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ABSTRACT: Extracellular vesicles (EVs) are cell-secreted lipid bilayer delimited
particles that mediate cellular communication. These tiny sacs of cellular information
play an important role in cell communication and alter the physiological process under
both normal and pathological conditions. As such, tracking EVs can provide valuable
information regarding the basic understanding of cell communication, the onset of
early malignancy, and biomarker discovery. Most of the current EV-tracking strategies
are invasive, altering the natural characteristics of EVs by modifying the lipid bilayer
with lipophilic dyes or surface proteins with fluorescent reporters. The invasive labeling
strategies could alter the natural processes of EVs and thereby have major limitations
for functional studies. Here, we report an alternative minimally invasive EV labeling
strategy using PicoGreen (PG), a small molecule that fluoresces at 520 nm when
bound to dsDNA. We show that PG binds to dsDNA associated with small EVs (50−
200 nm), forming a stable and highly fluorescent PG-DNA complex in EVs (PG-EVs). In both 2D cell culture and 3D organoid
models, PG-EV showed efficient tracking properties, including a high signal-to-noise ratio, time- and concentration-dependent
uptake, and the ability to traverse a 3D environment. We further validated PG-EV tracking using dual-labeled EVs following two
orthogonal labeling strategies: (1) Bioconjugation via surface amine labeling and (2) donor cell engineering via endogenously
expressing mCherry-tetraspanin (CD9/CD63/CD81) reporter proteins. Our study has shown the feasibility of using PG-EV as an
effective EV tracking strategy that can be applied for studying the functional role of EVs across multiple model systems.
KEYWORDS: EV-tracking, PicoGreen-based EV-labeling, dsDNA intercalator, minimally invasive EV-labeling, mCherry EVs,
dual-labeled EVs

■ INTRODUCTION
Extracellular vesicles (EVs) are lipid-bilayer-delimited particles
secreted by cells that play an important role in cellular
communication and alter physiological processes. EVs mediate
cell communications both locally and systemically by
autocrine, paracrine, and endocrine routes.1 The ability of
EVs to navigate the extracellular matrix, traverse the biological
barrier, reach into circulation, and distribute to distant organs
makes them the mediators of cellular information.1−4 As such,
they are involved in different pathological conditions, including
cancer. In cancer, EV cargo can mediate organotropism and
homing to a particular tissue microenvironment.5,6 We and
others have shown that exogenously labeled EVs distribute to
different organs including tumor sites in animal models.7−9

Moreover, EVs are stable and abundant in body fluids like
blood, urine, and saliva and could be used as biomarkers for
early detection of diseases.10−12 These and many ongoing
studies have shown that EVs play an important role in cellular
communication and can be exploited in understanding the
pathogenesis of disease and biomarker development. There-
fore, tracking these small particles released from cells could
provide valuable information regarding a basic understanding

of cellular communication, the onset of early malignancy, and
biomarker discovery.
Various strategies to label extracellular vesicles exist

including lipid insertion approaches, labeling free amines of
EV surface proteins, nucleic acid labeling, use of EV-permeable
dyes, and endogenous labeling of EV-secreting cells using
fluorescent fusion proteins.9,13,14 Widely reported lipid
insertion approaches that use lipophilic dyes (e.g., DiI, DiO,
and PKH) are easy-to-use pan-EV labeling strategies. However,
these methods can be limited due to the formation of EV-like
micellular lipid dye aggregates, resulting in a false signal.15,16

Alternative methods such as pan-EV labeling targeting free
amines and endogenously engineering cells to produce
reporter EVs with fluorescent fusion proteins (mCherry-
tetraspanin, GFP-tetraspanin) offer true tracking ability of

Received: October 13, 2024
Revised: October 25, 2024
Accepted: October 28, 2024
Published: November 1, 2024

Articlewww.acsabm.org

© 2024 The Authors. Published by
American Chemical Society

7770
https://doi.org/10.1021/acsabm.4c01500
ACS Appl. Bio Mater. 2024, 7, 7770−7783

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sagar+Rayamajhi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+K.+Gibbs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jared+Sipes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Harsh+B.+Pathak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+H.+Bossmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+K.+Godwin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+K.+Godwin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsabm.4c01500&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c01500?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c01500?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c01500?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c01500?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c01500?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aabmcb/7/11?ref=pdf
https://pubs.acs.org/toc/aabmcb/7/11?ref=pdf
https://pubs.acs.org/toc/aabmcb/7/11?ref=pdf
https://pubs.acs.org/toc/aabmcb/7/11?ref=pdf
www.acsabm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsabm.4c01500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsabm.org?ref=pdf
https://www.acsabm.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


EVs.17,18 However, these methods alter the surface protein of
EVs and thus can potentially change the EV functionality. For
example, a recent study of EVs derived from triple-negative
breast cancer cell lines showed that EV labeling strategies
altered the detection of EV-cell interactions and EV content
delivery to particular cell types.19 Therefore, careful consid-
eration should be given to EV labeling strategies based on
downstream applications. A minimally invasive EV-labeling
method can label EVs with minimal changes in the native EV
properties. In this regard, labeling the nucleic acids present in
EVs with small molecules offers an alternative, simple, and
efficient minimally invasive EV-labeling strategy. Here, we
report the use of PicoGreen (PG), a small molecule that
intercalates specifically with double-stranded DNA resulting in
an exponential increase in fluorescence, as a minimally invasive
EV-labeling method. We focus on small EVs (sEVs), with a
size range of ∼50−200 nm.
EVs cargo consists of nucleic acids, both DNAs and

RNAs.20−22 Although controversial regarding its origin in
EVs, studies have suggested that the DNA cargo in EVs
includes single-stranded and double-stranded DNA, retro-
transposon elements, mitochondrial DNA, and genomic
DNA.4,23 While these nucleic acids play a functional role in
educating recipient cells,24−26 they can also be exploited as
labeling targets for tracking EVs. The presence of DNA (both
nuclear and mitochondrial) in EVs has been reported in
multiple studies.27−29 DNA is reported to be present in both
EV surfaces (potentially associated with membrane proteins)
and EV-lumen.28,29 Using single vesicle analysis by nanoflow
cytometry, Liu et al. showed that HCT-15 cells (human
colorectal cancer cell line) secrete DNA-positive EVs with 33%
present in EV-surface and 28% in EV-lumen.30 Further, they
reported EVs with <100 nm size mainly possesses DNA on the
EV surface, whereas EVs with a size range of 80−200 nm
mainly have DNA localized in the lumen. Licha et al. reported
the presence of DNA on the surface of 60−75% of plasma-
derived EVs.31 The mechanism of DNA loading in EVs is
poorly understood. It has been proposed that stress-induced
DNA damage causes leakage of DNA in the cytoplasm and
shuttling to extracellular vesicles.28,29 More study is required to
explore the mechanism of DNA loading into EVs and
understand the significance of DNA-positive EV subpopula-
tion. Currently, the presence of DNA in EVs can be exploited
as labeling targets by a nucleic acid binding dye.
PicoGreen (PG), or (2-(n-bis(3-dimethylaminopro pyl)-

amino)-4-(2,3-dihydro-3-methyl-(benzo-1,3-thiazol-2- yl)-
methylidene)-1-phenyl-quinolinium), is a small molecule
intercalator that preferentially intercalates to double-stranded
DNA forming a highly fluorescent PG-DNA complex
compared to the free PG.32,33 The excitation and emission
maxima are 480 and 520 nm, respectively. Compared to similar
DNA binding dyes like Hoechst, DAPI, and SYBR green, PG
offers better sensitivity and superior range of detection, with a
4 orders of magnitude range of detection (25 pg/mL to 1 μg/
mL).33,34 PG has a high quantum yield (0.5 bound to dsDNA)
and large extinction coefficient (70,000 cm−1 M−1) contribu-
ting to an intense fluorescent signal upon binding to dsDNA.33

The dissociation constant (Kd) of the PG-dsDNA complex is
reported to be 5.0 ± 0.3 nM (in Tris-EDTA buffer, pH 7.6),
which suggests a strong binding affinity.32 In the free state, PG
fluorescence is quenched due to intramolecular dynamic
fluctuations. Immobilization of PG in DNA via intercalation
and electrostatic interaction results in a > 1000-fold enhance-

ment in its fluorescence.32 This unique property of PG allows
for specifically tracking the PG-DNA complex and not free PG,
which we envision applying to label DNA present in EVs and
precise tracking of EVs. PG has been widely used in DNA
quantification assay including quantifying DNA present in
EVs.35,36 However, PG has not been explored to track EV
internalization specifically. Here, we report PG-based labeling
of EVs (PG-EV) as an effective means of labeling EVs for
biological tracking studies. We show PG-EV internalization in
cell-line and organoid models as a proof-of-concept of using a
PG-labeling strategy for tracking EVs. Further, we explore the
fate of PG-EVs following cellular internalization using two
orthogonal dual-labeling approaches: (1) AF647 and PG dual-
labeled EVs, and (2) tetraspanins (CD9/CD63/CD81)-
mCherry and PG dual-labeled EVs. Our study has shown the
feasibility of using PG as a minimally invasive EV tracking
strategy that can be applied for precision tracking of EVs across
multiple model systems.

■ MATERIAL AND METHODS
Cell Culture. This study uses an immortalized, nontumorigenic

human ovarian surface epithelium cell line (HIO-80), an immortal-
ized human fallopian tube cell line (FT240), an immortalized human
embryonic kidney cell line (293T), and two established high-grade
serous ovarian cancer cell lines (OVCAR3, OVSAHO). The HIO-80
cells were previously derived by Godwin and colleagues from normal
ovarian epithelial cells and immortalized with SV40 large T
antigen.37−39 FT240 cell was kindly provided by Dr. Ronny Drapkin
(University of Pennsylvania).40 FT240 cells were cultured with
DMEM/F-12 (1:1) media without L-glutamine (Gibco 21331020)
supplemented with GlutaMAXTm (Gibco 35050061) at a final
concentration of 1×, 10% v/v fetal bovine serum (FBS, R&D System,
S11150) following EV-depletion (spun at 100 000g at 4 °C for at least
18 h and filtered using a 0.2 μm filter), and 1% v/v penicillin-
streptomycin (Gibco 15140122) at 37 °C and 5% CO2. OVCAR3,
OVSAHO, and HIO-80 cell lines were cultured with RPMI-medium
1640 (Gibco 11875093) supplemented with 0.3% of 2.5 mg/mL
insulin, 10% v/v fetal bovine serum following EV-depletion, and 1%
v/v penicillin-streptomycin at 37 °C and 5% CO2.
Human Specimen Collection Procedure. Human specimens

were collected following the guidelines of the University of Kansas
Medical Center (KUMC) research ethics committee. The studies
were performed in accordance with the ethical standards, as laid down
in the 1964 Declaration of Helsinki and its later amendments or
comparable ethical standards. Deidentified fallopian tube tissues were
obtained from women who provided informed consent. The use of
human samples was approved by the KUMC Institutional Review
Board under the existing Biospecimen Repository Core Facility
protocol (HSC #5929).
Isolation and Characterization of Small EVs. Small extrac-

ellular vesicles (sEVs) were isolated from cell-culture-conditioned
media using differential ultracentrifugation. Briefly, cells were grown
in EV-depleted serum media, and conditioned media was collected,
centrifuged at 500g for 10 min followed by 2000g for 20 min, and
stored at −20 °C until further use. 500 mL of conditioned media was
ultracentrifuged at 10 000g for 75 min at 4 °C to remove large
extracellular vesicles. The supernatant was ultracentrifuged at
100 000g for 90 min at 4 °C to pellet sEVs. To wash EVs, the sEV
pellets were resuspended in filtered PBS, then pelleted a second time
at 100 000g for 90 min at 4 °C. sEV pellets were resuspended in 200−
300 μL of filtered PBS and stored at −80 °C until further use. The
total protein content of sEVs was quantified using a Bradford assay.
Particle concentration was quantified using the NanoSight LM10
system and accompanying NTA software v2.3 (NanoSight Ltd.,
Salisbury, UK) with the following parameters: temperature: 20 °C;
camera level:12, and detection threshold:4.
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Purification of Nonvesicular DNA from sEVs. Nonvesicular
DNA present in sEV suspension was purified using size exclusion
chromatography (SEC, Cell Guidance System) following the
manufacturer’s protocol. Briefly, the preservative in the column was
discarded and the column was equilibrated with 2 × 10 mL filtered
PBS. The column was run manually under gravity. sEV isolated from
differential ultracentrifugation was made up to a 1 mL volume by
adding filtered PBS and added to the column. The volume was
allowed to drain, and 2 mL of filtered PBS was added. Once the PBS
was drained, the column was changed to a collection tube. Five mL of
filtered PBS was added to the column and collected as EV-rich
elution. Next, the isolated EV suspension was concentrated to 200−
300 μL in PBS using 10000 MWCO Amicon filters (3000g, 20 min, 4
°C). The purified sEV solution was stored at −80 °C until further use.
Labeling sEVs Using PicoGreen Dye. sEVs were labeled with

PicoGreen (PG) using incubation. Ten μL of PicoGreen (50× diluted
from manufacturer’s concentration, ThermoFisher P7581) was added
to 100 μL of sEV solution (containing up to 10 μg of sEVs) in
Eppendorf tubes and incubated for 1 h at room temperature. Excess
unlabeled dye was washed 3 times using 10K MWCO Amicon filters
with 1 mL of filtered PBS. Dye-only controls were prepared following
the same methodology by replacing sEVs with PBS. Fluorescence of
PG-labeled sEVs (PG-EV) was quantified using fluorescence
spectroscopy at 480 nm emission and 520 nm excitation wavelength.
Dye controls were prepared by following the same protocol using PBS
instead of sEVs.
Cell Viability Assay. Cell viability following PG-EV treatment was

assessed using a CellTiter-Glo Luminescent Cell Viability Assay
(Promega G7572) to evaluate the biocompatibility of PG-EVs. The
assay quantifies the number of viable cells based on the quantitation
of ATP present and relies on the ATP-dependent luciferase reaction
which gives luminescent product proportional to the viable cells.41

Briefly, 500 FT-240 cells per well (80 μL) were plated in 96 well
plates. After 24 h, OVCAR3 PG-EVs or OVCAR3 sEVs (isolated via
differential ultracentrifugation) were treated at final concentrations of
10, 5, and 0.5 μg/mL (100 μL) for 72 h. Control cells were
maintained with media only. CellTiter-Glo reagents were mixed with
Glo lysis buffer (Promega E2661) in a 1:2 ratio and added to 96-well
plates in a 1:1 ratio of media volume to cell titer reagent. The reagents
were mixed well and incubated for 10 min at room temperature. The
luminescence was read by using a TECAN Infinite 200 PRO plate
reader (RRID:SCR_019033). Cell viability is reported in terms of the
percentage cell viability relative to untreated control cells.
Surface Amine Labeling of sEV Using AF647 Dye. Surface

amine labeling of sEV was carried out using Alexa Fluor-647
(Invitrogen, A20173) according to the manufacturer’s instructions.42

sEV solution was made alkaline by adding 1 M Na2CO3, added to the
dye tube, and incubated for 1.5 h at room temperature in stirring
condition. AF647-labeled sEVs were filtered using the column
provided in the kit to remove the free unconjugated dye. For dual
labeling, AF647-labeled sEVs were further labeled with PicoGreen as
detailed previously. Dye controls were prepared following the same
protocol using PBS instead of sEVs.
Lentivirus Packaging. Third-generation lentivirus transfer

vectors encoding codon-optimized hCD9−3xGGGGS-mCherry,
hCD63−3xGGGGS-mCherry, and hCD81−3xGGGGS-mCherry
were purchased from Vectorbuilder.com. These vectors encoded
hygromycin, blasticidin, and bleomycin resistance, respectively.
Lentivirus was packaged by seeding 293T cells (ATCC, CRL-3216)
to 90% confluency in a 15 cm cell culture dish. Once at 90%
confluency, 293T cells were transfected with 22.4 μg of psPAX2
(Addgene, #12259), 12.2 μg of pMD2.g (Addgene, #12259), and 13.6
μg of transfer plasmid using Lipofectamine 3000 (ThermoFisher,
L3000015) according to the manufacturer’s protocol. In brief, 90 μL
of P3000 was added to 1300 μL of Opti-MEM I Reduced Serum
Medium (Gibco, 31985062), and plasmid DNA was added to this
solution. In another tube, 112 μL of Lipofectamine 3000 was added to
1300 μL of the Opti-MEM I Reduced Serum Medium. The DNA/
P3000/Opti-MEM solution was added dropwise to the Lipofectamine
3000/Opti-MEM solution and allowed to form DNA-lipid complexes

for 15 min at room temperature. The DNA-lipid complexes were then
added to 293T cells and incubated overnight at 37 °C in 5% CO2.
After 24 h, the media was replaced with RPMI-1640 supplemented

with 10% FBS and 2 mM Glutamine without antibiotics. Cells were
incubated for an additional 48 h. The media was collected and kept at
4 °C after depleting cells by centrifugation at 300g. The medium was
replaced and harvested once more after 24 h. LentiX-Concentrator
(4×, Takara, 631232) was added to cell-depleted conditioned media
and allowed to precipitate viral particles overnight at 4 °C.
Precipitated viral particles were centrifuged at 4000g for 30 min.
The supernatant was removed, and the pellet was resuspended in 1/
100th of the original volume of the collected media in 1× DPBS. Viral
particles were allowed to solvate overnight at 4 °C. Redissolved viral
particles were aliquoted in 50 μL portions and stored at −80 °C for
future use.
Creation of CD9-CD63-CD81 mCherry Expressing FT240

Cell Line. To create a cell line derivative of FT240 expressing CD9-
mCherry, CD63-mCherry, and CD81-mCherry, FT240-CD9 cells
were first generated. One 50 μL aliquot of CD9 lentiviral particles was
added to 50% confluent FT240 cells in a 6-well dish supplemented
with 8 μg/mL Polybrene. The cells were expanded over time to
eventually fill a T-175 flask. Since FT240 cells are already resistant to
hygromycin, cells were sorted for the top 10% of mCherry-positive
cells using a Cytek Aurora CS system.
The CD9-positive cells were subsequently transduced with CD63

lentiviral particles using the same technique and selected using 10 μg/
mL blasticidin S HCl (Gibco, A1113903). After again sorting for the
top 10% of mCherry-positive cells, FT240-CD9/CD63 cells were
transduced with CD81 viral particles and selected with 100 μg/mL
Zeocin Selection Reagent (Invitrogen, R25001). After 90%
confluence was reached in a T-75 flask, cells were sorted into
single-cell colonies in a 96-well plate, selecting the top 10% of
mCherry-expressing cells. Monoclonal FT240-CD9/CD63/CD81-
mCherry cells were confirmed to express all three markers by flow
cytometry.
Validation of mCherry Expression in Cell Lines and EVs

Using Flow Cytometry and Capillary Western Blot. FT240-
CD9/CD63/CD81 expression profiling was conducted using an
Aurora Spectral Flow Cytometer (Cytek Biosciences, Fremont, CA)
and analyzed with FlowJo 10.10 (BD, Ashland, OR). Samples were
stained with extracellular markers CD9 (FITC, Biolegend, 312104,
San Diego, CA), CD63 (Pacific Blue, Biolegend, 353012, San Diego,
CA), and CD81 (Alexa Fluor 700, Biolegend, 349518, San Diego,
CA), as well as a Live/Dead fixable viability dye (violet 510, Tonbo
Biosciences, 13−0870-T100, San Diego, CA, USA). Each sample was
incubated with 1 μL of antibody in 50 μL of flow cytometry buffer (1x
PBS + 2 mM EDTA & 0.1% BSA) prior to inactivation of the Live/
Dead stain using 1× PBS + 2 mM EDTA + 1.0% BSA. Cells were
resuspended in 50 μL of BD Cytofix/Cytoperm (554714, BD,
Franklin Lakes, NJ) and incubated for 30 min at 4 °C, protected from
light. Following fixation, 450 μL of flow cytometry buffer was added,
and the cells were washed once with the same buffer. Subsequently,
the cells were resuspended in 200 μL of flow cytometry buffer.
Colonies derived from single cells were then analyzed for uniform and
robust overexpression of all three markers.
Expression of CD9, CD63, CD81, and mCherry proteins was

analyzed using a capillary-based Simple Western assay (Wes,
ProteinSimple) in engineered FT240-CD9/CD63/CD81-mCherry
cell lysate and EVs. FT240 cell lysate and EVs were used as controls.
Cell lysates at 0.6 and EVs at 0.4 mg/mL concentrations were used for
the assay. The 12−230 kDa Separation module with a capillary
cartridge (Protein Simple #SM-W004) was used for the separation of
proteins and immunodetection, which takes place in a fully automated
capillary system. A secondary antirabbit module was used for
detection following the manufacturer’s protocol. The details of
primary antibodies used for detection are provided in Table S1. Blot
images were taken using Compass software, version 6.0.0.
(ProteinSimple) using High Dynamic Range 4.0, and contrast was
manually adjusted for each set of samples. PBS control was used for
each detection antibody as a negative control for nonspecific signals.
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Tracking Dye-Labeled sEVs Using Confocal Microscopy. sEV
internalization was tracked in vitro in one-dimensional cell culture and
three-dimensional organoid and tissue culture. For cell culture, 5000−
10 000 cells were seeded in 8 well plates (Cellvis C8−1.5H−N) in
300 μL media. After 24−48 h, dye-labeled sEVs were treated for 24 h
or more based on experimental conditions. Following the treatment,
media was removed, and cells were washed with PBS 3 times and
fixed with 200 μL of 4% paraformaldehyde for 15 min. Fixed cells
were washed with PBS once and incubated with 200 μL of DAPI (1
μg/mL) for 10 min for nuclear staining. DAPI solution was then
discarded, and cells were washed with PBS twice. Finally, 5 drops of
Fluoromount-G mounting medium (Invitrogen 00−4958−02) were
added to cells and imaged using confocal microscopy (2037a inverted
Eclipse TiE with A1R confocal). Quantification of internalization was
done using ImageJ in terms of corrected total cell fluorescence
(CTCF).43 CTCF was calculated by using the following equation:

CTCF = Integrated density of cell − (Area of selected cell x Mean
fluorescence of background reading).
For time-dependent EV uptake analysis, fixed-time end point

imaging was performed. Cells were grown in eight-well plates, and
PG-EVs were added to cells at different time points before the end of
the experiment: 120, 48, 14, 6, 3, and 1 h before the end of the
experiment. At the end point, all cells were fixed, incubated with
DAPI for nuclear staining, and imaged.
Patient-Derived Organoid Culture. Organoid cultures were

established from patient-derived fallopian tubes using the protocol
described by Maenhoudt and Vankelecom with slight optimization.44

Normal fallopian tube tissue samples were obtained from the
University of Kansas Medical Center’s Biospecimen Repository
Core Facility (BRCF). Samples were collected in DMEM/F12
media supplemented with 10% FBS and 1% Penicillin/Streptomycin
and stored at 4 °C prior to processing. The tissue was washed with 25

Figure 1. PicoGreen intercalates with dsDNA in sEVs. (A) Schematic showing intercalation of PicoGreen with dsDNA present in sEVs. (B)
Fluorescent measurement of PG-EVs in sEVs derived from four different cancer and noncancer cell lines: OVSAHO, OVCAR3, HIO-80, and
FT240 cells. Fluorescent measurement carried out at Ex480/Em 520 nm with 2 μg PG-EVs. sEVs are isolated from differential ultracentrifugation.
PG-EV fluorescent increases 50- to 200-fold compared to free PG dye. The immobilization of PG in dsDNA present in EVs results in a dramatic
increment in the fluorescence. (C) Titration of PG-EV fluorescence with respect to varied OVCAR3 EV protein content. Fluorescence shows
dose−response behavior. (D) Stability of PG-EV over time stored at 4 °C and −80 °C. (E) Cell viability of OVCAR3 PG-EVs and OVCAR3 EVs
in FT240 cells. EVs were treated at different concentrations for 72 h and percentage cell viability was reported relative to untreated control cells.
(F) The average hydrodynamic size (mean) and mode size of OVCAR3 EV and OVCAR3 PG-EV were quantified by nanoparticle tracking
analysis, which shows nominal changes in size (ns: nonsignificant, unpaired t test). (G) The hydrodynamic size of OVCAR3 EV and OVCAR3 PG-
EV plotted as a percentile of the EV population. Both EVs show an overlapping distribution profile with around 71 percentiles of EVs below 200
nm size. (H) Average hydrodynamic size (mean) and mode size of FT240 EV and FT240 PG-EV showing nominal changes in size (ns:
nonsignificant, unpaired t test). (I) The hydrodynamic size of FT240 EV and FT240 PG-EV plotted as a percentile of the EV population. Both EVs
show an overlapping distribution profile with around 80 percentiles of EVs below 200 nm size.
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mL of ADF+ medium with Rho Kinase Inhibitor (Y27632- Rho
Kinase Inhibitor 5 μM final concentration). For the full composition
of organoid media, see Table S2. The tissue was then cut into small,
∼10−20 mm3 pieces.
Tissue dissociation was performed using the MACS human Tumor

Dissociation Kit (Miltenyi Biotec). Briefly, all tissue pieces were
placed in a gentle MACs C Tube containing about 5 mL of ADF+
media with the Rho Kinase inhibitor. Aliquots of 100 μL of Enzyme
H, 50 μL of Enzyme R, and 12.5 μL of Enzyme H (Tumor
dissociation kit, MIltenyi Biotec #130−095−929) were added. The
tube was then mixed in the gentleMACS dissociator for 5 min
(h_tumor_01.01 30-s program). Following the end of the program,
the C tube was detached, and the sample was incubated at 37 °C for
30 min under continuous shaking. The C Tube was again mixed in
the gentleMACS dissociator for five min, followed by a second
incubation at 37 °C for 30 min under continuous shaking.
The resulting solution was filtered using a 70 μm filter (Falcon Cell

Strainer 70 μm nylon, ref 352350) into a 50 mL tornado tube. ADF+
media supplemented with Rho Kinase inhibitor was added to a final
volume of 20 mL. The tube was then centrifuged at 300g for 5 min to
pellet cells. If the pellet contained any red color (due to red blood
cells), cells were resuspended in 20 mL 1× Red Blood Cell Lysis
Buffer (BioLegend Cat. No. 420301) and recentrifuged. These steps
were repeated until RBCs were no longer apparent in the pellet. The
final pellet was resuspended to the desired cell concentration in
Matrigel (Cultrex, RGF BME Type 2, Select, Catalog # 3526−005−
02) kept on ice. 40 μL of Matrigel cell suspension was added to a 24-
well plate as a single drop in the middle of each well and then allowed
to solidify at 37 °C for 30 min. After solidification, 500 μL of FT-
organoid media was added to each well.
To passage organoids, Matrigel drops were digested using TrypLE

express (Thermo Fisher Scientific) containing Rho Kinase inhibitor
(Y27632, 5 μM) at 37 °C for 5−10 min. The TrypLE was inactivated
by mixing with FT-organoid media, and then the suspension was
pelleted at 500g for 5 min. Pellets were resuspended into a single-cell
suspension via pipetting and plated as above.
Statistical Analysis. Statistical analysis was performed in

GraphPad Prism (ver. 9.0) and Microsoft Excel. Data represent
mean ± standard deviation. For the quantification of internalization,
each data point represents a single cell. Data include the mean signal
from at least 20 cells.

■ RESULTS
PicoGreen Intercalates with dsDNA in Extracellular

Vesicles Giving Stable Fluorescence. PicoGreen forms a
stable interaction with dsDNA present in small EVs (sEVs,
mean size: 50−200 nm) with a simple incubation protocol.
Immobilization of PG in dsDNA gives rise to significant
enhancement of fluorescence (more than 100-fold) compared
to free PG, making it ideal for labeling and tracking EVs
(Figure 1A). The signal is specific to dsDNA as PicoGreen
preferentially intercalates with dsDNA compared to single-
stranded DNA and RNA giving rise to a dramatic increment of
fluorescent signal (Figure S1A & B). We isolated sEVs from
the conditioned media of four different cell lines including
immortalized nontumorigenic epithelial cells from the ovarian
surface or fallopian tube (HIO-80 and FT240, respectively)
and two established high-grade serous ovarian cancer cell lines
(OVCAR3 and OVSAHO) and tested the feasibility of the
PicoGreen labeling approach. sEVs were isolated using
differential ultracentrifugation, which showed a mean size
range of 50−200 nm (Figure S2A). All sEVs showed a
dramatic increment (50−200-fold) in fluorescent signal
following PicoGreen labeling compared with free PicoGreen
(Figure 1B). Furthermore, the intensity of the PG-EV
fluorescent signal decreased significantly (by ∼44%) following

DNase treatment, which degrades and breaks dsDNA and
disrupts the PG-DNA complex (Figure S2B).
We observed significant variation in the fluorescent signal

among different sEVs, which can be attributed to the varied
amount of dsDNA present in sEVs. Moreover, we observed a
linear increment of fluorescent signal with respect to sEV
number and protein content (R-square: 0.9924), suggesting
PicoGreen can be used for quantitative tracking of sEVs
(Figure 1C and Figure S2C). The stability of the PicoGreen
labeled EVs (PG-EVs) was analyzed in terms of fluorescent
signal over the period of 90 days at different storage conditions
(4 and −80 °C, stored in dark). PG-EV fluorescence showed
excellent stability with 100% retention of fluorescence for up to
10 days and over 85% fluorescence over the period of 90 days
(Figure 1D). Biocompatibility of PG-EV was assessed in terms
of the cell viability of treated cells. Different concentrations of
OVCAR3 PG-EV and OVCAR3 EV (10−2.5 μg/mL)
treatment did not alter the cell viability of FT240 cells when
tested for a 72 h treatment period (Figure 1E). This shows that
the PG labeling of EVs is well tolerated by cells and could be
used for tracking studies.
Next, we analyzed the impact of PicoGreen labeling on the

structural properties of sEVs by analyzing the hydrodynamic
size of EVs following the labeling. The hydrodynamic size of
vesicles measures the spherical structure of the solvated
vesicles in the solution which depends upon the diffusion
coefficient of vesicles in suspension.45 Therefore, changes in
the surface properties of vesicles can lead to changes in
hydrodynamic size. Nanoparticle tracking analysis revealed no
significant changes in the overall hydrodynamic size distribu-
tion of PG-EV compared with unlabeled EVs for both
OVCAR3 and FT240-derived sEVs. OVCAR3 EVs and
OVCAR3 PG-EVs showed similar size distribution profiles.
The mean hydrodynamic size of OVCAR3 EV and OVCAR3
PG-EV were 180.5 and 188.3 nm respectively, and the mode
hydrodynamic size of OVCAR3 EV and OVCAR3 PG-EV
were 137.9 and 128.4 nm (Figure 1F). Additionally, the
hydrodynamic size was plotted as a percentile for comparison,
which showed overlap between OVCAR3 EV and OVCAR3
PG-EV, with around 71 percentile EVs below the size of 200
nm (Figure 1G). A similar observation was seen in FT240-
derived sEVs. FT240 EVs and FT240 PG-EVs showed similar
hydrodynamic size distribution profiles. There were non-
significant changes between the mean and mode size of FT240
EV compared to FT240 PG-EVS: 163.0 vs 157.8 nm for mean
size and 122.4 vs 121.9 nm for mode size (Figure 1H).
Additionally, the hydrodynamic size was plotted as a percentile
for comparison, which showed overlap between FT24O EV
and FT240 PG-EV with around 80 percentile EVs below the
size of 200 nm (Figure 1I). This analysis confirmed PG-EV
labeling approach has minimal altercation in the structural
properties of naiv̈e EVs.
Purification of sEVs to Remove Non-EV DNA. Different

sEV isolation methods can result in sEV suspensions
containing free DNA not associated with sEVs (non-EV
DNA). For sEV tracking purposes using PG, it is important to
remove non-EV DNA from sEV-associated DNA. DNase
treatment method, often reported to remove naked DNA from
EV can also degrade membrane-associated DNA, a major
proportion of DNA-positive EV population.30 Therefore, the
DNase treatment method to remove naked DNA is not ideal
for EV-tracking applications. Here, we used size exclusion
chromatography (SEC) to purify sEV from non-EV DNA
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(Figure 2A). sEVs were isolated using the differential
ultracentrifugation (dUC) method from cell-culture-derived
conditioned media and further purified via SEC. Size
distribution analysis by NTA showed a similar size distribution
profile of sEV before and after SEC purification (Figure S3A,
B). DNA content in sEV was quantified using the lambda
DNA standard curve (Figure S3C). Following SEC, we
observed a drastic reduction in the sEV protein concentration
by 7.7-fold (Figure 2B), whereas the sEV number decreased by
only 1.35-fold (Figure 2C). This finding suggests soluble
protein contamination in EV preparation from dUC which was
removed following the SEC method. Likewise, the DNA
content in sEV also decreased by 2.87-fold following the SEC-
based purification method (Figure 2D, E). A portion of this
loss can be attributed to technical issues, while most of the
decreases in sEV protein and DNA levels is due to the removal
of free proteins and non-EV DNA. We then analyzed if the
purification approach has any impact on EV tracking
applications using cellular internalization assay. We did a
time-dependent EV-uptake assay in OVCAR3 cells using PG-
EV isolated from (1) UC (UC PG-EV), and (2) UC followed
by SEC purification (UC-SEC PG-EV). UC PG-EV contains
both non-EV DNA and sEV-associated DNA whereas UC-SEC
PG-EV contains sEV-associated DNA only. For comparison,
cells were treated with a similar DNA-equivalent of EVs (∼255
ng of DNA) in both cases and imaged using confocal
microscopy (Figure 2F). Quantification of cellular internal-
ization was done in terms of corrected total cell fluorescence
(CTCF) which is based upon background subtracted
integrated density of cell.43 EV uptake was similar at the 1

and 3 h time points; however, there was significantly more
signal in UC PG-EVs compared to that in UC-SEC PG-EVs at
6 h time points (Figure 2G). This discrepancy in signal
observed following the same DNA-equivalent sEV treatment
suggests that the presence of non-EV DNA in EV preparation
can impact the result of EV-tracking and internalization
studies. Therefore, our results suggest that it is important to
remove non-EV DNA for PG-based sEV tracking strategy.
Moving forward, we used SEC-purified PG-EVs for all
experiments, which are referred to as “PG-EVs” for simplicity.
PG-EV Internalization Shows Time-Dependent and

Concentration-Dependent Uptake. We tracked PG-EV at
different time points to evaluate the time-dependent uptake
behavior. FT240 cells were exposed to OVCAR3 PG-EVs for
varied periods (1, 3, 6, 14, 24, 48, and 120 h) and images were
taken using confocal microscopy (Figure 3A). PG-EV
internalization in cells was shown by green fluorescence. We
observed a linear increment in signal up to 14 h, which
maximized at 48 h and decreased at 120 h. While the signal
decreases at 120 h from its peak at the 48 h time point, the
observed signal is still above the background at the 120 h time
point. The data show that PG-EV are fully internalized by 48 h
and the signal is retained up to 120 h, suggesting that this PG-
EV tracking method is useful for extended time-course studies
(Figure 3B). Quantification of the fluorescent signal in cells
was reported in terms of corrected total cell fluorescence
(CTCF). In the dye control treatment, sEVs were replaced
with PBS with dye and washed to remove the free dye
following the same protocol as for sEV labeling. No or minimal

Figure 2. Purification of sEVs to remove non-EV dsDNA. (A) Schematic showing purification of OVCAR3 sEVs isolated from dUC (UC-EV)
following SEC to remove non-EV associated dsDNA. 700 μL of 699 μg/mL OVCAR3 EVs isolated from dUC was further purified using SEC and
the final volume of isolated sEVs (UC-SEC EV) was made to 700 μL. EV characterization before and after SEC showed reduced (B) protein
content, (C) EV number, (D) DNA amount, and (E) PG-EV fluorescence following SEC-based purification. (F) UC-EV and UC-SEC EV were
labeled with PG and internalization was assessed in FT240 cells (Scale bar: 100 μm). EV treatment was normalized based on the same DNA
amount (255 ng). UC EV showed a higher signal at a 6h time point compared to UC-SEC EV suggesting the contribution of non-EV associated
DNA in the observed signal. (G) Quantification of EV internalization in terms of corrected total cell fluorescence using ImageJ (***: P-value
<0.001, ns: not significant, Unpaired t test).
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signal in the dye control panel suggests the washing step
effectively removed free dye.
Next, we tracked sEVs using varied concentrations of input

of intact EVs based on protein levels. We analyzed the
internalization characteristic of the PG-EV using various
amounts based on EV protein levels (i.e., 0.01 to 2 μg of
protein per well) in three different cell lines: HIO-80,
OVCAR3, and FT-240 (Figure 4A-C). PG-EV showed a
concentration-dependent uptake behavior. Different cell lines
showed varied degrees of uptake at the same sEV dose, which
may be cell dependent. Fluorescent uptake was observed
starting at 0.05 μg equivalent sEV protein treatment for all cell
lines, which increased gradually as the concentration increased
showing a dose−response behavior (Figure 4D). The
detection of fluorescence at a low dose of 0.05 μg of EV-
protein input demonstrates the capacity of PicoGreen to track
small amounts of sEVs. Furthermore, the correlation of
observed fluorescence with the dose of sEVs suggests that
PG-EV can be used as a quantitative approach for sEV
internalization in cells.
Tracking of PG-EV in Three-Dimensional Organoid

Models. We assessed the feasibility of the PG tracking system
to assess sEVs uptake in a three-dimensional model using
human fallopian tube-derived organoids (Figure 5A). The
fallopian tube organoid forms a three-dimensional lobular
structure representing fallopian tube tissue morphology.46 The
PG-EVs were able to penetrate and traverse cells within the
organoids (∼117 μm depth). We were able to visualize the
internalization of these PG-EVs using Z-stacked images from a
confocal microscope (Figure S4A). Maximum intensity
projection of Z-stacked images allows focusing individual
cells in the 3D structure (Figure S4B). For better visualization,

we treated PG-EV organoids with Phalloidin dye that labels the
cytoskeleton of cells. Merged images show colocalization of
blue (nucleus), green (PG-EVs), and red (cytoskeletal),
confirming PG-EV localization in the entire organoid structure
(Figure 5B). Dye only control showed no signal. These data
confirm the PG-EV can be used to track sEV in a three-
dimensional model.
Validation of PG-EVs Tracking by Dual-Labeling of

EVs. PG-EV internalization was validated using secondary EV
labeling to create dual-dye labeled EVs. For this purpose, the
surface amine of the sEV protein was labeled using AF647 dye
(red) followed by PicoGreen labeling (green). FT240 and
OVCAR3 cells were treated with the dual-labeled AF647-PG
sEVs for 24 h and internalization was assessed using imaging
(Figure 6A, B). AF647-PG sEVs treated cells showed signals
for both dyes (green and red) in both cells tested. This
observation validates that the green signal observed in PG-EV
treated cells corresponds to sEV internalization. AF647 dye
demonstrated no interference with the PG signal, as shown by
the absence of signal in the green channel with AF647 EV
treatment (Figures S5 and Figure S6). This finding suggests
that dual-labeled AF647-PG EVs are ideal for colocalization
analysis. Notably, there were differences in the signal pattern
observed in the sEV internalized cells. The PicoGreen signal
showed whole-cell staining while the AF647 signal showed
distributed puncta (Figure 6C). Our results suggest different
mechanisms of signal presentation for the PicoGreen labeling
strategy.
To further confirm the above observation, we used dual-

labeled sEVs following another approach that does not
interfere with the surface amine of sEV proteins. For this
purpose, we engineered FT-240 cells to endogenously express

Figure 3. Time-dependent PG-EV internalization in FT-240 cells. (A) 2 μg of OVCAR3 sEVs were treated to FT-240 cells with varied time points
(1, 3, 6, 14, 48, and 120 h) and internalization was assessed using confocal microscopy (40× with oil). Images shown are maximum intensity
projections of Z-stacked images. PG-EV showed time-dependent uptake characteristics with the maximum signal at a 48 h time point. In the dye
control treatment, PG-EVs were replaced by PBS with dye and washed to remove the free dye following the same protocol as EV labeling. No or
minimal signal in the dye control panel suggests washing step effectively removed free dye. The scale bar represents 100 μm. (B) Quantification of
internalization is reported in terms of corrected total cell fluorescence using ImageJ (****: P-value <0.0001,***: P-value <0.001,*: P-value <0.05,
Unpaired t test).
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Figure 4. Concentration-dependent PG-EV internalization. (A) HIO-80, (B) OVCAR3, and (C) FT-240 cells. OVCAR3 PG-EVs at different
amounts (0.01 to 2 μg protein) are treated in 3 different cell lines for 24 h. Confocal microscopy images (40× with oil, maximum intensity
projection) showed concentration-dependent uptake of PG-EVs. (D) Quantification of internalization is reported in terms of corrected total cell
fluorescence using ImageJ (****: P-value <0.0001,***: P-value <0.001,**: P-value <0.01, ns: nonsignificant, Unpaired t test). The scale bar
represents 100 μm.

Figure 5. PG-EV internalization in the 3D organoid model. (A) Schematic showing the development of patient-derived human fallopian tube
organoid models. Images show organoid growth at days 3, 5, and 7 following seeding in matrigel. (B) Assessment of PG-EV internalization in
organoid model. Two μg OVCAR3 PG−EV were treated to patient-derived fallopian tube organoid model for 24 h and imaged using confocal
microscopy (40X with oil, maximum intensity projection). The scale bar represents 100 μm (for stitched images) and 1000 μm (for maximum
intensity projection). In the dye control treatment, PG-EVs were replaced by PBS with dye and washed to remove the free dye following the same
protocol as EV labeling. No or minimal signal in the dye control panel suggests the washing step effectively removed free dye.
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fluorescent reporter protein using a fusion construct of
mCherry and three EV-sorting tetraspanins (i.e., CD9,
CD63, and CD81) (Figure S7A). A monoclonal cell lineage
of FT240 cells uniformly overexpressing three mCherry-
tetraspanin fusion constructs (FT240-mCherry) were selected
using flow cytometry (Figure S7B). The engineered cells
produce fluorescent CD9-mCherry, CD63-mCherry, and
CD81-mCherry proteins that are sorted into sEVs, creating
endogenously labeled fluorescent sEVs (Figure S8). As such,
these EVs do not require any post-isolation labeling and can be
tracked in their native form. FT240-mCherry EVs were further
labeled with PicoGreen and tracked in the cell culture (Figure
7). The dual-labeled mCherry-PG sEVs showed signals for
both PicoGreen and mCherry in FT240 cells, further validating
the PG-EV labeling strategy to track sEVs. Like the observation
in AF647-PG EVs, mCherry-PG sEV also showed a distinct
difference in signal pattern: Whole-cell staining by PicoGreen
and distributed puncta by mCherry. We observed slight
bleeding of the mCherry signal in the green channel as shown

by the minimal signal observed in mCherry EV treatment
(Figure 7). Thus, the limitation of this dual-labeling of EVs is
that it can potentially interfere with the colocalization analysis.
Nonetheless, the dual-labeled EV confirms the internalization
of EVs using two different orthogonal EV-labeling strategies
and thus validates the PG labeling approach used in this study
to track sEV in the cell and organoid models.

■ DISCUSSION
EV tracking strategies can provide a powerful approach to
understanding the functional role of EVs in cell communica-
tion, the onset of malignancy, and disease progression. This
information is pivotal to realizing the potential of EVs as
therapeutics, drug delivery vehicles, and biomarkers. Current
EV labeling strategy can be broadly divided into two groups:
(1) Direct labeling: labeling of EVs after isolation, and (2)
indirect labeling: Using EV producing cells to endogenously
label cellular cargo that is sorted in EVs.47−49 Direct labeling
techniques include lipophilic fluorescent dye labeling (inter-

Figure 6. Validation of PG-EV internalization by dual-labeled AF647-PG EVs. OVCAR3 sEVs were labeled by PG and AF647 dye and exposed to
(A) OVCAR3 and (B) FT240 cells. Two μg of AF647-PG EVs were treated to cells for 24 h and imaged using confocal microscopy (40× with oil
and 20×, maximum intensity projection). (C) Schematic depiction of dual-labeled AF647-PG EVs and enlarged overlay image showing AF647-PG
EV internalization in OVCAR3 and FT240 cells. The image shows the signal for both dyes. In AF647-PG dye control treatment, PG-EVs were
replaced by PBS with dye and washed to remove the free dye following the same protocol as EV labeling. No or minimal signal in the dye control
panel suggests the washing step effectively removed free dye. The scale bar for panel A represents 50 μm and panel B represents 100 μm.
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calation of dye in lipid bilayer),50 bioconjugation labeling
(covalent conjugation of dyes with EV surface proteins),42

immunolabeling (using fluorophore conjugate antibodies
targeting EV surface proteins),51 and incubation labeling
(incubation of EV with small molecule fluorophore or
nanoparticles).52 Indirect labeling of EVs includes genetically
engineering donor cells with EV-sorting fluorescent reporter
proteins,53 metabolic labeling of donor cells to add functional
tags to EV-sorting cargo,54 and staining of donor cells.55 These
various EV labeling strategies generally target one of the 3
components of EVs: (1) Lipid bilayer, (2) proteins, and (3)
EV lumen. The DNA present in EVs is largely not explored as
a labeling target, which we have explored in this study.
Important consideration should be given to the EV labeling

strategy while tracking EVs for functional studies including

internalization in cells or homing to certain organs. Does the
labeling strategy affect the functional role of EVs? The lipid
bilayer and EV surface proteins play a role in cellular
internalization as EVs are predominantly internalized through
endocytosis.9,56,57 As such, modification of the EV lipid
content by lipophilic dyes and EV surface protein by protein
conjugation dyes could alter the internalization behavior of
EVs. Loconte et al. showed that different EV labeling strategies
((1) Lipophilic dye, (2) EV lumen soluble small molecule dye
and (3) membrane-bound fluorescent reporter proteins)
influenced the interaction of tumor-derived EVs with immune
cells.19 Hence, it is important to design an EV labeling strategy
with minimal alteration of native EV properties for functional
studies of EVs. The approach of using a small molecule dye
PicoGreen (Molecular weight: 553 Da) to label the dsDNA

Figure 7. Validation of sEV internalization by dual-labeled mCherry-PG EVs. Two μg of CD9-CD63-CD81-triple mCherry-PG EVs and PG-EVs
from FT240 cells were treated to FT240 cells for 24 h. Images were taken using confocal microscopy (40× with oil, maximum intensity projection).
The scale bar represents 50 μm.
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present in EVs offers the advantage of labeling EVs without
altering the lipid bilayer or protein content of EVs. Further,
due to the strong binding interaction of PG with dsDNA, this
approach is superior to the incubation labeling approach with
small molecule dyes, which are nonspecifically retained in EV
lumen.32

Another important aspect of EV labeling strategies is the
incorporation of efficient purification steps to remove the
unlabeled dye. This is important to track dye-labeled EVs and
avoid false positive signals from unbound/free dye. In this
regard, lipophilic dyes have major limitations due to the
formation of EV-like micelles which are difficult to remove
from dye-labeled EVs.50,58 Lipophilic dye tends to self-
aggregate and form micelles that resemble the size of the
EVs leading to the false positive signal.16,59 In this study, the
PG-EV labeling strategy showed efficient removal of unbound
dye using simple molecular-weight cutoff filtration (amicon
10k MWCO). Imaging studies showing minimal or no signal
observed in the dye control treatment confirm free unbound
PG is removed. Since PicoGreen is a small molecule of 553 Da
molecular weight, PG removal is easy and efficient.32

Significant to the field of EV tracking, we observed a linear
increment of PG-EV fluorescence with sEV protein amount
with high correlation (Pearson r value of 0.9975) suggesting
the assay is highly quantitative and therefore can also be used
as an alternative EV quantitation method. We also observed
that the quantitative characteristic of PG-EV translates when
internalized into the cell, based on our time-dependent and
dose-dependent EV uptake studies. This further adds to the
advantage of the PG-EV tracking strategy. We can potentially
use DNA present in EVs as an EV quantitation method, similar
to protein-based or EV-number based quantitation method
currently used in EV studies.60−62

We validated the internalization of PG-EV using dual labeled
EVs following two different labeling strategies: Surface amine
labeling (AF647 EVs) and endogenous labeling of tetraspanins
with mCherry fusion proteins (mCherry CD9/CD63/CD81
EVs). The validation experiments revealed different staining
patterns of PG compared with AF647 and mCherry dyes.
Specifically, PG demonstrated whole cell staining compared to
distributed puncta for AF647 and mCherry dyes. Following
internalization in the cell, PG-EV could be cleaved by
intracellular DNase to release free PG. This released free PG
can stain dsDNA present in the cytoplasm and nucleus,
resulting in broad intracellular staining. This hypothesis is
further supported by the observation that PG shows a
consistent signal in the entire nucleus, while AF647 and
mCherry show minimally distributed signal. Staining whole
cells with PG-EV labeling strategies has both advantages and
shortcomings. On the plus side, whole cell staining could help
to enhance the observed signal, resulting in improved assay
sensitivity. This will be particularly advantageous to confirm if
EVs have been internalized by cells through processes such as
phagocytosis and clathrin- and caveolin-mediated endocytosis
or not. On the negative side, this approach fails to track the EV
localization inside cells after internalization. Nonetheless, PG-
EVs can be used to assess the cellular uptake.
The presence of dsDNA in EVs is now well established,

although the percentage of ds-DNA positive EVs and the
surface versus lumen location need to be explored more.
dsDNA-positive EVs can be considered a subpopulation of
functional EVs that can alter the behavior of recipient
cells.24−26 As such, the PG-EV tracking strategy is ideal for

tracking subpopulations of functional EVs. For PG-EV
tracking, it is important to obtain EVs with minimal soluble
impurities to avoid interference from nonvesicular DNA.
DNase treatment to remove nonvesicular DNA is not ideal as
it can cleave the EV surface-associated DNA as well. In this
study, we combined two orthogonal EV isolation methods:
Differential ultracentrifugation followed by SEC was used to
isolate “clean” EVs with minimal soluble impurities. Differ-
ential ultracentrifugation isolates small EVs with most of the
size between 50 and 200 nm, and SEC (30 nm pore size)
separates soluble impurities like free proteins and nucleic acid.
Other studies have also shown that combining two orthogonal
EV-isolation methods increases the purity of isolated EVs.63,64

PG is a known molecular rotor.65,66 Molecular rotors are
nonfluorescent in freely rotating confirmation and become
fluorescent when restricted to the planar confirmation. When
PG intercalates between DNA base pairs and is restricted in
planar confirmation, it becomes fluorescent.32,65 As such, other
similar molecular rotors could potentially replace PG to track
EVs as the mechanism of the fluorescence gain would be
similar. For example, Goh et al. reported a readily synthesizable
molecular rotor incorporating an acridine orange DNA
intercalating group (AO-R) which showed enhanced fluo-
rescent signals when bound to dsDNA.67 Likewise, Singh et al.
reported benzothiazole-based molecular rotor, Thioflavin-T,
which showed fluorescent enhancement by ∼210 times upon
binding to dsDNA.68 These molecular rotors, which show
dramatic enhancement of fluorescence upon binding to
dsDNA can be explored to track EVs. Our study has provided
a foundation to explore other molecular rotors like PG to
explore their potential as EV tracking probe.
The significance of the PG-EV tracking approach is (1) it

offers a simple incubation-based labeling method combined
with the efficient removal of nonfluorescent free dye, and (2) it
has the ability to label and track ds-DNA containing specific
subpopulations of EVs. These features contribute to the
efficient tracking of naiv̈e EVs while avoiding nonspecific dye-
related signals for cellular tracking of EV internalization. While
PG-EVs offer a simple and efficient tracking method of naiv̈e
EVs, some limitations of the assay should also be considered
based on downstream application. Two specific limitations of
the PG-EV labeling strategy are (1) The inability to label and
track dsDNA negative EVs, and (2) the inability to track
cellular localization following internalization due to whole-cell
staining behavior.

■ CONCLUSION
To summarize, we report a small molecule DNA intercalating
agent PG-based sEV labeling strategy as a minimally invasive
tracking system to track dsDNA positive sEVs. PG-EV showed
a dramatic (50- to 200-fold) increase of fluorescence compared
to free dye, superior stability, and biocompatibility. Further,
PG-EV fluorescence showed dose−response behavior with a
high correlation with sEV number or protein content. PG-EVs
show time- and concentration-dependent uptake behavior in
2D cell culture and 3D organoid models with no/minimal
signal in dye-only control. Finally, validation experiments using
dual-labeled sEVs reveal and confirm distinctive labeling
characteristics of PG-EVs: “whole-cell staining”. The reported
PicoGreen labeling strategy provides an ideal approach to track
sEV trafficking for functional studies, which can provide
important information about the fundamental role of sEVs in
cellular communication and the pathology of the disease.
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(57) Buzás, E. I.; Tóth, E. Á.; Sódar, B. W.; Szabó-Taylor, K. É.
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Plesǐngerová, H.; Sladecěk, S.; Kravec, M.; Hrachovinová, Š.; Potešǐl,
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