged using a Pearl Impulse Imager
(LI-COR Biosciences) at the 800 nm channel. Images were analyzed by
Pearl Cam software.

2.12. Statistical data analysis
When applicable, statistical data analysis was performed using IBM

SPSS Statistics, version 21. Multiple-group comparisons were per-
formed using one-way ANOVA with Tukey post-hoc tests.
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3. Results

3.1. Introduction of nanobody-PEG-lipids onto extracellular vesicles
via post-insertion

The nanobody EGa1 has previously been described as a high-affinity
ligand for EGFR, without activating the receptor [32]. R2 is a nanobody
raised against the azo-dye Reactive Red (RR6), which has been used as
a non-targeting control nanobody in previous reports [28,33]. In this
work, we investigated whether these nanobodies could be conjugated
to PEG-phospholipid micelles, and subsequently introduced onto EVs
using a post-insertion procedure (Fig. 1).

Nanobodies were first chemically modified with SATA reagent using
a previously described method, to introduce sulfhydryl groups [30].
With this method, up to 8 SATA molecules (4-5 molecules on average)
have been shown to be conjugated to a single nanobody molecule, with-
out loss of affinity for the antigen [28]. The sulfhydryl groups allow
nanobody conjugation to PEG-phospholipids (i.e. DMPE-PEG), which
are functionalized with maleimide groups at the distal end of the PEG
chains. Prior to conjugation, DMPE-PEG-maleimide was mixed with
(non-reactive) DSPE-PEG at a 1:1 molar ratio and dissolved in an
aqueous buffer to form micelles. Upon addition of nanobodies, stable
non-reducible thioether bonds between nanobodies and the micelles
are formed, increasing the molecular weight of the nanobodies
as shown by Western blotting (Fig. 2A). Unmodified nanobodies typi-
cally displayed a single band at their molecular weight of 15-16 kD,
which changed to a ladder-like pattern after conjugation to PEG-
phospholipids. This pattern may be explained by the conjugation of
one, two or multiple PEG-phospholipids (3.4 kD per unit) to each
nanobody which alters their SDS-PAGE migration rate, and corresponds
to previous reports in which nanobodies were attached to PEGylated
liposomes [28,30]. Band intensities suggested that most nanobodies
were conjugated to one or two PEG-phospholipid chains, and this mod-
ification pattern was similar for R2 and EGal nanobodies. The attach-
ment of DMPE-PEG-maleimide to these nanobodies is not expected to

DMPE PEG M Ha?
DSPE PEG .

Extracellular vesicles

Fig. 1. Schematic representation of the protocol by which isolated extracellular vesicles are
decorated with nanobodies via PEG-micellar post-insertion. Firstly, micelles are formed by
dissolving phospholipid (DMPE and DSPE)-PEG derivatives in an aqueous buffer. DMPE-
PEG is functionalized with a maleimide group (M). Secondly, nanobodies (NB) which
are modified with sulfhydryl groups (-SH) are conjugated to the micelles via stable
thioether bonds. Thirdly, nanobody-PEG micelles are mixed with isolated EVs and
incubated at elevated temperatures (i.e. 40 °C), resulting in incorporation of nanobody-
PEG-lipid into the vesicles. Picture is not drawn to scale.

compromise the interactions of the nanobodies with EGFR [28,30]. We
then studied whether these micelles could be used to decorate the
surface of EVs with nanobodies via post-insertion. Post-insertion of
PEG-lipids into liposomes has been shown to be a temperature-
dependent process, in which the efficiency of lipid incorporation
improves with increasing temperature [34-37]. To test whether this
mechanism would also apply to EVs, EVs derived from Neuro2A cells
were mixed with nanobody-PEG micelles and incubated for 2 h at tem-
peratures ranging from 4 °C to 60 °C. After incubation, EVs were purified
from free micelles by size-exclusion chromatography (SEC) performed
at 4 °C. Nanobody incorporation was assessed by Western blotting
(Fig. 2B). When nanobody-PEG micelles in the absence of EVs were
loaded onto the SEC column and typical EV fractions were analyzed,
no nanobodies could be detected, indicating that the SEC method
was suitable for complete separation of EVs from micelles (first
lane in Fig. 2B). When untreated EVs were applied to the column,
the same fractions showed the presence of commonly used EV
marker proteins ALIX, TSG101 and CD9 [1] (second lane in Fig. 2B).
Simple mixing of EVs with EGal nanobody resulted in a faint nanobody
band in the EV sample, possibly due to co-elution of small nanobody
aggregates.

However, when EVs were incubated with EGal-PEG micelles,
nanobody incorporation was dramatically increased. The efficiency
of nanobody incorporation improved with increasing temperature, in-
dicative of a post-insertion mechanism. In addition, incorporation of
nanobodies conjugated to multiple lipid-PEG chains seemed to be
increased at higher temperatures. Incubation at 60 °C, a common tem-
perature for efficient post-insertion of PEG-lipids into liposomes [36,
38], resulted in the highest association of nanobodies with EVs. Howev-
er, as could be expected at this temperature, EV proteins showed signs
of aggregation (illustrated by the appearance of a double ALIX band in
Fig. 2B), and EV integrity and morphology were severely compromised
as observed by electron microscopy (data not shown). Therefore, post-
insertion at 40 °C was found to be optimal for nanobody incorporation
while preserving EV characteristics. To further evaluate the degree of
nanobody incorporation at this temperature, EVs modified with R2-
PEG or EGa1-PEG micelles (EV-PEG-R2 and EV-PEG-EGal, respectively)
were analyzed by transmission electron microscopy (TEM) after
immunogold labeling of the Myc-tags on the nanobodies (Fig. 2C).
Unmodified EVs showed a typical cup-shaped morphology as seen in
negative stain EM and were negative for immunogold labeling, while
clear labeling of the EV surface was observed after post-insertion.
Based on TEM images it was estimated that using these labeling condi-
tions at least 7-14% of EVs contained one or more nanobodies, with both
R2 and EGal nanobodies being incorporated at similar efficiencies.
Furthermore, based on analysis of immuno-TEM images and Western
blot band intensities, it was estimated that PEGylated EVs contained
on average 0.4-4 nanobodies per EV. This theoretically corresponds
with approximately 50-500 DMPE-PEG molecules per EV, assuming
that micellar nanobody-conjugated DMPE-PEG inserted at similar effi-
ciency into EVs as unconjugated DMPE-PEG. In addition, morphology
and electron density of EVs after post-insertion were similar to untreat-
ed EVs, suggesting that insertion of PEG-lipids in EVs did not compro-
mise EV integrity (Fig. 2D). This observation was supported by NTA
data showing that EV size distribution was unaltered after post-
insertion (Fig. 2E).

We hypothesized that the principle of post-insertion could also be
applicable to EVs from other sources. To test this, EVs were isolated
from platelets from healthy donors and subjected to post-insertion
with EGal-PEG micelles at different temperatures. A similar
temperature-dependent nanobody-PEG-lipid incorporation was ob-
served for platelet EVs (with optimal incorporation at 40 °C), while EV
integrity was maintained (Supplementary Fig. 1). These data illustrate
that EVs with distinct characteristics (e.g. origin, size, morphology)
can be decorated with nanobody-conjugated PEG-lipids using the
post-insertion method.
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Fig. 2. EVs can be decorated with nanobodies using PEG-micellar post-insertion in a temperature dependent manner without loss of EV characteristics. A. Western blot analysis of Myc-
tagged R2 and EGa1l nanobodies after coupling to DMPE-PEG-maleimide: DSPE-PEG (1:1) micelles. B. Western blot analysis of EV markers and nanobodies on Neuro2A EVs after post-
insertion of EGa1-PEG micelles at various temperatures, and after purification with size-exclusion chromatography (SEC). Controls include concentrates of EV-fractions after SEC
purification of EGa1-PEG micelles (first lane), untreated EVs (second lane), and EVs after incubation with EGal at 40 °C (third lane). EGal and EGa1-PEG micelles were loaded as a
reference. C. Transmission electron microscopy images of EVs before and after post-insertion with R2-PEG and EGa1-PEG micelles. Grids were immunogold labeled with anti-Myc
antibodies (arrowheads indicate membrane-associated gold). Scale bars represent 200 nm. D. High-magnification transmission electron microscopy image of EVs after post-insertion
with EGa1-PEG micelles. Scale bar represents 100 nm. E. Size distribution of EVs before and after post-insertion, as analyzed by Nanoparticle Tracking Analysis. Data is shown as

mean =+ SD of 5 replicate measurements.

3.2. In vitro cell association of EVs after post-insertion with
nanobody-PEG-lipids

To study whether post-insertion of nanobody-PEG-lipids affects
EV-target cell interactions, Neuro2A-derived fluorescently labeled EVs
were post-inserted with R2-PEG or EGal-PEG micelles at various

temperatures and incubated with A431 and Neuro2A cells. A431 cells
overexpress EGFR, while Neuro2A cells lack EGFR expression (Fig. 3A).
When post-insertion temperature was increased (improving nanobody-
PEG-lipid incorporation), association of EVs with Neuro2A cells de-
creased, regardless of the nanobody used (Fig. 3B). When post-insertion
was performed at 60 °C, cell binding was severely compromised, which
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is in line with previous observations showing loss of EV integrity after
post-insertion at this temperature. In contrast, binding of EVs to A431
cells was significantly increased after post-insertion with EGal-PEG
micelles, while insertion with R2-PEG micelles slightly decreased cell as-
sociation when compared with unmodified EVs. The increase in cell bind-
ing after post-insertion with EGa1-PEG micelles correlated with EGal
incorporation efficiency at different post-insertion temperatures. In this
assay, it was confirmed that insertion at 40 °C was most efficient for opti-
mal binding to A431 cells and this condition was therefore used in further
experiments. Importantly, when EVs were incubated with EGa1l at 40 °C
in the absence of lipid-PEG anchors, A431 cell binding was unaltered com-
pared with unmodified controls. These data demonstrate that conjuga-
tion to lipid-PEG micelles is crucial for proper and functional anchoring
of nanobodies to the surface of EVs.

3.3. In vivo circulation times and biodistribution of EVs after post-insertion
with nanobody-PEG-lipids

Tissue distribution and related therapeutic efficacy of nanoparticles
are largely determined by their circulation time [39]. PEGylation has
been extensively applied to different types of nanoparticles in order to
decrease deposition of plasma proteins on the particle surface, evade
uptake by the RES and increase circulation time to boost their delivery
potency [40,41]. We hypothesized that the introduction of PEG chains
via post-insertion in EVs could have a similar effect on the circulation
time of these particles. Multiple studies have shown that the circulation
time of intravenously administered EVs is short compared with
PEGylated liposomes (which can display circulation half-lives of up to
several days [20]), with the majority of EVs being cleared within
60 min post-injection [22,42-45].

Neuro2A EVs were labeled with the lipophilic near-infrared dye DiR,
purified, and subjected to post-insertion with R2-PEG and EGa1-PEG
micelles. After removal of non-inserted DiR and micelles, 2.5 pg of EVs
were intravenously administered to A431 tumor-bearing immunocom-
promised mice, and plasma samples were obtained at fixed time points
after injection. It should be noted that the number of injected particles
was comparable among EV samples, given that protein concentrations
correlated well with particle concentrations as analyzed by NTA, regard-
less of the presence of PEG and nanobodies (2.5 pg of protein
corresponded to approximately 2 = 10'° particles). To evaluate EV circu-
lation time, DiR fluorescence signals in plasma were compared with a
calibration curve of known concentrations of the injected batch of
DiR-labeled EVs spiked in blank plasma. As expected, unmodified EVs

were rapidly removed from blood plasma, and were below detection
threshold 10 min post-injection (Fig. 4A). In contrast, when EVs were
PEGylated via post-insertion with R2-PEG or EGa1-PEG micelles, circu-
lation time was significantly increased. Modified EVs were still detect-
able in plasma of all mice 60 min post-injection, and some mice even
showed plasma DiR signal at 240 min post-injection. These kinetics
were similar when a higher dose (i.e. 6 pg of EVs) was administered
(Supplementary Fig. 2). Such an increase in circulation time could
have important implications for tumor accumulation. Organs of
tumor-bearing mice intravenously injected with DiR-labeled EV were
harvested and analyzed 4 h post-injection (Fig. 4B). EVs showed a typi-
cal nanoparticle-like biodistribution pattern, with the vast majority of
the signal partitioning to the major RES organs liver and spleen. For
other organs (kidneys, lungs, brain and tumor), DiR signals from EVs
were below the detection limit. When organs were analyzed 1 h post-
injection, a similar pattern was observed (data not shown). This is in
correspondence with previous reports on EV biodistribution [22,46].
After post-insertion of the EVs with nanobody-PEG micelles, organ
distribution was unaltered compared with unmodified EVs. A small in-
crease in spleen compared with liver accumulation was observed,
which may be due to increased exposure of the PEGylated EVs to circu-
lating monocytes and macrophages [47].

4. Discussion

In this study we show that nanobodies can be introduced onto EVs
from two distinct sources (Neuro2A tumor cells and platelets) using a
PEG-micellar post-insertion strategy. While EVs maintained their
morphologic and biophysical characteristics, the insertion of
nanobody-coupled PEG chains had important implications for in vitro
and in vivo interactions of EVs with their environment. We found that
EV-cell interactions in vitro were strongly reduced by PEG, but could
be specifically recovered or even enhanced for EGFR-expressing cells
when EGFR-binding nanobodies (EGal) were attached to the distal
end of PEG chains. This effect has also been described for synthetic
PEGylated particles in previous studies [48,49]. These data suggest
that EVs were specifically redirected to EGFR-expressing tumor cells,
while evading interactions with other cells. Given that EVs are reported
to be readily taken up by a variety of cell types, and targeting specificity
appears to be only subtle or unpredictable [10,50,51], combined
PEGylation and targeting could be a valuable advancement towards
the use of EVs as cell- or tissue-specific drug carriers. Evasion of uptake
by non-targeted cells could minimize the occurrence of off-target effects
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represents p < 0.05, ** p <0.01, and *** p < 0.001 compared with EV group at the same
time point using one-way ANOVA with Tukey post-hoc test.

and promote therapeutic efficacy. However, PEGylation has been
described to impede the escape of nanoparticles from endosomal com-
partments after internalization, resulting in lysosomal degradation in-
stead of functional delivery of the cargo (e.g. therapeutic nucleic
acids) [52-54]. Furthermore, PEGylated EVs, targeted with EGal
nanobodies, would be expected to be taken up via EGFR-dependent
endocytosis [30], while their natural counterparts may be taken up via
other routes (e.g. lipid-raft mediated endocytosis or macropinocytosis
[10]). On the other hand, the present study shows that the post-
insertion procedure is relatively mild, and does not noticeably affect
EV integrity or protein composition. It is therefore conceivable that the

potency of EVs to functionally deliver their cargo is retained to some
extent after PEGylation. This is an important advantage of EVs compared
with their synthetic counterparts (i.e. liposomes), which are often
characterized by poor intracellular delivery efficiency, which further
declines upon PEGylation [39,55,56]. Whether PEGylated and
retargeted EVs can still promote functional cargo delivery through
their unique composition remains to be elucidated and may be a subject
for further studies.

The RES has been shown to be responsible for the clearance of the
majority of nanoparticulate systems [20,57,58], and has also been impli-
cated in the clearance of exogenously administered EVs [42]. We show
that PEGylation of EVs results in a significant increase in circulation
time in mice, suggesting that PEGylated EVs avoided plasma protein
opsonization and phagocytosis by cells from the RES. We expected
that this would result in an increased passive accumulation of these
EVs in tumor tissue due to extravasation through leaky tumor vascula-
ture (commonly known as the enhanced-permeability-and-retention
(EPR) effect [20,39,59]). After successful migration into the tumor
tissue, the presence of EGFR-specific nanobodies was hypothesized to
promote retention of the EVs in the tumor tissue and facilitate entry
into tumor cells. Unfortunately, EV PEGylation did not result in a detect-
able increase in tumor accumulation. This may be explained by techni-
cal detection limitations in this study. Stringent EV purification
protocols in our study limited the EV dose that could be administered
to 2-5 = 10'° particles/mouse, which is approximately 10-fold lower
than reported in similar studies [46]. This, together with the fact that
we assessed tumor accumulation at an earlier time point (4 h versus
24 h after injection [46]), may have prevented any accumulated EV sig-
nal from reaching the detection threshold. The use of a reporter system
with higher sensitivity than DiR, such as the recently described Gaussia
luciferase-based reporter [22], may aid to better evaluate the effect of
EV PEGylation on tumor accumulation.

It was roughly estimated that PEGylated EVs contained on average
50-500 PEG-DMPE molecules per EV. This is similar to the calculated
amount of exterior-facing PEG chains in 100 nm unilamellar liposomes
formulated with 0.5-1 mol% of PEG-lipids, assuming that these
liposomes contain on average 80,000 lipids per vesicle. Despite this sub-
stantial PEG grafting density, which has been shown to confer shielding
properties to liposomes [60,61], EV plasma concentrations still steeply
declined by >80% within 10 min after injection. This could correspond
with the observation that after post-insertion only a minority of all
EVs contained nanobodies (and therefore PEG) as estimated using
TEM. It could also be that only subtypes of EVs with a specific protein/
lipid composition are amenable to post-insertion, that post-inserted
lipids gradually partitioned out of the EV membranes, or that the
insertion protocol needs further optimization. In this study, DMPE-
PEG(3400) phospholipids were employed. The advantage of phospho-
lipids with such short acyl chains (14 carbon atoms) is their ability to
readily transfer to lipid bilayer membranes at temperatures compatible
with biological systems [62]. This is crucial in order to maintain EV
integrity, given that EV integrity was severely compromised upon incu-
bation at elevated temperatures (60 °C). Unfortunately, post-inserted
short-chain phospholipids have also been described to readily partition
out of liposomes, especially in the presence of serum proteins [62,63].
This may have resulted in a gradual loss of ‘stealth’ properties in vivo
and consequently affected circulation half-life. The plasma stability of
post-inserted DMPE-PEG in EV membranes was not investigated in
the current study, however it is conceivable that the stability of exoge-
nously introduced lipids is different in EV membranes compared with
liposomes due to their unique membrane composition [39]. EVs are typ-
ically enriched in membrane-stabilizing lipids, such as cholesterol,
sphingomyelin and ganglioside GM3 [2,64], which may improve reten-
tion of inserted PEG-lipids [63,65]. To possibly increase PEG stability in
the EV membrane, PEGylated phospholipids with longer acyl chains
(e.g. 16 or 18 carbon atoms, DPPE or DSPE, respectively) could be used
for post-insertion. These have been described to show improved
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anchoring properties compared with DMPE when employed in lipo-
somes, however at the cost of post-insertion efficiency at physiological
temperatures [62,63,66]. These mechanisms are also likely to apply to
EVs, given that in preliminary experiments post-insertion with DSPE-
PEG was less efficient than post-insertion with DMPE-PEG (data not
shown). Hence, a trade-off between PEG grafting density and anchor
stability may exist. Furthermore, the efficiency of post-insertion is also
determined by the length of the PEG chains, with shorter PEG chains
being inserted in liposomes with higher efficiency than longer PEG
chains [66], while longer PEG chains have been described to better
shield particles from clearance by the RES [20]. In addition, optimization
of the number of PEG chains and targeting ligands per particle may be
crucial to balance proper cell entry with sufficient shielding properties
[67,68]. These parameters could be considered as starting points to fur-
ther improve the stable and functional insertion of PEGylated targeting
ligands in EVs.

Given that the described post-insertion strategy may be used to
target EVs to specific cell types while avoiding interactions with others
and also increasing circulation time, our data highlight possibilities for
future research. PEGylated EVs could be employed to increase accumu-
lation at sites of inflammation in other pathologies, such as rheumatoid
arthritis and inflammatory bowel diseases, which are characterized by
localized increased vascular permeability [69]. In addition, the ease of
ligand coupling to functionalized PEG-phospholipids allows for applica-
tion of a range of targeting ligands (e.g. well-studied RGD peptides to
target angiogenic endothelial cells [ 70] or clinically approved antibodies
against established tumor targets [71]). Taken together, decoration of
EVs with PEG-coupled targeting ligands via post-insertion is a promis-
ing new tool to improve the potential of EVs for drug delivery.
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