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Abstract
Extracellular vesicles (EVs) have shown promise as potential therapeutics for the
treatment of various diseases. However, their rapid clearance after administration
could be a limitation in certain therapeutic settings. To solve this, an engineering
strategy is employed to decorate albumin onto the surface of the EVs through sur-
face display of albumin binding domains (ABDs). ABDs were either included in
the extracellular loops of select EV-enriched tetraspanins (CD63, CD9 and CD81)
or directly fused to the extracellular terminal of single transmembrane EV-sorting
domains, such as Lamp2B. These engineered EVs exert robust binding capacity to
human serumalbumins (HSA) in vitro andmouse serumalbumins (MSA) after injec-
tion in mice. By binding to MSA, circulating time of EVs dramatically increases after
different routes of injection in different strains of mice. Moreover, these engineered
EVs show considerable lymph node (LN) and solid tumour accumulation, which can
be utilized when using EVs for immunomodulation, cancer- and/or immunother-
apy. The increased circulation time of EVs may also be important when combined
with tissue-specific targeting ligands and could provide significant benefit for their
therapeutic use in a variety of disease indications.
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 INTRODUCTION

Extracellular vesicles (EVs) are lipid-bilayer membrane particles released from almost all types of mammalian cells (Van
Niel et al., 2018). Apart from the established role in cell-cell or inter-organ communications, an increasing number of studies
are unravelling the capacity of EVs to functionally deliver biological cargos, such as proteins and nucleic acids (Kamerkar
et al., 2017; Keller et al., 2020; Lathwal et al., 2021; Poggio et al., 2019; Zhang et al., 2019). They have also been successfully
loaded with various small molecules and clinically used drugs. EVs have been studied for vaccine development, and dendritic
cell-(DC) derived EVs have been shown to modulate inflammation and be exploited as immunotherapy (Lindenbergh et al.,
2020; Mehanny et al., 2021; Zitvogel et al., 1998). These characteristics highlight the potential therapeutic application of EVs
(Fuhrmann et al., 2015; Vader et al., 2016). However, the half-life of EVs after injection constitutes a potential barrier for certain
clinical applications (Matsumoto et al., 2020). This rapid clearance in bloodstream is attributed to the considerable scavenging
by monocyte/macrophage or reticuloendothelial system (RES) (Imai et al., 2015; Willekens et al., 2005). The half-life of mouse
plasma-derived small EVs was revealed to be only about 7 min and tumour-derived exosomes have been shown to be cleared
from the circulation even faster, with a half-life as short as 2 min (Matsumoto et al., 2020; Takahashi et al., 2013). To circumvent
this hurdle and extend the circulation time of EVs, many strategies are being developed (Lathwal et al., 2021; Watson et al., 2016).
As an example, surface display of CD47 was used to protect EVs from phagocytosis by monocytes and macrophages and

thereby enhanced retention of EVs in the circulation (Belhadj et al., 2020; Kamerkar et al., 2017; Wei et al., 2021). However,
CD47 is expressed by normal red blood cells and platelets to prevent phagocytosis by binding to the signal-regulatory protein
alpha (SIRPα) on the surface of macrophages, eliciting “don’t eat me” signals (Catani et al., 2011; Ishikawa-Sekigami et al.,
2006; Oldenborg, 2004). If the EV surface CD47 occupied the SIRPα sites, the normal red blood cells could be phagocytosed
by macrophages, holding potential to decrease red blood cell count (Buatois et al., 2018; Chao et al., 2010). Another strategy
used to extend circulation time of EVs is to use polyethylene glycol (PEG) conjugation or hydrogel encapsulation (Gómez-Cid
et al., 2021; Mardpour et al., 2019). PEGylated EVs were shown to have enhanced circulation time and could be detected 60 min
post-injection compared to only 10 min for the unmodified EVs (Kooijmans et al., 2016). However, there are concerns about
the toxicity and immunogenicity related to PEGylated-micelle carrier system, associated with the development of anti-PEG
antibodies (Kawaguchi et al., 2009; Shiraishi & Yokoyama, 2019). There is thus an unmet need to develop new strategies to
extend the circulation time of EVs without significant adverse effects.
Here, we proposed to decorate EVs with albumin to extend the circulation time of EVs. The half-life of human albumin is as

long as 3 weeks (Figure 1A) (Andersen et al., 2013) and conjugation of albumin binding domains (ABDs) or albumin decoration
have been widely used to extend circulation time of therapeutic proteins or synthetic nanoparticles (Ishihara et al., 2021;Ma et al.,
2019; Mehta et al., 2020; Nessler et al., 2020; Wei et al., 2018; Yousefpour et al., 2018). To promote binding of albumin to EVs, we
inserted engineered ABDs (Jonsson et al., 2008; Nilvebrant &Hober, 2013b) into the extracellular loops of tetraspanins or directly
fused ABD with single-transmembrane EV-sorting domains (Figure 1B). The engineered ABD-EVs bound to human serum
albumin (HSA) with high affinity in vitro and bound to mouse serum albumins (MSA) after injection in mice (Figure 1A). The
MSA-bound EVs substantially enhanced the circulation time and accumulated in lymph-nodes and solid tumours (Figure 1A),
similar to the findings demonstrated by other studies using ABD-conjugation (Liu et al., 2014; Nessler et al., 2020; Rivoltini et al.,
2016; Wang et al., 2018, 2015). In summary, we have developed a novel approach to extend the circulation time of EVs and enrich
EVs in lymph-nodes, thus overcoming one of the main hurdles in utilizing EVs for therapeutic applications.

 RESULTS

. Strategy to engineer EVs with albumin binding capacity

To achieve binding of engineered EVswith albumin, we exploited thewidely used engineeredABDswith affinity to albumin from
different species (Johansson et al., 2002; Jonsson et al., 2008), which were inserted into the extracellular loops of tetraspanins
(Figure 1B). Mouse and human CD9, CD63, and CD81 were either engineered with ABDs in both loops (ABD×2), or a single
ABD in each respective loop, designated as ABD 1st andABD2nd (Figure 1B) and fused to the reporter protein nanoluc-luciferase
(Nluc) for high-sensitivity detection. For the production of EVs, a total of 29 stable cell lines derived from HEK-293T cells were
generated by lenti-viral transduction, as shown in Figure 1C. To validate the expression of the transgenes in the stable cells, as
well as in the corresponding isolated EVs, protein expression was measured by western blotting (Figure 2A-F). The expression
of Nluc in the stable cells did not always correspond to the same expression profile in their respective EVs, demonstrated most
distinctly by the faint bands of Nluc in the cells engineered withmouse and humanCD81 construct, where the EVs demonstrated
higher levels. Interestingly, constructs in which the ABD was inserted into loop 1 expressed at lower level in EVs, compared to
constructs containing ABD in the second or both loops. (Figure 2A and D). Both stable cells and isolated EVs expressed CD9
transgenes well as demonstrated in Figure 2C and E, with expression detected even in ABD 1st as well as the other groups. The
stable cells with mouse CD63 (mCD63) were positive for Nluc, but no expression could be observed when the ABD was in the
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F IGURE  Schematic illustration of the aims, engineering strategy and generation of stable cell lines for the study. (A) Schematic graph of the hypothesis.
(B) Strategies to engineer EVs with ABDs. (C) Generation of stable cells for EV production by lentiviral transduction

first loop or the ABDs included in both loops (Figure 2B), suggesting potential structural change that led to failure of loading.
This was, however, not further investigated. In contrast, all the hCD63 transgenes were significantly expressed in the isolated
EVs (Figure 2E), indicating that the tetraspanins respond differently to loop-engineering, despite the high species conservation
between human and mouse (Tomlinson, 2009).

Next, we evaluated the binding of the ABD-engineered EVs to commercially available FITC-labelled human serum albu-
min (HSA-FITC). The isolated EVs were incubated with HSA-FITC followed by size exclusion chromatography (SEC). During
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F IGURE  Engineering strategies to generate EVs with albumin binding capacity. (A-F) Protein expression of transgenes in EV-producing cells and
corresponding isolated EVs (A: mCD81, B: mCD63, C: mCD9, D: hCD81, E: hCD63 and F: hCD9). Cell lysate from 5×105 cells and 1×1010 EVs were used for
Western blotting (WB) assay, respectively. (G-L). The binding of ABD-engineered EVs to HSA-FITC (G: mCD81, H: mCD63, I: mCD9, J: hCD81, K: hCD63
and L: hCD9). (M). Protein expression of mCD63 2nd ABD construct in AEC-derived EVs. (N). Protein expression of hCD63 2nd ABD construct in
AEC-derived EVs. (O) The binding of mCD63 ABD-engineered EVs derived from AEC cells with HSA-FITC. (P) The binding of hCD63 ABD-engineered EVs
derived from AEC cells with HSA-FITC. (Q) The binding of Lamp2B ABD-engineered EVs derived from HEK-293T cells to HSA-FITC
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elution, 48 fractions were collected from each sample, with 300 μl per fraction, as previously described (Gupta et al., 2020). The
first nine fractions are considered to contain EVs (EV fractions), corroborated by luciferase intensity (Figure S1A-F), indicating
the successful loading of fused proteins by ABD engineering. In contrast, fraction 10–48mainly contain soluble proteins (soluble
protein fractions). The fractions were subsequently examined for fluorescence and a peak in the EV fractions thus indicative of
colocalization and was considered as confirmation of binding of EVs to albumin. As shown in Figure 2G-L, almost all the ABD-
engineered EVs bound to HSA-FITC except the mCD63-ABD 1st and mCD63-ABD×2 groups. These results were consistent
with the protein expression assay (Figure 2A-F).
Inmost of the groups, ABD in the second loop showed the best binding capacity to albumin, while ABD in the first loop had the

lowest albumin binding, thus indicating that the second tetraspanin loop is preferred for ABD engineering. To our knowledge,
this is the first report showing differences in functionality in regards to which extracellular loop of tetraspanins that is being
engineered, providing useful information when conducting tetraspanin loop-engineering.
To extend these findings, which were obtained using HEK-293T cells, the ABD-engineering was also conducted in another

therapeutically relevant cell type, amniotic epithelial cells (AEC). Following transient transfection, the isolated EVs were used for
protein expression assay and the expression of the transgenes was confirmed (Figure 2M andN). In addition, and as expected, the
luciferase intensities were found only in the EV fractions (Figure S1G-H). The albumin binding assay was conducted as described
above, showing successful albumin binding to AEC derived ABD-engineered EVs (Figure 2O and P), indicating that the albumin
binding capacity of ABD-engineered EVs is not cell source-dependent. Following this, Lamp2B, a single-pass transmembrane
EV-sorting domain, commonly used for EV surface display of targeting ligands, was assessed as a comparison to the tetraspanins.
Following successful engineering (Figure S1I), the binding of Lamp2B-ABD-EVs with albumin was confirmed (Figure 2Q), indi-
cating the versatility of the ABD engineering strategy. Theoretically, any EV sorting domain with ABD on the surface of EVs
would bind to albumin.
The engineered EVs from both HEK-293T and AEC cells were characterized by Nanoparticle tracking analysis (NTA) and

the size distribution of EVs was not affected by the introduction of ABD on the surface (Figure S2A-D). Moreover, transmission
electron microscope (TEM) was used to assess the integrity and shape of the ABD-engineered vesicles. As shown in Figure S2E,
the ABD-engineered EVs remained intact and spherically shaped, similar to the EVs from control group. However, after incu-
bating with HSA, the ABD-engineered EVs exhibited coating of proteins on the surface (Figure S2E), further confirming HSA
binding. Taken together, ABD-engineering of EVs impart albumin binding capacity without changing the EV characteristics.

. ABD-engineered EVs bind to HSA in vitro

To further confirm the binding of ABD-EVs to albumin, widefield imaging was performed on EVs isolated from engineered
HEK-293T cells and the procedure of this experiment was shown in Figure 3SA. The EVs were incubated with Alexa Fluor 488-
conjugated HSA and a mixture of fluorescent antibodies against CD9/CD63/CD81 (Alexa Fluor 647-conjugated), to visualize
all EVs. Optiprep gradient (density range of 14–36%) centrifugation was used to separate vesicular components from unbound
HSA and fluorescent antibodies. The fractions of EVs were then collected and placed into 18-well glass bottom chambers to allow
EVs to adhere to the glass and subsequently imaged with Nanoimager (Figure 3SA). The fractions of EVs used for imaging were
all from Optiprep gradient ultracentrifugation, which were different from that got from SEC used for fluorescent intensity and
Nluc activity evaluation. Both mCD63 and hCD63 ABD-engineered EVs co-localized with HSA, except for the mCD63-ABD
1st and mCD63-ABD×2 groups (Figure 3A and B), corroborating the expression profile previously shown (Figure 2B and H). Of
note, the imaging data were well-matched to the data of the fluorescent intensity assay. For instance, mCD9 ABD×2 and hCD9
ABD×2 groups showed the best binding while ABD in the second loop exhibited the best binding for other groups (Figure 2G-L;
Figure 3A and B; Figure S3-S6). Furthermore, super-resolution (dSTORM) microscopy was performed, showing single vesicles
bound to a high amount of albumin, confirming the decoration of albumin on the surface of ABD-engineered EVs (Figure 3C).

. ABD-engineered EVs bind to MSA in vivo after injection

Since theABD-engineered EVs exhibited robust albumin binding capacity in vitro, we next sought to assess their albumin binding
capacities in vivo. For this, plasma was drawn from mice 10 min after injection of ABD-engineered (mCD63-ABD 2nd) EVs
into NMRI mice (Figure 4A). The plasma was then incubated with FITC-labelled mouse albumin antibody (MSA Ab-FITC).
Subsequently, the plasma was separated by SEC and 48 fractions were collected for fluorescence and luciferase detection, as
previously described (Figure 2G-L; Figure S1A-F). Even though the components of plasma were more complex than the isolated
EVs, a fluorescence peak in the EV fractions could be detected (Figure 4B), indicating the binding of MSA with injected ABD-
EVs. Most of the Nluc luciferases were found in the EV fractions (Figure 4C), implying that intact EVs remained in the plasma.
Similarly, the widefield imaging was used to examine the binding of the injected ABD-EVs to MSA and almost all the detected
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F IGURE  ABD-engineered EVs bind to HSA in vitro. (A) mCD63-ABD EVs were bound by HSA as detected by widefield imaging of single vesicles. The
upper and lower panels indicated the binding of mCD63-Nluc EVs and mCD63-ABD 2nd-Nluc EVs to HSA, respectively. AF647-labelled CD9/CD63/CD81
antibodies cocktail was exploited to detect EVs while AF488-labelled HSA was used to show the co-localization of EVs with HSA. (B) hCD63-ABD EVs were
bound by HSA detected by widefield imaging of single vesicles. The binding of hCD63-Nluc EVs and hCD63-ABD 2nd-Nluc EVs with HSA was indicated in
the upper and lower panels, respectively. (C) ABD EVs bound to HSA as detected by super-resolution imaging (dSTORM) of single vesicles
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F IGURE  ABD-engineered EVs bind to MSA in vivo after injection. (A) Schematic illustration of the animal experimental method. Plasma was
harvested 10 min after I.V injection. (B) The binding assay for the injected ABD-EVs with MSA after injection. FITC-labelled MSA antibody was used to
incubate with the plasma and SEC was performed to get different fractions. (C) Nluc luciferase activity of the injected EVs. (D) Single vesicles bound to MSA
after injection detected by widefield imaging. AF647-labelled CD9/CD63/CD81 antibodies cocktail was exploited to detect EVs whereas FITC-labelled MSA
antibody was used to confirm the co-localization of EVs with MSA

EVs were decorated with MSA in vivo (Figure 4D). These results provided a strong basis for evaluating the potential circulation
time extension effects of the ABD-EVs considering MSA has a half-life as long as 35 h.

. Albumin-decoration by displaying ABD on the surface of EVs extended circulation time in
vivo

In order to evaluate the circulation time in vivo, a small screen of the tetraspanin ABD 2nd-enginnered EVs was conducted
according to the experimental plan presented in Figure 5A. As shown in Figure 5B,mCD63 and hCD63 engineered EVs exhibited
the most significant fold-increase (> 10-fold) compared to the corresponding control groups in terms of circulating concentra-
tions at 4.5 h after injection of the EVs, pointing to a retention in plasma by the binding to MSA. The mCD81 and hCD81-ABD
EVs showed the lowest fold-increase (Figure 5B). Engineered EVs from hCD9 had around 10-fold increase of circulation concen-
tration while the mCD9 EVs had a slightly lower increase (about 6-fold) (Figure 5B). Based on this, ABD-EVs frommCD63 and
hCD63 groups were chosen for further investigation. Different injection routes (intravenously (I.V), intraperitoneally (I.P) and
subcutaneously (S.C)) were assessed for mCD63 ABD-EVs derived fromHEK-293T cells. Regardless of the route of administra-
tion, it was found that ABD-EVs were present at a higher concentration in plasma at the investigated time points, as compared to
control EVs, with a significant overall fold increase (Figure 5C-E). Similarly, ABD-EVs from hCD63 and Lamp2B groups showed
significant circulation time extension effects at different time points after I.V injection (Figure 5F and G). To further confirm the
results, ABD-EVs derived from AEC cells were intravenously injected into NMRI mice and the extended circulation time was
again observed (Figure 5H-J), though to a lower extent. We next tried another mouse strain, C57BL/6, and similar circulation
time extension effects were achieved by using mCD63 engineered ABD-EVs from both HEK-293T and AEC cells after 2 h of I.V
injection (Figure 5K-M).
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F IGURE  Albumin-decoration by displaying ABD on the surface of EVs extends circulation time in vivo. (A) Illustration of the animal experimental
set-up with indicated injection routes and time points for sample collection. (B) Screen of best tetraspanin candidates for engineering to extend circulation
time of EVs, N = 5 for mCD81, mCD9, hCD81 and hCD9; N = 6 for mCD63; N = 8 for hCD63. The endpoint of this experiment was 270 min after I.V
injection. (C-E) Circulation time extension by mCD63-ABD engineered EVs after different routes of injections (C: I.V, N = 6, D: I.P, N = 5, and E: S.C, N = 5),
endpoint = 270 min. (F) Extension of circulation time by hCD63-ABD engineered EVs after I.V injection, N = 9, endpoint = 270 min. (G) Lamp2B-ABD
engineered EVs extended their circulation time after I.V injection, N = 5, endpoint = 120 min. (H) Illustration of the animal experimental set-up for the
injection of AEC derived EVs. (I) mCD63-ABD engineered EVs derived from AEC cells exert circulation time extension after I.V injection, N = 5,
endpoint = 120 min. (J) Circulation time extension by hCD63-ABD engineered EVs derived from AEC cells after I.V injection, N = 5, endpoint = 120 min. (K)
Illustration of the animal experimental outline. (L) Circulation amounts of injected mCD63-ABD engineered EVs derived from HEK-293 cells after I.V
injection in C57BL/6 mice, N = 9, endpoint = 120 min. (M) Plasma concentration of injected mCD63-ABD engineered EVs derived from AEC cells after I.V
injection in C57BL/6 mice, N = 5, endpoint = 120 min. N: number of mice used. * P < 0.05; ** P < 0.01; *** P < 0.001
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F IGURE  Albumin-binding EVs accumulate in ILNs and tumours. All graphs depict Nluc luciferase activity in RLU/mg of harvested ILNs or tumours.
(A) Nluc activity in ILNs at 4.5 h after I.V injection of mCD63-ABD EVs derived from HEK-293T cells in NMRI mice, N = 5. (B) 2 h after I.V injection of
mCD63-ABD EVs derived from HEK-293T cells in C57BL/6 mice, luciferase activity was evaluated in ILNs, N = 9 for control group and N = 8 for ABD group.
(C) ILNs were harvested at 4.5-h time point after I.V injection of hCD63-ABD EVs derived from HEK-293T cells in NMRI mice and then Nluc activity was
evaluated, N = 8. (D) Luciferase activity determined in ILNs after 2 h of I.V injection of mCD63-ABD EVs derived from AEC cells in NMRI mice, N = 5. (E)
hCD63-ABD EVs derived from AEC cells were injected (I.V) into NMRI mice for 2 h, and then Nluc activity in ILNs was measured, N = 5. (F) Harvested ILNs
in NMRI mice were subjected to luciferase activity measurements after 4.5 h of I.P injection of mCD63-ABD EVs derived from HEK-293T cells, N = 5. (G)
Nluc activity in B16F10 melanoma after 2 h of I.V injection of mCD63-ABD EVs derived from HEK-293T cells in C57BL/6 mice, N = 5. (H) B16F10 melanomas
were harvested after 2 h of I.V injection of mCD63-ABD EVs derived from AEC cells in C57BL/6 mice and then Nluc luciferase activity was evaluated, N = 3.
N: number of mice used. * P < 0.05; **** P < 0.0001

. Albumin-decorated EVs accumulated in LNs and tumours

Published literature clearly demonstrate that ABD-conjugation or albumin decorated nanoparticles accumulate in LNs and solid
tumours (Liu et al., 2014; Nessler et al., 2020; Rivoltini et al., 2016; Wang et al., 2018, 2015). Therefore, we harvested the inguinal
lymphnodes (ILNs) or solid tumours afterABD-EVs injection for luciferase activity detection. TheHEK-293T-derivedABD-EVs
from bothmCD63 and hCD63 groups showed significant increase of Nluc signals (RLU/mg) in the ILNs of NMRImice as well as
in C57BL/6 mice following I.V injection (Figure 6A-C). Similar increase was found when using AEC-derived ABD-engineered
EVs from both mCD63 and hCD63 groups (Figure 6D and E). In addition, I.P injection of HEK-293T-derived mCD63 ABD-
EVs also resulted in increased accumulation of EVs in ILNs as compared to control EVs (Figure 6F). To confirm solid tumour
accumulation of EVs, we performed in vitro uptake of the ABD-EVs in B16F10 cells. As shown in Figure S7A, the uptake of
ABD-engineered EVs significantly increased at investigated time points. And then we subcutaneously inoculated B16F10 cells in
C57BL/6 mice and subsequentially injected the ABD-engineered EVs after tumour formation. Compared to control EVs, both
HEK-293T and AEC-derived mCD63 ABD-EVs accumulated more in tumoural tissues (Figure 6G and H). The property of
ABD-engineered EVs accumulating in ILNs may potentially be harnessed for immunomodulation where the EVs are equipped
with immune-regulation moieties. Their ability to accumulate in tumoural tissue allows for the delivery of a more concentrated
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dose of tumour-killing chemical drugs when the ABD-engineered EVs are packaged with bioactive payloads, possibly leading
to the eradication of solid tumours. In addition, ABD-engineering combined with tumour targeting moieties could enhance the
penetration of EVs inside tumours and thus hold promise to develop efficient tumour-therapeutic EVs.

. Albumin-decorated EVs accumulate across organs

The biodistribution of the engineered ABD-EVs in vivo was measured by checking Nluc signals from blood and other harvested
organs. In contrast to control EVs, HEK-293T-derived ABD-EVs accumulated more in liver, spleen and kidney after different
routes of administration (I.V, I.P and S.C), but remained unchanged in lung, in NMRI mice (Figure 7A-C). I.V injection of
HEK-293T-derived mCD63 ABD-EVs showed similarly significant increase of Nluc signals in C57BL/6mice (Figure 7D).When
calculating the percentage of injected EVs in plasma or other organs, the plasma enriched most of the injected ABD-EVs as
expected since they bound to MSA (Figure 7E-H). Compared to the control EVs, the biodistribution of ABD-EVs increased
in liver, spleen and kidney, but remained unchanged in lung in most of the cases (Figure 7E-H), similar to the RLU/mg data
(Figure 7A-C). We hypothesized that if the circulation time of engineered EVs was extended, the chance to distribute to other
organs increased. In addition, the albumin-decorationmay protect the EVs from fast clearance by circumventing the RES system.

. Live imaging demonstrated delayed clearance of albumin-decorated EVs

Finally, live imaging was performed to show the dynamic change of the injected engineered ABD-EVs. For this, we usedmCD63-
2nd ABD fused to thermoluciferase (Tluc) (mCD63-ABD 2nd-Tluc), which we recently demonstrated to exhibit higher tissue
penetration compared to Nluc (Gupta et al., 2020). The success of engineering (Figure S8A) and albumin binding capacity of
these ABD-engineered Tluc EVs were confirmed (Figure 8SB-D) prior to in vivo experiments. The EVs with the same amount of
relative light units (RLU) from both ABD-engineered group and control group were injected into NMRI mice and the luciferase
signal was assessed between 10 and 30 min post injection. The clearance of the signals in the ABD-EVs group was much slower
than that in the control group (Figure 8A), indicating retention of ABD-EVs in vivo. These results were also replicated in another
strain of white mice, BALB/c, showing similar delayed clearance of the ABD-engineered EVs (Figure 8B). In addition, live imag-
ing combined with computed tomography (CT) scanning was performed to investigate the 3D biodistribution of injected EVs.
The results show that the ABD-engineered EVs distributed to the main organs, such as liver, spleen, lung and kidney after 10 min
of I.V injection (Figure 8C). These results are in line with our previous publications on EV biodistribution (Gupta et al., 2020;
Wiklander et al., 2015).

 DISCUSSION

Toour knowledge, this is the first report utilizingABD to engineer EVs to achieve similar effects as observed in synthetic nanopar-
ticles (Nessler et al., 2020; J. Wei et al., 2018). We achieved albumin decoration on EVs by inserting ABDs into the extracellular
loops of tetraspanins or directly fusing the ABD to single-transmembrane EV-sorting domain. Albumin-bound EVs significantly
extended the circulation time in vivo after different routes of administration in different strains of mice. The delayed clearance
of ABD-engineered EVs was further corroborated by IVIS live imaging (Figure 8). The extension in circulation time may be
favourable from a clinical point of view as it would allow reduced frequency of EV dosing (Chen & Liu, 2016; Herrmann et al.,
2021).
The engineering strategy we developed could be adapted easily since we showed that the display of ABDs on the surface of

EVs can be achieved either by using tetraspanins or single-pass transmembrane EV-sorting domain. A potential concern in
regards to using ABDs pertains to their bacterial origin (Johansson et al., 2002), which holds potential immunogenicity in vivo.
In a natural state, bacteria utilize ABD to bind to plasma albumin and thereby camouflage themselves with bound albumin to
evade the immune system (Egesten et al., 2011; Nilvebrant & Hober, 2013a). Similarly, the ABDs on the surface of the engineered
EVs were bound by serum albumin and therefore likely shielded from the recognition of the immune system, which may lead to
reduced immunogenicity. Another concern about ABD engineering is the potential change of internalization of albumin-coating
EVs in recipient cells. To test this, we did uptake experiments of the ABD-EVs in mouse cell lines and the albumin coating sig-
nificantly increased EV-uptake (Figure S7). Although not explored in our study, one interesting point would be to understand
how the ABD-engineered EVs will be internalized in vivo after administration. Soluble albumin binds to its receptor, such as
neonatal Fc receptor (FcRn), and thus gets recycled through transcytosis in epithelial cells, prolonging its lifespan (Chaudhury
et al., 2003). Albumin-boundnanoparticles, such as the FDA-approved 130-nanometer albumin-boundpaclitaxel (nab-paclitaxel;
Abraxane) were found to bind to albumin receptor (gp60) (similar to the interaction between soluble albumin and recipi-
ent cells) on the surface of endothelial cells of tumour vessels, leading to transcytosis across endothium and accumulation of
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F IGURE  Albumin-decorated EVs accumulate across organs. (A) Biodistribution of mCD63-ABD EVs derived from HEK-293T cells at 4.5-h time point
after I.V injection in terms of RLU/mg in NMRI mice, N = 6. (B) Different organ-distribution of the mCD63-ABD EVs derived from HEK-293T cells after
4.5 h of I.P injection in terms of RLU/mg in NMRI mice, N = 5. (C) Nluc signals from a variety of organs after 4.5 h of S.C injection of mCD63-ABD EVs
derived from HEK-293T cells in terms of RLU/mg in NMRI mice, N = 5. (D) I.V injection of mCD63-ABD EVs derived from HEK-293T cells for 2 h and then
biodistribution was evaluated in terms of RLU/mg in C57BL/6 mice, N = 9 for control group and N = 8 for ABD group. (E) Organ and plasma distribution of
the mCD63-ABD EVs derived from HEK-293T cells after 4.5 h of I.V injection in terms of percentage of injected EVs in NMRI mice, N = 6. (F) After 4.5 h of
I.P injection of the mCD63-ABD EVs derived from HEK-293T cells, biodistribution of EVs was evaluated in terms of percentage of injected EVs in NMRI
mice, N = 5. (G) Biodistribution of the mCD63-ABD EVs derived from HEK-293T cells after 4.5 h of S.C injection in terms of percentage of injected EVs in
NMRI mice, N = 5. (H) mCD63-ABD EVs derived from HEK-293T cells were injected (I.V) into C57BL/6 mice for 2 h, and then biodistribution of EVs was
demonstrated in terms of percentage of injected EVs in, N = 9 for control group and N = 8 for ABD group. N: number of mice used. * P < 0.05; ** P < 0.01;
*** P < 0.001
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F IGURE  Delayed clearance of albumin-decorated EVs demonstrated by live imaging based on Tluc activity. (A) Dynamic change of luciferase activities
in mice injected into mCD63-ABD-Tluc EVs in NMRI mice. The upper and lower panels indicated the dorsal and ventral dynamic images, respectively. The
monitoring of the luciferase activity started from 10 min after injection and recorded every 5 min. (B) luciferase activity dynamic change in mice injected with
mCD63-ABD-Tluc EVs in BALB/c mice. Ventral position images were shown. (C) 3D imaging showing the biodistribution of the mCD63-ABD-Tluc EVs at
10 min after injection in NMRI mice. Live imaging combined with computed tomography (CT) scanning was used to demonstrate the luciferase signals in
different organs
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albumin-nanoparticles within the tumour interstitium (Hawkins et al., 2008; Loureiro et al., 2016). Since EVs are natural cell-
derived nanoparticles, we assume the fate of ABD-EVs may be similar to soluble albumin (get recycled to extend the circulation
time) and synthetic nanoparticles (tumour accumulation) in vivo after injection.
EV engineering of tetraspanins often involves the insertion of targetingmoieties into the extracellular loops for surface display.

This approach might result in functional EVs depending on the intended aims; however, the engineering is performed without
any regard to which loop favourably allows the display of the protein of interest (Duong et al., 2019; Lozano-Andrés et al., 2019).
Our data clearly showed that the second loop of the tetraspanins was more compatible for engineering while the first loop was
more sensitive to inserting polypeptide of interest (Figure 2). The characterized structure of large extracellular loop (LEL, also the
second loop) of CD81waswell defined (Charrin et al., 2009; Kitadokoro et al., 2001; Zimmerman et al., 2016), and the stabilization
of the CD81 LEL by de novo disulphide bond was found to enhance its amenability for engineering into a more versatile protein
scaffold (Vogt et al., 2018), which echoed our finding for ABD engineering. The LEL is larger than the first loop and is protruded
from the membrane, allowing interaction with a variety of other protein partners (Ivanusic et al., 2021; Susa et al., 2020). The
protrusion of LELmay allow engineeringwith different functionalmoieties, which is not delineated in our study, but is warranted
for further investigation.
Due to the constitutive movement of albumin from circulation to lymphatic system, albumin decorated drugs or nanopar-

ticles accumulate in lymph nodes (Ishihara et al., 2021; Liu et al., 2014; Wang et al., 2015). As expected, the ABD-engineered
EVs used in this study were found to similarly accumulate in the ILNs. This implies the potential utility of the technology for
immunomodulation if theABD-engineered EVswere further equippedwith immunomodulatorymoieties, such asDC-targeting
ligands and tumour antigens. By thismethod, the EVs would be efficiently taken up and processed inside of DCs, facilitating anti-
gen presentation and the priming of the immune system. Therefore, this type of engineered EVsmay be used as tumour vaccines
to prevent cancer development. In addition, the ABD-engineered EVs were found to accumulate in tumoural tissues as a result of
the potential disrupted lymphatic drainage inside of the tumours, similar to the findings reported when using ABD-conjugated
synthetic nanoparticles (Jonsson et al., 2008; Wei et al., 2018). This may be exploited to fight against established tumours if the
ABD-engineered EVs were loaded with chemotherapeutic drugs. Taken together, our results show that engineered EVs display-
ing ABD have extended circulation time, as well as differential biodistribution characteristics that unlock improved therapeutic
potential for EVs.

 MATERIALS ANDMETHODS

. Constructs generation

All the transgenes used in this study were codon optimized and bought from IDT (Integrated DNA Technologies, USA). The
transgenes were first cloned into pLEX vector by using EcoRI and XhoI sites and then were transferred to lenti-viral vector by
using the same restriction sites.

. Cell culture

HEK-293T cells were maintained in DMEM medium supplemented with 10% foetal bovine serum (FBS, Gibco, USA) and 1%
Anti-anti (Gibco, USA). Cells were cultured at 37◦C in a humidified air atmosphere containing 5% CO2. All the cells used were
in low passages (p < 10) and of high viability (> 90%). The AEC cells were cultured in PEM medium supplemented with 1%
Anti-anti (Gibco, USA) in a shaking system.

. Viruses production

The lenti-viral vectors containing corresponding transgenes were co-transfected into HEK-293T cells with pCD/NL-BH (Helper
plasmid) and pcoPE01(Envelope plasmid) and incubated overnight. The second day morning, the medium was changed to full
DMEM medium (plus 10% FBS and 1% Anti-anti) supplemented with 10 mM sodium butyrate (Sigma-Aldrich) and incubated
for 6–8 h. And then the medium was changed back to full DMEMmedium. Around 22–24 h late, the medium containing virus
particles was filtered with 0.45 μm syringe filter (VWR) and put into the 50 ml tubes specific for virus collection. The medium
was centrifuged at 25,000 × g for 90 min at 4◦C. And then the pellets were resuspended with freshly prepared medium (IMDM
with 20%FBS) and aliquoted into cryo-tubes and put in -80◦C freezer for long-time storage.
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. Stable cell generation

HEK-293T cells were seeded into 6-well plate with 0.8 million cells/well and incubated overnight. The corresponding virus
particles, either freshly prepared or stored in -80◦C freezer, were added into the cells directly. Three doses of virus particles were
used for the brief titration, 2 μl, 10 μl, and 50 μl. 48 h after virus transduction, the cells were washed with PBS and trypsinized
to cell suspensions. And then the cells were transferred to T25 flasks and suffered from selection by puromycin (4 μg/ml). After
selection for 48 h, the mediumwas changed to fresh mediumwith puromycin and the colonies survived during selection formed
the followingweek. Expanded the selected cells and verified the transgene expression either byWestern blot or by flow cytometry.

. EV production and isolation

To produce the EVs for in vivo injection, the corresponding stable cells were seeded in 15-cm dishes with 10 million cells/ dish
with full DMEM medium. Two days late, the medium was changed to Opti-MEM medium (Gibco, USA) with 1% Anti-anti.
And then the conditional medium (CM) was harvested 48 h late, serially centrifuged at 700 × g for 5 min and 2000× g at 4◦C
for 10 min. The CM was filtered with bottle top filters system (Corning, low protein binding) with cellulose acetate membrane.
This system contains a 0.22 μm pore size within the membrane and can remove the remaining larger particles. The EVs in the
filtered CMwere isolated with Tangential flow filtration (TFF,MicroKross, 20 cm2, Spectrum labs). The cut-off of TFF is 300 kDa
and the particles bigger than 300 kDa are remained in the system and concentrated. And then the concentrated particles were
further concentrated by Amicon Ultra-15 100 kDa (Millipore) spin filter, centrifuged at 4000× g for 30 min to several hours at
4◦Cdepending on the amount EVs in the samples. At last, the concentrated EVswere collected inmaxirecovery 1.5ml Eppendorf
tubes (Axygene, USA) and the concentrations were detected by Nanoparticle Tracking Analysis (NTA).

. Nanoparticle Tracking Analysis (NTA)

Before checking the particle sizes and concentrations of the samples with a NanoSight NS500 instrument, the samples were
diluted with freshly 0.22 μm-filtered PBS. The cameral levels of the instrument were set up to 13 or 14, and at least five videos
longer than 30 s were recorded in light scatter mode. The NTA 2.3 analytical software equipped in the machine was used to
analyse the gained data, with the constant setting (screen gain 10, detection threshold 7) for all measurements. The number of
EVs used forWestern blot, Luminescence detection and animal injection was according to the concentrationsmeasured by NTA.

. HSA binding in vitro

TheABD-engineered EVs (1×1011 dose) and the corresponding control EVs were incubated with FITC labelledHSA (HSA-FITC,
ab8030, Abcam) and the final concentration ofHSA-FITCwas 150 μg/ml at 37◦C for 120min. And then the EVswere subjected to
size exclusions by using the IZON qEV columns (IZON, qEVoriginal/70 nm). 48 fractions were collected from each sample with
300 μl per fraction. 150 μl of each fraction was taken in 96-well plate for fluorescence intensity detection by using SpectraMax
i3x (MOLECULAR DEVICES, USA). 30 μl of each fraction was taken for luciferases (Nanoluc or Thermoluc) activities assay by
using GloMax 96 Microplate Luminometer machine (Promega, USA).

. Western blot

The total proteins were isolated from HEK-293T cells with RIPA lysis buffer. The cell pellets containing 2 million cells were
resuspended with 100 μl of RIPA buffer and the cells were lysed for 25 min on ice. And then the cell lysates were centrifuged at
14,000 × rpm for 15 min at 4◦C. The supernatants were collected to new clean tubes. 24 μl of cell lysate or 1E10 EVs were mixed
with the 4x loading buffer (the resume is 0.4 M sodium carbonate, 10% glycerol, 0.5 M dithiothreitol, and 8% SDS) for each
sample. The mixed samples were heated at 70◦C for 5 min. NuPAGE Novex 4–12% Bis-Tris Protein Gels (Invitrogen, Thermo
Fisher Scientific) were used to load the heated samples. The gels were run in NuPAGE MES SDS running buffer (Invitrogen,
Thermo Fisher Scientific) at 120 V for 2 h or longer depending on the targeting protein sizes. iBlot system was used to transfer
the proteins inside of the gels to iBlot nitrocellulose membrane (Invitrogen, Thermo Fisher Scientific). Before incubating with
the corresponding primary antibodies overnight at 4◦C, the membranes were blocked with Odyssey blocking buffer (LI-COR)
for 50 min at RT. One day late, the primary antibodies were collected and can be re-used for future and the membranes were
washed with PBS-T (PBS with 0.1% Tween-20, Sigma) for 3 times, 10 min for each time. And then the corresponding secondary
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antibodies (LI-COR) were added and with the membranes were incubated for 50 min at RT. After this, the membranes were
washed with PBS-T for 3 times, 10 min for each time. During the last wash, PBS was used and the washing time is 5 min.
Finally, the Odyssey infrared imaging system (LI-COR) was used to visualize the images. The primary antibodies used in this
study are the following: anti-NanoLuc (Promega, 1:1000 dilution); anti-Alix (ab117600, Abcam, 1:1000 dilution); anti-CD81 (Santa
Crus, 1:200 dilution); and anti-actin (Sigma 1:20000 dilution); anti-TSG101 (ab125011, Abcam, 1:1000); anti-Calnexin (PA5-19169,
ThermoFisher, 1:1000). The secondary antibodies used in this study are the following: goat anti-mouse IRDye800CW or 680LT
(1:8000) or goat/anti-rabbit IRDye800CW or 680LT (1:8000).

. Luminescence (Nluc and Tluc) detection

Determined amount of EVs (such as 1×109) or 10 μl of tissue lysate from mice internal organs were used for Nanoluc detection.
The EVs or tissue lysate were added into white-walled 96-well plates. 25 μl diluted Nano-Glo substrates (Nano-Glo Luciferase
Assay System: Promega), were added into each well by injection mode of the GloMax 96 Microplate Luminometer machine
(Promega, USA). The background wells without any nanoluc proteins were also included for future calculations.

. Transmission electron microscope

Engineered HEK293T cell derived-EVs were spotted on a glow-discharged formvar-carbon type B coated grid (Ted Pella Inc.)
and stained with 2% uranyl acetate solution (TAAB). The grids were washed with distilled water and imaged with a FEI Tecnai
10 transmission electron microscope at an accelerating voltage of 100 kV.

. In vivo animal work

NMRI, C57BL/6 andBALB/cmicewere used for the animalwork. The femalemicewere bought and adapted formore than 1week
at KI animal facility. And then the mice were randomly divided into different control and experimental groups. 1×1011 EVs were
injected into the mice by different injection routes dependent on the requirement of the experiments. Blood were sampled at
different time points (30 min, 60 min, 120 min, and 450 min for NMRI mice. 120 min for C57BL/six mice). The sampled blood
was collected into the 0.5 M EDTA-treated tubes and centrifuged at 1000× g for 10 min to get the plasma for nanoluc detection.
At 450 min time or 120 min time points, the mice were sacrificed and internal organs (brain, liver, lung, spleen, kidney, tumours
and lymph nodes) were harvested. The organs were collected into 2 ml tubes filled with 1 ml lysis buffer (PBS supplemented
with 0.1% TritonX-100) and were lysed in the TissueLyser machine. And then the tissue lysates were used for nanoluc luciferase
activities detection.

. In vivo bioluminescence imaging/computed tomography (CT)

The distribution of EVs was observed by an IVIS Spectrum (PerkinElmer, Waltham, MA, USA). Quantum FX (Perkin Elmer,
Waltham, MA, USA) was also used to co-register optical signals with anatomical μCT. NMRI mice were I.P administered with
150 mg/kg D-luciferin and after 5 min EVs in 100 μl PBS were injected I.V(tail vein). The 2D/3D bioluminescence imaging and
μCT scans were performed at different time points post injection. The 2D bioluminescence images were acquired with open
filter, and 3D bioluminescence images were acquired at wavelengths 600, 620, and 640 nm. The mouse in the Mouse Imaging
Shuttle (MIS, 25 mm high, PerkinElmer) was then transferred to the Quantum FX-μCT and subjected to a dynamic CT scan
with an X-ray source current of 200 μA, voltage of 70 kV, FOV (field of view) 60 mm x 60 mm, scan time 17 s. All images were
analysed using Living Image 4.3.1 (PerkinElmer, Waltham, MA, USA).

. Widefield imaging and super-resolution (dSTORM) imaging

100 μl HEK EVs (mCD63-Nluc – concentration 1.37×1012 particles/ml, mCD63-ABDx2-Nluc – concentration 5.00×1011 par-
ticles/ml, mCD63-ABD-1st loop Nluc – concentration 1.17×1012 particles/ml, mCD63-ABD-2nd loop Nluc – concentration
6.5×1011 particles/ml) were incubated with 40 ug/ml Alexa Fluor 488 conjugated Human Serum Albumin (Jackson ImmunoRe-
search cat.no. 009-540-051) and a mix of CD9/CD63/CD81 fluorescent antibodies (R&D Systemmouse anti-hCD63 Alexa Fluor
647 cat.no. FAB4615R and mouse anti-hCD9 Alexa Fluor 647 cat.no. A6208T100; Biolegend mouse anti-hCD63 Alexa Fluor
647 cat.no. 353016) for 2 h at room temperature. EVs were then ultracentrifuged (with ultracentrifuge Thermo Scientific Sorvall
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WX) for 16 h at 4◦C on an Optiprep (Sigma Aldrich cat.no. D1556) 14–36% step gradient to separate vesicular components from
unbound Human Serum Albumin and fluorescent antibodies. After ultracentrifugation, 300 μl were collected and 50 μl from
each three fractions were pulled into a poly-lysine coated Ibidi 18-well glass bottom chambers (Ibidi cat. no. 81817) and incubated
overnight to allow EVs to adhere to the glass. The next day, the supernatant from the chambers was removed and PBS was added
prior to imaging.
Imaging: wide-field and super-resolution (dSTORM)microscopywas performed by usingNanoimager (OxfordNanoimaging)

equipped with a 100x Nikon objective, numerical aperture 1.4. Image processing was performed by using ImageJ (for wide-
field microscopy): background from images was removed by using build-in ImageJ function “subtract background” and same
brightness and contrast settings were applied. For super-resolution microscopy (dSTORM), image processing was performed by
using Oxford Nanoimaging software.

. EV uptake

B16F10 and TCMK-1 cells were seeded in 24-well plates and incubated at 37◦C overnight. 1×109 EVs from different groups were
added directly into the cells the second day. After 2 h, 4 h and 8 h incubation of the EVs with recipient cells, the cell supernatants
were removed and washed with 1 ml PBS twice and then the cells were lysed with 100 μl 0.1% TritonX-100, 15 min in a shaking
machine (900 rmp/min). 30 μl of the cell lysates were took for Nluc activity assay by using GloMax 96 Microplate Luminometer
machine (Promega, USA).

. Statistical analysis

The data were analysed and plotted by the GraphPad Prism 8 (GraphPad Prism Software, USA). Two-tailed Student’s t test in
two groups or 1-way ANOVA for analysis of multiple groups was used for the statistical calculations. Statistical significance was
set at P < 0.05 (** P < 0.01; *** P < 0.001; **** P < 0.0001).
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