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ABSTRACT: Extracellular vesicles (EVs) are important mediators
of intercellular communication. Their role in disease processes,
uncovered mostly over the last two decades, makes them potential
biomarkers, leading to a need to fundamentally understand EV
biology. Direct visualization of EVs can provide insights into EV
behavior, but current labeling techniques are often restricted by
false-positive signals and rapid photobleaching. Hence, we
developed a method of labeling EVs through conjugation with
quantum dots (QDs)high photoluminescent nanosized semiconductorsusing click chemistry. We showed that QD-EV
conjugation could be tailored by altering QD to EV ratio or by
using a catalyst. This conjugation chemistry was stable in a
biological environment and upon storage for up to a week. Using size-exclusion chromatography, QD-EV conjugates could be
separated from unconjugated QDs, enabling EV-speciﬁc signal detection. We demonstrate that these QD-EV conjugates can be liveand ﬁxed-imaged in high resolution on cells and in tissue sheets, and the conjugates have better photostability compared with the
commonly used EV dye DiI. We labeled two distinct EV populations: human semen EVs (sEVs) from fresh semen samples donated
by healthy volunteers and brain EVs (bEVs) from excised rat brain tissues. We visualized QD-sEVs in epithelial sheets isolated from
human vaginal mucosa and time-lapse imaged QD-bEV interactions with microglial BV-2 cells. The development of the QD-EV
conjugate will beneﬁt the study of EV localization, movement, and function and accelerate their potential use as biomarkers,
therapeutic agents, or drug-delivery vehicles.
KEYWORDS: extracellular vesicles, quantum dots, click chemistry, labeling, live imaging

■

INTRODUCTION

Current techniques for labeling and imaging EVs, however,
have several challenges and limitations.10 Commonly used
lipophilic dyes, including R18, DiI, PKH26, PKH67, or
CellMask, target the lipid membrane of EVs; yet, these dyes
can also form dye aggregates that are of similar size to EVs and
therefore hard to distinguish.11,12 Lipoproteins and other
proteins coisolated with EVs can also be stained with lipophilic
dyes, which can transfer dye to the target cell, resulting in falsepositive stains that could imply EV uptake.12 RNA-based
labeling methods have similar vesicle or dye aggregation
challenges as lipophilic dyes.13 Optical reporters including
green ﬂuorescence protein (GFP) are successfully engineered
to be fused to EVs within cells for EV labeling and are useful
for studying the genesis and distribution in vivo;14 however,
GFP-transfected cells currently have limited translational
potential to humans. In addition, these dyes often suﬀer
from fast photobleaching. A universal, robust, highly photo-

Extracellular vesicles (EVs), including exosomes, microvesicles,
and apoptotic bodies, are membranous small vesicles released
from almost all cell types. EVs are important mediators of
intercellular communication.1 EVs carry diverse molecules,
ranging from small nucleic acids, including noncoding
microRNA (miRNA) and mRNA to large protein structures.2
EVs have the capability to merge with target cells and release
their genetic or functional cargo, resulting in local and/or
remote inﬂuence on biological processes.
The important role EVs play in physiology and pathophysiology has only come to light within the last two decades.
Recent evidence demonstrates EVs are involved in immune
modulation,3,4 infection and autoimmune diseases,5 and
neuroinﬂammatory processes in neurological diseases.6 Because of the role of EVs in intercellular communication, there
is emerging interest in the potential application of EVs in the
clinic, as biomarkers,7 drug-delivery vehicles,8 or therapeutics.9
However, fundamental knowledge of EV behavior is still
required to further the understanding and clinical potential of
EVs. Therefore, direct visualization of EVs can be useful to
understand EV traﬃcking and function between cells and
within tissues.
© 2020 American Chemical Society
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Figure 1. Schematic of QD-EV conjugation chemistry. PEG-NH2-modiﬁed QDs are ﬁrst conjugated with Sulfo-S-4FB (QD-4FB). EVs, which
contain a surface rich in primary amines, are modiﬁed with Sulfo-S-HyNic (EV-HyNic). Under mild conditions at room temperature, the QD-4FB
and EV-HyNic are reacted together to form a stable bis-aryl bond.

Figure 2. Characterization of puriﬁed sEVs and QD-sEV conjugates. (A) Representative data of sEV particle quantity (black) and protein
concentration (red) distribution in elution f1−f25 of qEV column puriﬁcation. f7−f11 contain ∼97% of EVs with only 11% of protein, while f14−
f23 contain 86% of protein. (B) Absorbance intensity at 354 nm of Sulfo-S-4FB (green), sEV-HyNic (orange), and sEV-HyNic + Sulfo-S-4FB
(gray) during the ﬁrst 30 min after chemical addition and mixing. sEV-HyNic modiﬁcation was conﬁrmed by increased absorbance at 354 nm (n =
3). (C) Absorbance intensity at 354 nm of Sulfo-S-4FB (green), Sulfo-S-HyNic (orange), and Sulfo-S-4FB + Sulfo-S-HyNic (gray) during the ﬁrst
30 min after chemical mixing (n = 3). (D) Hydrodynamic sizes (left) and zeta potential (right) of QD-PEG-NH2 (black) and QD-4FB (green) in
1×PBS (n = 3). (E) Representative data of QD-sEV conjugates (blue) and QD-4FB alone (green) ﬂuorescence intensity at 585 nm in elution f7−
30 of qEV column puriﬁcation of QD-sEV conjugates. (F) Size distribution of sEV-HyNic and QD-sEV (n = 3) − black lines represent SEM for
each size reported. (G) Zeta potential of sEV-HyNic and QD-sEV conjugates in 1×PBS (n = 3). (H) Representative ﬂuorescence spectra of QDPEG-NH2 and QD-sEVs.
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commercially available PEG-NH2 functionalized QDs (QDPEG-NH2) with Sulfo-S-4FB and EVs with Sulfo-S-HyNic
utilizing the amine-reactive NHS-ester. The protein-enriched
membrane of EVs is an advantage for amine-based coupling of
HyNic, which can be generic to all sources of EVs.
Characterization of Puriﬁed sEVs and QD-sEV
Conjugates. We ﬁrst chose human sEVs to study the QDEV conjugation because they are isolated from a body ﬂuid and
have been studied quite extensively. We isolated sEVs from
healthy male volunteers by ultracentrifugation over sucrose
cushions and characterized sEVs via Western blot and
transmission electron microscopy (TEM).43 One concern for
our QD-EV conjugation chemistry is that the NHS-ester used
for QD and EV modiﬁcation can react with any primary amine,
which are abundant on proteins that can be coisolated with
EVs puriﬁed by ultracentrifugation.12 Therefore, we took into
account that coisolated proteins were smaller than EVs and
separated them by size-exclusion chromatography (SEC)
before conjugation (Figure 2A). We used the qEV column
to further purify ultracentrifuge-isolated sEVs, and collected
fractions (f) 1−25 to test the sEV particle quantity and protein
concentrations. It has been previously established that purity of
isolated EVs can be deﬁned by the EV particle/protein ratio.44
Based on the sEV and protein distribution measured in f1−f25,
f7−f11 contained 97% of the sEVs, while f14−f23 contained
86% of proteins without detectable sEVs (Figure 2A). To
minimize labeling of non-EV protein particles for QD-EV
conjugation, we used f7−f10, which contain high-purity sEVs.
During the QD-EV conjugation reaction, we ﬁrst characterized the modiﬁcation of QD-4FB and EV-HyNic, to ensure
the labeling of EVs and QDs was successful. We conﬁrmed the
existence of HyNic on sEVs by successfully reacting with 4FB
and forming a detectable bond that can be measured by
absorbance at 354 nm.38 Using ultraviolet−visible spectroscopy (UV−vis), we observed an increased absorbance signal at
354 nm after mixing of sEV-HyNic and free Sulfo-S-4FB
during the ﬁrst 30 min (Figure 2B). This matches the trend
shown by conjugating free Sulfo-S-4FB to free Sulfo-S-HyNic
(Figure 2C). Previous literature has shown a decrease in zeta
potential indicates 4FB conjugation to a free amine group.38
We conﬁrmed the modiﬁcation of QD-PEG-NH2 with Sulfo-S4FB by a decrease in zeta potential of QD-4FB (−3.7 mV)
compared with QD-PEG-NH2 (0.9 mV) (Figure 2D). This
reduction of zeta potential is likely due to the conversion of a
few protonated PEG-NH3+ to 4FB after modiﬁcation. The
average hydrodynamic size of QD-PEG-NH2 and QD-4FB was
17.0 and 17.4 nm, respectively (Figure 2D), which indicates
the modiﬁcation of 4FB on QDs did not change the size of
QDs.
To remove free QDs (∼10−20 nm) from the QD-EV
(∼80−200 nm) conjugates and reduce signal from unconjugated QDs, we took advantage of the conjugate size
diﬀerence and utilized SEC for further separation. We
conﬁrmed the successful separation of unconjugated QDs
from conjugated QD-EVs after SEC by ﬂuorescence spectroscopy. QD signal appeared in f7−f10 and f11−f28 for QD-sEV
conjugate samples, while QD-alone samples only showed
ﬂuorescent signal in f10−f28 (Figure 2E). Since we identiﬁed
f7−f10 as the fractions that contain the majority of sEVs
(Figure 2A), the QD signal in f7−f10 detected from QD-sEV
conjugate samples was considered to be derived from the QDsEVs rather than unconjugated QDs. To minimize the
retention of unconjugated QDs that can interfere with the

luminescent, and easily controllable method is thus required to
ﬁll in the technological gap of direct EV tagging and
visualization.
Quantum dots (QDs) are one excellent candidate label
because of their unique physiochemical properties and
extensive use in biological imaging. QDs have tunable
excitation/emission spectra, robust photostability compared
with organic dye, and eﬃcient luminescence, favoring longerexposure imaging.15 There are numerous studies that utilize
QDs to label and monitor molecules or cells of interest in
vitro16 or in vivo.17 Our previous work shows QDs functionalized with poly(ethylene glycol) (PEG) exhibit minimal
toxicity (<15%) in the developing brain, are stable in biological
aqueous settings, and can be easily imaged in tissues.18 Here,
we propose using 4-formylbenzoate (4FB) to 6-hydrazinonicotinate acetone hydrazone (HyNic) click chemistry to label
EVs with QDs. 4FB-HyNic click chemistry can provide control
over nuanced stoichiometry and labeling eﬃciency for QD
conjugation.19 We investigate the optimization of the
formation of the QD-EV bond to design the most reproducible
and stable QD-EV conjugate for imaging in vitro and ex vivo.
We compare the photostability of QD-EV conjugates and DiIlabeled EVs to demonstrate the advantages of QD-EV
conjugates over traditional EV labeling methods. We also
explore the universality of this QD-EV conjugation by applying
QD modiﬁcation to diverse EV sources, including EVs isolated
from human semen (sEVs) and the whole rat brain (bEVs).
Moreover, we utilize QD-sEV conjugates on human vaginal
epithelial sheet and QD-bEV conjugates on BV-2 murine
microglial cells to image cellular interaction of EVs. This
comprehensive approach establishes a robust system for
individual EV visualization, which can beneﬁt a fundamental
understanding of EV function and further the potential clinical
application of EVs.

■

RESULTS AND DISCUSSION
Chemistry for QD-EV Conjugation. The method for
linking nanoparticles to EVs needs to be carefully chosen to be
easily tailored and to minimally disrupt EV structural integrity.
QDs have been previously tagged to EVs via immune-reaction
either through cell-speciﬁc molecules20−24 or EV-characteristic
antigens such as CD63.25−28 However, EVs labeled with
antibodies may become immunogenic,29,30 and the QD
coupled to the antibody can be far from the EV surface.27,31
More importantly, molecules such as CD63 are not present on
all EV populations,32 so any method based on immunoaﬃnity
would only capture a subpopulation of EVs. Another approach
of nanotechnology-based EV labeling involves internalizing
either gold,33 iron oxide nanoparticles,34,35 or QDs36,37 into
EVs, which can be nonuniform, diﬀusion driven, and disruptive
to EV biofunction.
We chose a hydrazine−aldehyde-based strategy to label EVs
with QDs through the click chemistry 4FB to HyNic (Figure
1). This chemistry is reactive under mild conditions and is
tailorable, resulting in high labeling eﬃciency and preservation
of QD optical properties and biological target function.38 The
4FB-HyNic coupling reaction has successfully linked diﬀerent
molecules in previous studies,39,40 including linking antibodies
to polymersomes41 and QDs to viruses,38 which share
comparable size and structure with EVs.42 We used Sulfo-S4FB and Sulfo-S-HyNic because they contain Sulfo-NHS
esters, making this linker water-soluble without needing
organic solvent, which might be harmful to EVs. We modiﬁed
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Figure 3. TEM imaging of QDs, sEVs, and QD-sEVs. (A) QDs, sEVs, and QD-sEVs conjugates were imaged using TEM. QDs alone (left panel),
sEVs alone (middle panel), and QD-sEV conjugates (right panel) were presented. QDs on the surface of sEVs are pointed out by white arrows. A
magniﬁed TEM image further indicates colocalization of QDs and sEVs at the single EV level (right insert). Scale bar: 100 nm in left panel, 200 nm
in middle and right pane, and 100 nm in right insert. (B) QDs were conjugated to sEVs using click chemistry in varying ratios of QD to sEV and
imaged using TEM. QD:sEV ratios of 40:1 (left), 70:1 (middle), 100:1 (right) were evaluated. Altering QD:sEV ratio changes the uniformity of
QD distribution on the sEV surface. White arrows point to QDs on the surface of sEVs. Scale bars: 100 nm in left panel, 200 nm in middle and
right panel.

sheets presented distinctive ﬂuorescent dots (Figure S2A).
Tissue treated with puriﬁed QDs (pQDs), taken from f7−f9
from SEC on QD-4FB samples, did not show signal (Figure
S2B). Note the vaginal tissue has autoﬂuorescence which can
be detected as diﬀuse signal under the same laser setting as
QDs. However, compared with tissue autoﬂuorescence, QDsEVs were punctate and brighter in ﬂuorescence intensity.
The QD-EV conjugates must remain stable in physiological
media over a time relevant to imaging applications. In addition,
the QD-EV conjugates need to be stable during storage. Our
previous publication indicates PEGylated QDs should remain
stable without signiﬁcant aggregation at physiological temperature for at least 24 h.18 Previous literature shows EVs are
physically stable when stored at 4 °C for months.46,47 We
conﬁrmed sEVs remain stable at 4 °C after a 25-day storage
period (Figure S3). In addition to the stability of QDs and
EVs, the bonds that connect QDs and EVs should remain
intact during application or storage. We tested the 4FB-HyNic
bond stability by measuring the change of bond quantity,
which was indicated by the ratio of the bond detected at
diﬀerent time points to the bond detected at 0 h. We tested the
bond stability in three diﬀerent media, including 1×PBS,
1×PBS+10%FBS as a serum-rich environment, and in artiﬁcial
cerebrospinal ﬂuid (aCSF) for a more complex multi-ion
condition. Stability was tested at 4, 23, and 37 °C temperature
for all media (Figure S4). The 4FB-HyNic bond was relatively
stable in all conditions over 1 week of incubation or storage
(Figure S4A−C). In several testing conditions, we found an
increase in bond quantity over the initial 24 h, which could be
due to the continuous 4FB and HyNic reaction (Figure S4D−
E). In 1×PBS+10%FBS conditions, the % bond began to drop
at 2 d (Figure S4B), while in 1×PBS conditions, especially at 4
°C, the % bond remained approximately the same, with a slight
increase from 1 d to 1 week (Figure S4A). The decrease in the
% bond after 1 d at 37 °C is likely due to hydrolysis of

signal from QD-sEVs, we only collected f7−f9 for further
analysis and application.
We then measured the size and zeta potential of sEV-HyNic
and QD-sEV conjugates after conjugation (Figure 2F,G). The
average size of sEV-HyNic was 159.7 nm, and the average size
of QD-sEV was 164.0 nm, characterized by NanoSight (Figure
2F). The zeta potential was −7.7 mV for sEV-HyNic and −9.1
mV for QD-sEVs (Figure 2G), as compared with −3.7 mV for
QD-4FB (Figure 2D). These zeta potentials are all nearneutral.45 We conﬁrmed the ﬂuorescence spectra of QDs
remained the same before and after conjugating to EVs (Figure
2H). This result further supports previous studies that the
application of 4FB-HyNic chemistry does not diminish QD
optical properties.38 On the basis of these ﬁndings and prior
literature, we do not expect the optical properties of QDs to be
signiﬁcantly diﬀerent before and after EV labeling.
Visualization, Conﬁrmation, and Stability of QD-sEV
Conjugates. We directly visualized QD-EV conjugates
through TEM and ﬂuorescent imaging to conﬁrm successful
labeling. TEM images show colocalization of QD and sEVs,
with QDs on the surface of sEVs (white arrow, Figure 3A).
QDs presented as black dots with great contrast (Figure 3A left
panel), while sEVs presented as cap or circular shape
membrane structures (Figure 3A middle panel), as described
in the literature.1 QD-sEV conjugates presented as lowcontrast EVs with size 100−200 nm containing black dots of
QDs (Figure 3A right panel). At a higher resolution, QDs were
shown to be distributed around the surface of an individual EV
(Figure 3A right panel insert). sEVs displayed similar
morphology before and after QD tagging. Colocalization of
QD-sEVs was also conﬁrmed with ﬂuorescence microscopy by
visualizing overlapping signals of SYTO RNASelect stained
sEVs (green) and the QDs (red) (Figure S1). Additionally, we
visually conﬁrmed QD-sEVs can be imaged in a biologically
relevant system. QD-sEV treated human vaginal epithelial
7214
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Figure 4. Characterization of QD-bEV conjugates. (A) Representative data of bEV particle quantity (black) and protein concentration (red) in f5−
f15 of qEV column puriﬁcation. f7−f10 contained both bEVs and proteins, while f12−f15 only contain proteins. (B) Representative data of
particle/protein ratio of bEVs in f6−f15. f7−f10 contain the majority of pure bEVs and were collected for further conjugation experiments. (C)
Absorbance intensity at 354 nm of Sulfo-S-4FB, bEV-HyNic, and Sulfo-S-4FB + bEV-HyNic during the ﬁrst 30 min after chemical mixing (n = 3).
bEV-HyNic modiﬁcation was conﬁrmed by increased absorbance at 354 nm. (D) Size distribution of bEV-HyNic and QD-bEV (n = 3) − black
lines represent SEM for each size reported. (E) Zeta potential of bEV-HyNic and QD-bEV conjugates in 1×PBS (n = 3).

hydrophilic Sulfo-NHS ester, which results in an unstable
sulfo-NHS reactive group. When the sulfo group is hydrolyzed,
the bis-aryl hydrazone becomes more hydrophobic, decreasing
hydrazone stability in solution. However, when there is an
amine present during QD-EV conjugation, a stable amide
linker will be formed,48 minimizing the eﬀect of hydrolysis.
Although this stability study was only done on the bonds
without QDs or EVs present, the results indicate that QDs and
EVs should remain conjugated with a stable 4FB-HyNic bond
in storage conditions such as 1×PBS at 4 °C for at least 1
week. Moreover, QDs and EVs should remain stably labeled
during imaging on cells or ex vivo tissue, or even in vivo, in a
physiologically preferred environment in a 24-h window.
Optimizing QD-EV Conjugation by Altering QD
Distribution on EVs and Increasing Reaction Eﬃciency.
For optimal performance of QD-EV conjugates in biological
applications, we proposed that the QD distribution on EVs
needs to be uniform and nonaggregated. We hypothesized the
QD to EV ratio may inﬂuence the ﬁnal QD-EV conjugate
distribution. To look at this, we engineered the stoichiometric
ratio of input QD-PEG-NH2 and sEVs as 40:1, 70:1, 100:1. To
make the ratio of QDs to sEVs the only variable throughout
the experiment, we kept the number of Sulfo-S-4FB per QD
(3.58 × 105) and Sulfo-S-HyNic per EV (1.28 × 106) constant
across all three experimental groups during reaction. TEM
images were taken to identify the QD distribution on sEVs
(Figure 3B). No QD-sEV conjugates were visualized in the
40:1 sample (Figure 3B left panel), while a rather uniform
distribution of QDs to sEVs was achieved in the 70:1 sample,
as indicated by the white arrows showing fully intact sEVs with
QDs present (Figure 3B middle panel). At higher QD:sEV
ratios (100:1), aggregation of QDs on the sEV surface
occurred, as indicated by the white arrow (Figure 3B right
panel). These ﬁndings indicate that altering QD to EV ratio

can change the QD distribution on sEVs. For further
experiments in this study, we used the 70:1 ratio during QDEV conjugation because of the uniform distribution of QDs on
the EV surface achieved at that ratio.
We next explored the use of catalysts to increase the
conjugation eﬃciency. We used two catalysts in the reaction:
3,5-diaminobenzoic acid (3,5-DABA) and 2-amino-5-methylbenzoic acid (5-MA), both of which accelerate the hydrazone
formation process.49 We tested catalyst impact on the 4FBHyNic bond formation eﬃciency by monitoring the
absorbance at 354 nm for 2 h as an indicator of quantity of
bonds. A high concentration (10 mM) of both catalysts
accelerated the reaction immediately and increased the ﬁnal
bond yield 2-fold, while a low concentration (1 mM) of both
catalysts gradually increased bond formation during 2 h of
testing, with a doubled bond yield at the end of the incubation
window (Figure S5A). We found 10 mM 5-MA resulted in
precipitation during 3 h incubation with the 4FB and HyNic
mixture; thus, we chose to pursue the catalyst study with 1 mM
of both catalysts. We then evaluated the impact of pH on 4FBHyNic bond formation at a pH range of 6−7 (Figure S5B,C).
A wider range of pH was not tested because of the potential
impact on EV integrity.50 No signiﬁcant diﬀerence in bond
formation eﬃciency was observed at diﬀerent pH values.
Therefore, we chose the combination of pH 7.4 and 1 mM 5MA as the catalyst condition. We estimated an average 6.5
QDs on each sEV with a catalyzed reaction, which is a 3-fold
increase QD to EV ratio compared with QD-sEV conjugates
without catalyst (an average of 2 QDs on each sEV). However,
because an additional puriﬁcation step was needed for
catalyzed QD-EVs to separate out excess catalyst, ﬁnal sEV
retentionthe amount of sEVs in the ﬁnal conjugate
compared with the initial input of sEVsin catalyzed QDEV conjugates was only 2.7%, which is 2-fold lower compared
7215
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Figure 5. Photostability and imaging of QD-bEVs on BV-2 cells. (A) The ﬂuorescence intensity of QD-bEVs (n = 6) and DiI-bEVs (n = 3) during
10 min laser exposure under the same laser power. (B) Representative images of QD-bEVs on single BV-2 cell (top) and DiI-bEVs on single BV-2
cell (bottom) at 0, 5, and 10 min of laser exposure. Images were converted to grayscale for better visualization. Scale bars: 10 μm. (C)
Representative 60× maximum intensity projection images of QD-bEVs (red) distribution and cellular interaction on Lectin stained BV-2 cells
(green). Scale bars: 50 μm. (D) Higher magniﬁcation of an area in (C). QD-bEVs localized on the BV-2 cell membrane and throughout the
individual cell. Scale bars: 10 μm. (E) Representative 60× maximum intensity projection images of pQDs (red) negative control distribution and
cellular interaction on Lectin stained BV-2 cells (green). No obvious QD signals were found on BV-2 cells using the same laser power and imaging
settings as (C−D), indicating unconjugated QDs can be successfully removed through SEC puriﬁcation. Scale bars: 50 μm.

from excised whole rat brain using a modiﬁed protocol,51
detailed in our methods. Isolating EVs from the whole animal
brain is diﬀerent from commonly studied cell- or ﬂuid-derived
EVs but enables us to study tissue-based EVs representative of
heterogeneous EV populations. Sucrose density gradient
puriﬁcation of EVs often suﬀers from protein contamination52
that could lead to false-positive signals, so we opted to use SEC
for ﬁnal puriﬁcation of bEVs.13 Thus, we opted to use SEC for
ﬁnal puriﬁcation of bEVs. f7−f10 contained the majority of
bEVs (Figure 4A) and also had the highest particle to protein
ratio (Figure 4B). We conﬁrmed successful modiﬁcation on
bEV-HyNic by UV−vis; similar to sEV-HyNic (Figure 2B), an
increase of absorbance of bEV-HyNic + 4FB was observed
(Figure 4C). The average size of bEV-HyNic measured by

to a recovery of 4.4% in uncatalyzed QD-EV conjugates.
Considering that it is necessary to reduce conjugate loss
following the conjugation process, we proceeded to conjugate
QDs and EVs without catalyst for further study. Nevertheless,
for QD-EV applications that require higher conjugation
eﬃciency, utilizing catalysts such as 1 mM 5-MA to boost
hydrazone formation is an option.
Investigating bEVs Interaction with BV-2 Cells
through QD-bEV Conjugates. After conﬁrming QD-EV
conjugates are tailorable and stable, we expanded the
investigation to imaging capability. We demonstrated the
ability to tag QDs on EVs using human sEVs as model EVs.
We next sought to conﬁrm that our conjugation scheme could
be applied to other EV populations. Here, we isolated bEVs
7216
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of this time-dependent EV−cell interaction, including considering cell proliferation, synthesis, and release of new QD-EVs
after QD-EVs integration on cell membrane, and potential QD
degradation in lysosomes. Future use of QD-EV conjugates can
also include single or multiple particle tracking of QD-labeled
EVs at high frame rates, which can capture the kinetic proﬁle of
EV mobility as well as more detailed interaction with cells. The
high photostability of QD-EVs compared to traditionally
labeled EVs thus could be a beneﬁt for this application.

NanoSight was 195.8 nm and the average size of QD-bEVs was
277.9 nm (Figure 4D). The broad size distribution of bEVHyNic and QD-bEVs could be due to the heterogeneities of
tissue-based EVs (Figure 4D). The zeta potential of bEVHyNic was −16.4 mV and the zeta potential of QD-bEV was
−10.6 mV (Figure 4E).
The greatest advantage of using QDs for bioimaging over
traditional organic dye is the strong resistance to photobleaching.15 We compared the photostability of QD-bEVs and
bEVs labeled with the commonly used lipophilic membrane
dye DiI (DiI-bEVs). Both labeled bEVs were incubated with
BV-2 cells for 24 h, followed by 10 min imaging under
continuous laser exposure. The ﬂuorescence intensity of QDbEVs remained the same, while the intensity of DiI-bEVs
dropped ∼50% during the imaging window (Figure 5A,B).
This shows that QD-EV conjugates could favor in vitro or in
vivo studies that necessitate long-term or repetitive imaging.
As an example, QD labeling of bEVs can contribute to
studying single bEV−single cell interaction with cells in the
central nervous system (CNS). Brain-derived EVs play an
important role in modulating neuroinﬂammation and the
progression of neurological diseases,6,7,53−55 motivating the
study of brain EVs for potential treatment or early diagnosis of
brain disorders. Within the CNS, microglia are the brains’
innate immune cells and are known regulators of neuroinﬂammation,56 which are of particular interest for studying
CNS diseases and neurotherapeutic targets. These cells also
serve as an important source for and recipient of EVs in the
brain.57 We chose microglial BV-2 cells, a commonly used
murine microglia cell line, to study the interaction with QDbEVs. When applied to BV-2 cells, QD-bEVs were observed as
individual bright dots well-distributed on the surface of BV-2
cells after 24 h of incubation (Figure 5C,D). To determine if
unconjugated QDs were able to elute in EV fractions during
SEC, we also treated BV-2 cells for 24 h with pQDs that are
the same fractions collected from the QD alone samples as if
they were QD-EV conjugates. As expected, pQD treated BV-2
cells did not present any distinctive QD signals under the same
imaging settings compared to QD-bEV treated BV-2 cells
(Figure 5E). This indicated that SEC successfully separates
QD-bEVs and unconjugated QDs, resulting in SEC puriﬁed
QD-bEVs that can be used for imaging without unconjugated
QDs generating false-positive signals. In addition, we were able
to visualize bEVs colocalizing with the BV-2 cell membrane at
a single cell resolution (Figure 5D).
Another beneﬁcial application of the QD-EV conjugate is for
live sample imaging, which can monitor the interaction of QDEVs with cells under a microscope over hours. To gain a
preliminary insight into the ability to time-lapse image QD-EV
conjugates, we acquired time-lapse videos of QD-bEVs
interaction with microglial cells at multiple time points of
incubation. QD-bEVs were observed to move toward BV-2
cells and interact with the cell surface within 1 h of incubation,
while a subfraction of bEVs were found already associated with
BV-2 cells (Movie 1, Figure S6A). After 4 h of incubation, QDbEVs continued to associate with BV-2 cells (Movie 2, Figure
S6B). Moreover, BV-2 cells that have QD-bEVs associated on
their surface continued to migrate, indicating QD-bEVs did
not interfere with the mobility of BV2 cells (Movie 3, Figure
S6C). Quantitative analysis of these videos indicated bEVs
exhibited a signiﬁcantly higher cumulative interaction with BV2 cells at 4 h compared with 1 h of contact (Figure S7). More
studies need to be done to further investigate the mechanism

■

CONCLUSIONS
Using 4FB-HyNic click chemistry, we developed a robust,
universal, controllable, and biologically stable QD-EV conjugate. This QD-EV conjugate showed greater resistance to
photobleaching compared with EVs labeled with DiI, a
commonly used EV staining dye. The successful conjugation
of QDs and EVs was conﬁrmed through TEM, UV−vis
spectroscopy, DLS, and confocal microscopy. The QD-EV
conjugation can be optimized through altering the initial QD
to EV ratio as well as utilizing catalysts for accelerating the
hydrazone formation process. The QD-EV conjugation bonds
were stable in various biological media and storage conditions
for at least a week, providing ﬂexibility for applications. In
addition, we showed that SEC was able to separate EVs from
free proteins, as well as QD-EV conjugates from unconjugated
QDs. More importantly, the QD-EV conjugates demonstrated
high-resolution live-imaging ability on EVs in vitro and ﬁxedimaging ability ex vivo. We were able to live image the
association of bEVs with BV-2 microglial cell membrane and
image the colocalization of sEVs with human vaginal cells in
ﬁxed tissue sections. This method of labeling EVs provides a
new way of visualizing and studying EV behavior, which can be
an important tool for the fundamental understanding of EVs
and their potential clinical application.

■

METHODS

Isolation of EVs from Human Semen and Rat Brain. Semen
EVs (sEVs). sEVs were isolated on the basis of a published paper.43
Semen samples were obtained from this clinic or from the University
of Washington Male Fertility Program. Written informed consent was
obtained from each donor. All protocols were approved by the
Institutional Review Boards of the University of Washington and the
Fred Hutchinson Cancer Research Center (IR ﬁle numbers 5690 and
4323). Seminal plasma was separated from collected semen samples
by a series of centrifugation followed by ﬁltration through a 0.22 μm
syringe ﬁlter. sEVs were puriﬁed by ultracentrifugation over sucrose
cushions. The 30% and 25% sucrose cushions containing the EV
fraction were pooled and washed by centrifugation through an
Amicon Ultracel 100 kDa cellulose centrifugal ﬁlter and concentrated
to a ﬁnal 425 μL−3.2 mL. To deplete proteins in sEVs for later QDsEV conjugation, qEV column (iZon) was used to further purify sEVs.
Brain EVs (bEVs). This study was performed in strict accordance
with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. All of the
animals were handled according to approved institutional animal care
and use committee (IACUC) protocols (#4383-02) of the University
of Washington. The University of Washington has an approved
Animal Welfare Assurance (#A3464-01) on ﬁle with the NIH Oﬃce
of Laboratory Animal Welfare (OLAW), is registered with the United
States Department of Agriculture (USDA, certiﬁcate #91-R-0001),
and is accredited by AAALAC International. Every eﬀort was made to
minimize suﬀering. Time-mated pregnant female Sprague−Dawley
rats (virus antibody free CD (SD) IGS, Charles River Laboratories)
were purchased and arrived on estrous day 17 (E17). All animals used
in these studies were housed individually and allowed to acclimate to
their environment for a minimum of 5 days prior to delivering (E22).
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4FB-HyNic measured by UV−vis based on a previous paper.38 Brieﬂy,
125 μL of EV-HyNic was mixed with 1×PBS to make a ﬁnal 300 μL
suspension, and 0.3 mg of Sulfo-S-4FB was mixed with 1×PBS to
make a ﬁnal 300 μL of 4FB suspension. Half of the EV solution and
half of the 4FB solution were mixed well, and another 150 μL of
1×PBS was added into EV-HyNic and 4FB solution, respectively, to
make a ﬁnal 300 μL. The 3 samples and 1×PBS were added to 96-well
plate in triplicate with 95 μL in each well, and the absorbance of the
4FB-HyNic bond was measured every 5 min at 354 nm by the
SpectraMax M5Microplate Reader (Molecular Devices), up to 30
min.
Characterization of QD-EV by Transmission Electron Microscope
(TEM). Preparation for TEM analysis was done with small
modiﬁcation of a described method.58 In brief, EV samples were
mixed with an equal volume of 4% PFA and deposited by airfuge onto
Formvar/Carbon coated EM grids (Ted Pella). Samples were
contrasted and embedded by treatment with uranyl-oxalate solution
(Electron Microscopy Services) for 5 min, followed by methylcellulose-uranyl-acetate (Sigma) on ice for 10 min.
Characterization of the Hydrodynamic Size and Zeta Potential.
The size and size distribution of EV-HyNic and QD-EVs were
characterized by NanoSight, as described above. The zeta potential of
EV-HyNic and QD-EVs were characterized by DLS in 1×PBS.
Characterization of QD-EV Fluorescence Spectra. The ﬂuorescence intensity of 200 μL of 0.8 nM QD-PEG-NH2 and 200 μL of
QD-sEV conjugates were measured every 5 nm from 400 to 700 nm
using a Cytation 3 Imaging Reader (BioTek). The intensities were
normalized to the highest value.
Calculation of QD-EV Labeling Eﬃciency. The QD-EV labeling
eﬃciency was characterized by the percentage of QDs remaining in
QD-EV conjugates and the percentage of EVs remaining in QD-EV
conjugates. A QD-PEG-NH2 calibration curve was made by
measuring the ﬂuorescence at 585 nm for various QD concentration.
By measuring the ﬁnal QD-EV conjugates ﬂuorescence at 585 nm, the
concentration of QDs retained in the conjugates were determined,
and the percentage was calculated through%QDs
QDs in conjugates
retained = input QDs . The amount of the EVs retained in QD-

Day of birth was deﬁned as postnatal day 0 (P0). P14−P16 healthy
SD rats were decapitated after euthanasia by a pentobarbital overdose
>100 mg kg−1. Brains were frozen at −80 °C until bEV extraction.
bEVs were isolated from the whole rat brain tissue based on
adaptations from a published protocol.51 Frozen rat brain was sliced
on ice to generate 2−3 mm wide sections of brain. The cut tissue was
transferred while partially frozen to a 50 mL tube containing 75 U/
mL of collagenase type 3 (Worthington Biomedical) in Hibernate-E
at a ratio of 800 μL per 100 mg of brain. The tissue was incubated in a
water bath at 37 °C for a total of 20 min, with a mix of gentle
inversion and gentle pipetting during the incubation. The tissue was
returned to ice immediately after incubation and PBS protease
inhibitor containing EDTA (PI, Sigma) and PhosSTOP (PS, Sigma)
were added to tissue homogenate to a ﬁnal concentration of 1×. The
dissociated tissue was spun at 300g for 5 min at 4 °C, following
transfer of the supernatant to a fresh tube and spun at 2000g for 10
min at 4 °C. Then the supernatant was spun at 10 000g for 30 min at
4 °C. The collected supernatant was further puriﬁed through a qEV
size-exclusion chromatography (SEC) column (iZon) following
vendor speciﬁcations. Fractions (f) 5−15 were collected for
characterization.
Quantiﬁcation, Size Distribution, and Purity Characterization of EVs. Nanoparticle Tracking Analysis (NTA). Isolated EVs
quantiﬁcation and size were determined by NanoSight NS300
(Malvern Panalytical). EVs were gently vortexed and serially diluted
to a concentration that allow 20−50 particles/frame in NanoSight.
Each sample analysis was conducted for 60 s using NanoSight
automatic analysis settings and were evaluated in triplicate.
EV Purity Analysis. The purity of isolated EVs was determined
based on accepted EV concentration/protein concentration ratio.44
The EV concentration was determined by NTA as described above,
and the protein concentration in the EV samples was measured by the
bicinchoninic acid assay (BCA assay) (ThermoFisher). A simple
calculation was conducted to a ﬁnal unit of particle/μg, and the
calculated ratio was compared with the standard set by the
literature.44
Conjugation of QDs to sEVs or bEVs. QDs functionalized with
PEG-NH2 (QD-PEG-NH2) (ThermoFisher) were conjugated to EVs
via a modiﬁed version of a previously published protocol,38 as
outlined in Figure 1. Brieﬂy, 8 μM QD-PEG-NH2 was quickly mixed
with 1.25 mg of Sulfo-S-4FB (TriLink BioTechnologies) in 1×PBS to
make a 500 μL mixture and incubated for 2 h at room temperature to
modify 4FB ligand on QDs (QD-4FB). A total of 6 × 1012 EVs were
quickly mixed with 0.5 mg of Sulfo-S-HyNic (TriLink BioTechnologies) in 1×PBS to make a 700 μL mixture and incubated for 2 h at
room temperature to modify HyNic ligand on EVs (sEV-HyNic).
After incubation, QD-4FB was puriﬁed by NAP-5 column (GE
Healthcare) following the manufacturer’s instruction to remove excess
unreacted Sulfo-S-4FB. EV-HyNic was puriﬁed by Amicon 100 kDa
centrifugal ﬁlter unit (Millipore) at 3000g for 30 min (sEV) or
Amicon 50 kDa centrifugal ﬁlter unit (Millipore) at 3000g for 15 min
(bEV) to remove excess Sulfo-S-HyNic (Millipore Sigma). Puriﬁed
QD-4FB and EV-HyNic was mixed and reacted for 2 h at room
temperature. After incubation, QD-EVs were separated from
unconjugated QD-4FB by qEV SEC column (iZon). To identify
QD-EV conjugate containing fractions, both QD-EVs and QD-4FB
were excluded through qEV columns and f1−f30 were collected, and
then the ﬂuorescence signal was measured at 585 with excitation at
405 nm. When a higher concentration of ﬁnal QD-EVs were needed,
Amicon 50 kDa centrifugal ﬁlter units (Millipore) were used to
concentrate the collected fractions at 3000g for 30 min.
Characterization of QD-EV Conjugates. Characterization of
QD-4FB by Dynamic Light Scattering (DLS). Modiﬁcation of 4FB on
the QDs was conﬁrmed by a zeta potential shift, based on a previous
literature.38 Hydrodynamic particle size and zeta potential of both
QD-PEG-NH2 before modiﬁcation and QD-4FB after modiﬁcation
and puriﬁcation were determined by DLS.
Characterization of EV-HyNic by Ultraviolet−Visible Spectroscopy (UV−vis). Modiﬁcation of HyNic on the EVs from both sEVs
and bEVs was conﬁrmed by the presence of an absorbance bond of

EV conjugates were quantiﬁed by NTA and the percent of EVs
EVs in conjugates
retained was calculated through%EVs retained =
. The
input EVs
ﬁnal average QD:EV ratio in QD-EV conjugates was estimated
QDs in conjugates
through QD:EV = EVs in conjugates .

Optimization of QD-EV Conjugation. Optimization of QD
Distribution on EVs by Altering Initial QD:EV Ratio. QD-sEV
conjugates were made in varying ratios of QD to sEVs: 40:1, 70:1, and
100:1. Five microliters of 8 μM QD-PEG-NH2 was reacted with 0.5
mg Sulfo-S-4FB (QD-4FB1), and 12.5 μL of 8 μM QD-PEG-NH2
was reacted with 1.25 mg Sulfo-S-4FB (QD-4FB2) for 2 h. A total of
6 × 1012 sEVs were mixed with 0.5 mg fo Sulfo-S-HyNic as described
above. After NAP-5 column puriﬁcation of QD-4FB, 500 μL of QD4FB1 was mixed with 500 μL of sEV-HyNic (40:1), 350 μL of QD4FB2 was mixed with 500 μL of sEV-HyNic and 150 μL of 1×PBS
(70:1), and 500 μL of QD-4FB2 was mixed with 500 μL of sEVHyNic (100:1). After reaction, QD-sEV conjugates were imaged by
TEM as above to determine the distribution of QDs on sEVs.
Optimization of 4FB-HyNic Reaction Eﬃciency by Catalysts. 3,5Diaminobenzoic acid (3,5-DABA) and 2-amino-5-methylbenzoic acid
(5-MA) were tested as catalyst for hydrazone formation.49 3,5-DABA
and 5-MA were dissolved in DMSO to 500 mM and 50 mM. Next,
1.25 mg of Sulfo-S-4FB (ﬁnal concentration 3.58 mM) and 0.5 mg of
Sulfo-S-HyNic (ﬁnal concentration 1.27 mM) were mixed in 1 mL of
1×PBS and immediately distributed to 50 uL/well in a 96-well plate
for baseline absorbance at 354 nm by a UV−vis spectrophotometer.
3,5-DABA and 5-MA were quickly mixed in the sample to make a ﬁnal
10, 5, or 1 mM catalyst concentration. The absorbance at 354 nm was
monitored every 10 min for 3 h. In addition, eﬀect of pH was tested
by changing the 1×PBS pH to 7.4, 6.89, and 6.09 by adding 2 mM
HCl prior to addition of Sulfo-S-4FB or Sulfo-S-HyNic. The pH was
measured by a pH meter (Fisher). When making QD-sEV conjugates
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Lycopersicon esculentum (Tomato) Lectin (Vector Laboratories) at
1:1000 ratio in 1×PBS for 1 h. Cells were then imaged by a Nikon A1
confocal microscope (Nikon) under same camera and laser setting. Zstack images at 60× or 4-time zoom in at 60× were taken, and
maximum-intensity projections were formed.
Time-Lapse Tracking of QD-bEVs Interaction with BV-2 Cells.
After 1−2 days of BV-2 cell culturing on 35 mm imaging dish, the
cells were stained with DyLight 488 Labeled Lycopersicon esculentum
(Tomato) Lectin (Vector Laboratories) at 1:1000 ratio in prewarmed
cell culture media at 37 °C in a 5% CO2 atmosphere for 1 h. The cells
were then washed twice with cell culture media. Then 35 μL of QDbEVs was mixed with 950 μL of cell culture media and added to 1
dish of BV-2 cells. After 1 and 4 h incubation at 37 °C in a 5% CO2
atmosphere, the 35 mm dish of BV-2 cells was quickly moved to an
incubation chamber (37 °C, 5% CO2, and over 40% humidity) to
perform time-lapse imaging. Images were taken at 60× every 5 min for
1 h at various locations in the chamber.
Quantitative Analysis of Time-Lapse Videos. The time-lapse
videos were ﬁrst image processed using Fiji software. Brieﬂy, images
were split into two channels. The MinError threshold was applied to
cell channels and QD channels were adjusted for brightness ﬁrst, then
ﬁltered for noise by Gaussian Blur with a radius of 1 pixel. The Otsu
threshold was applied to QD channels for converting to binary
images. Two processed channels were merged. For each individual
cell that existed in more than 80% of the frames of the video, the
interaction of QD-bEVs with the cell were counted in each frame and
summed together as the cumulative count of bEV−cell interaction for
each cell.
Photostability Comparison of QD-bEVs and DiI-bEVs. Two
μL of 2.5 mg/mL DiI (ThermoFisher) was mixed with bEVs and
incubated at room temperature for 20 min, followed by SEC through
qEV column. Then, 50 μL of QD-bEVs or DiI-bEVs was mixed with
1950 μL of cell culture media and added to BV-2 cells cultured on 35
mm imaging dishes, respectively. Treated BV-2 cells were incubated at
37 °C in a 5% CO2 atmosphere for 24 h, ﬁxed with 10% buﬀered
formalin (ThermoFisher) for 10 min, and then washed twice with
1×PBS. The cells were then imaged using Nikon A1R confocal
microscope (Nikon). Time-lapse imaging with No Delay (continuous
laser exposure) was performed on cells for 10 min with perfect focus
turned on to keep the z-plane consistent during the imaging. Time
measurement was performed real-time on each region of interest to
measure the ﬂuorescence intensity change over time. Laser 405 was
used for QD-bEVs and laser 561 was used for DiI-bEVs, with the laser
power held the same for both samples. The intensity was normalized
by the intensity at 0 min.
Statistical Analysis. Data were displayed using the mean value ±
the standard error of the mean (SEM) for the DLS, NanoSight, and
absorbance studies and using the median value with interquartile
range for the bEV−cell interaction study. Statistical analysis of DLS
data was performed using the sample unpaired t test. Statistical
analysis of cumulative counts of bEV−cell interaction was performed
using the Mann−Whitney U-test. Statistical signiﬁcance was
determined under type 1 error at p < 0.05. Any diﬀerence with p <
0.05 (*), p < 0.01 (**) and p < 0.0001 (****) was marked on the
graphs. All statistical analyses were conducted with GraphPad Prism
7.01 (GraphPad Software Inc.).

using catalysts, 5-MA was quickly added into the mixture of QD-4FB
and sEV-HyNic to make a ﬁnal 1 mM concentration at the start of 2 h
QD-EV reaction. After incubation, Amicon 100 kDa centrifugal unit
was used to ﬁlter out excess catalysts.
SYTO RNASelect Staining and Fluorescence Imaging of QDsEV Conjugates. QD-sEV conjugates were mixed with 1 mM
RNASelect Green Fluorescent Cell Stain (ThermoFisher) at a ratio of
1 μL RNASelect stock per 100 μL of sample. The stained sample was
incubated for 20 min at 37 °C. The sample was then washed by
centrifugation using an Amicon 100 kDa centrifugal ﬁlter unit at
3000g for 20 min and eluted by centrifuging at 1000g for 2 min. One
drop of stained sample was dropped on imaging slide and dried for 1
h. Dako mounting media was used to mount the slide. A coverslip was
then added to the slide. Imaging was performed using a Nikon A1
confocal microscope (Nikon Inc.) at 10× magniﬁcation.
Characterization of QD-EV Bond Stability under Biological
and Storage Condition. Initially, 1.25 mg of Sulfo-S-4FB (ﬁnal
concentration 3.58 mM) and 0.5 mg of Sulfo-S-HyNic (ﬁnal
concentration 1.27 mM) were mixed in 1 mL of 1×PBS and reacted
at room temperature for 2 h. After 2 h, the 4FB-HyNix mixture was
diluted to 1×PBS, aCSF (119 mM NaCl, 26.2 mM NaHCO3, 2.5 mM
KCl, 1 mM NaH2PO4, 1.3 mM MgCl2, 10 mM glucose, 2.5 mM
CaCl2, adjusted to pH 7.4), and 1×PBS+10%FBS, respectively, at
1:10 ratio. The samples were stored at 4 °C, 23 °C, or 37 °C up to 1
week. At 0 h, 4 h, 24 h, 48 h, and 1 week, the absorbance of 50 μL of
each sample at 354 nm was measured by the SpectraMax
M5Microplate Reader (Molecular Devices). The experiment was
run in triplicate.
QD-sEV Treatment of Ex Vivo Human Vaginal Epithelial
Sheets. Tissues routinely discarded from vaginal repair surgeries
were harvested from otherwise healthy adult women; placed in icecooled calcium- and magnesium-free phosphate-buﬀered saline
containing 100 U/mL penicillin, 100 μg/mL streptomycin, and 2.5
μg/mL Fungizone (Life Technologies); and transported to the
laboratory within 1 h of removal from the donor. Tissue harvesting
and experimental procedures were approved by the Institutional
Review Board of the Fred Hutchinson Cancer Research Center (IR
ﬁle 4323). The deep submucosa was removed with surgical scissors
and the remaining vaginal mucosa was cut into 5 × 5 mm pieces,
which were incubated at 4 °C for 18 h in 5 mL of a 12.5 U/mL
Dispase solution (354235; BD Biosciences). The epithelial sheets
were dissected away from the underlying stroma with a dissecting
microscope and placed in tissue culture dishes. Solutions of QD-sEVs
or pQDs (f7-f9 collected from qEV column puriﬁed QD-4FB) were
added to each well and incubated overnight. The next day, tissues
were extensively rinsed with PBS and ﬁxed overnight with 4% PFA in
PBS with 1 mM EDTA. After they were rinsed, nuclei were
counterstained with TOPRO-3 Iodine (ThermoFisher) and mounted
on slides with Dako mounting media. Epithelial sheets were imaged
on an EVOS FL Auto Imaging System (ThermoFisher).
Confocal Imaging and Time-Lapse Tracking of QD-bEVs on
BV-2 Cells. BV-2 Cell Culture. The murine microglia cell line BV-2
was purchased from ATCC (CRL-2469) and cultured based on
previous literature.18 Brieﬂy, BV-2 cells were cultured in cell culture
media (high-glucose DMEM supplemented with 10% FBS, 1%
glutamine, and 1% 100U/mL penicillin-streptomycin) at 37 °C in a
5% CO2 atmosphere. After reaching 70−80% conﬂuency, BV-2 cells
were passaged and 200 000 BV-2 cells were seeded in 35 mm poly-Dlysine coverslip bottom imaging dishes (Corning) with 2 mL cell
culture media.
Confocal Imaging of QD-bEVs Interaction with BV-2 Cells. The
BV-2 cells were ready for confocal imaging study after 1−2-day
culturing on 35 mm imaging dish. First, 50 μL of QD-bEVs was mixed
with 1950 μL of cell culture media and added to 1 dish of BV-2 cells.
Then 50 μL of pQDs (f7-f9 collected from qEV column puriﬁed QD4FB) was mixed with 1950 μL of cell culture media and added to 1
dish of BV-2 cells, as the negative control. BV-2 cells were incubated
at 37 °C in a 5% CO2 atmosphere for 24 h, ﬁxed with 10% buﬀered
formalin (ThermoFisher) for 10 min, and then washed twice with
1×PBS. The cells were then stained with DyLight 488 Labeled
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interaction per cell during 1-hour time-lapse imaging
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Movie 1: Time-lapse imaging of QD-bEVs (red)
interaction with Lectin stained BV-2 cells (green) after
1-h incubation; the images were taken every 5 min for 1
h (MOV)
Movie 2: Time-lapse imaging of QD-bEVs (red) moving
and interacting with Lectin stained BV-2 cells (green)
after 4-h incubation; the images were taken every 5 min
for 1 h (MOV)
Movie 3: Time-lapse imaging of QD-bEVs (red)
interaction with Lectin stained BV-2 cells (green) after
4-h incubation; the images were taken every 5 min for 1
h (MOV)
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