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due to selective shedding of proteins and 
nucleic acid cargo, the much smaller size 
and payload capacity of EV, and stochastic 
cellular effects. In order to use EV more 
efficiently as biomarkers of disease, we 
need a better understanding of their com-
position and heterogeneity.

A number of single EV analytical 
methods have been proposed. These 
include analysis by microscopic imaging 
of immobilized vesicles (SEA),[5,6] modi-
fied flow cytometry,[5,7–10] and digital detec-
tion using ELISA[11] or nucleic acid-based 
amplification.[28] In spite of this progress, it 
remains challenging to detect rare proteins 
in single EV, given the inherent signal/back-
ground limitations of direct fluorescence 
imaging and relatively modest enzyme 
mediated signal amplification in ELISA.

Here we describe a new method for ultrasensitive detec-
tion of proteins in single EV that exploits antibody-based 
immuno-droplet digital polymerase chain reaction (iddPCR). 
The described method is not only sensitive but also allows mul-
tiplexing (currently up to three proteins). We used uniquely 
designed DNA barcoded antibodies for protein recognition. The 
labeled EV are encapsulated into 70 µm droplets in which PCR 
amplifies the message of the DNA barcode. Using different 

There is a need for novel analytical techniques to study the composition of 
single extracellular vesicles (EV). Such techniques are required to improve 
the understanding of heterogeneous EV populations, to allow identification 
of unique subpopulations, and to enable earlier and more sensitive disease 
detection. Because of the small size of EV and their low protein content, ultra-
high sensitivity technologies are required. Here, an immuno-droplet digital 
polymerase chain reaction (iddPCR) amplification method is described that 
allows multiplexed single EV protein profiling. Antibody–DNA conjugates are 
used to label EV, followed by stochastic microfluidic incorporation of single 
EV into droplets. In situ PCR with fluorescent reporter probes converts and 
amplifies the barcode signal for subsequent read-out by droplet imaging. In 
these proof-of-principle studies, it is shown that multiplex protein analysis is 
possible in single EV, opening the door for future analyses.
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1. Introduction

Single cell analysis continues to have a major impact on our 
understanding of cell subtypes, biology, and medicine.[1,2] The 
same is likely true for analyses of single exosomes or extra-
cellular vesicles (EV) in general. It has become apparent that 
EV populations can be even more heterogeneous than the 
parental cells from which they are derived.[3,4] This is likely 
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barcode sequences and fluorophores, we show that it is possible 
to profile proteins in individual EV. We optimized the experi-
mental conditions, validated measurements, and then applied 
EV profiling to PD-L1 measurements in cancer-cell derived EV.

2. Results

2.1. Description of the Single EV-iddPCR Technique

To reveal proteins of interest, we used target-specific mono-
clonal antibodies barcoded with unique and amplifiable DNA 
sequences. A number of routes to prepare such constructs have 
been described, including NHS/maleimide chemistry, photoaf-
finity labeling, and protein adaptors among others.[12–15] Here, we 
chose bioorthogonal trans-cycloctene/tetrazine (TCO/Tz) conju-
gation as it is cost effective and allows rapid, titratable, and readily 
purified labeling reactions. Barcoded antibodies were incubated 
with EV for labeling, followed by size exclusion chromatography 
(SEC) to remove unbound antibody–DNA (Ab–DNA) molecules 
(Figure 1A). The concentration of labeled EV in solution was then 
determined by nanoparticle tracking analysis (NTA), allowing us 
to adjust concentrations and flow rates to optimize the statistical 
likelihood of single EV encapsulation.[16–18] By encapsulating the 
Ab–DNA barcoded EV with a PCR master mix (BioRAD), the 
signal (if present) can be directly amplified in a given droplet 
(Figure  1B). Following PCR amplification, individual droplets 
were imaged by fluorescence microscopy to quantify the fraction 
of droplets containing EV with the target of interest (Figure 1C).

We used TCO/Tz chemistry to maximize labeling efficiency 
and minimize cost and time of Ab–DNA conjugation (Figure 2). 
Traditional bioconjugation reactions for ligating thio-DNA to 
malemide-modified antibodies require extended incubations 
with a significant molar excess of the DNA barcode. In pilot 
experiments, we noted that the separation of excess barcode 
from the labeled antibody caused considerable antibody loss. In 

contrast, the rapid reaction kinetics of TCO/Tz ligations allow 
the conjugation reaction to proceed to completion in just 30–60 
min at matched stoichiometry, obviating the need to remove free 
DNA. We therefore labeled antibodies of interest (e.g., EGFR, 
EPCAM, PD-L1, CD4, CD8, GZMB, TCF7) with TCO-PEG4-NHS 
(10 molar equivalents), purified the conjugates by gel filtration 
spin column, and achieved a degree of labeling (DOL) of 2–6 
TCOs/Ab depending on the antibody and the initial protein con-
centration. In parallel, we functionalized amine-modified DNA 
barcodes with methyltetrazine-PEG4-NHS, readily separating the 
excess Tz by gel filtration to isolate clean, exhaustively labeled 
Tz-DNA. The TCO-tagged antibodies were then conjugated with 
two equivalents of Tz-DNA; within 1 h, high yield Ab–DNA con-
jugates (DOL = 2) were obtained that did not require further 
purification. Figure  2 summarizes the three different barcode 
constructs synthesized. Each of the 65 bp barcodes contained a 
unique 20 bp recognition sequence flanked by a universal scaf-
fold for PCR amplification. We designed forward and reverse 
primers to amplify the barcode and read-out probes with fluo-
rochrome-quencher pairs in complementary channels for multi-
plexing: 6-carboxyfluorescein (6-FAM, ex/em 496/516) and HEX 
dye (ex/em 538/555) were paired with IowaBlackFQ; Cy5 (ex/em 
648/668) was paired with IowaBlackRQ.

2.2. Droplet Microfluidics for Single EV Encapsulation

Following initial optimization procedures, we settled on the 
design of a simple two-channel droplet microfluidic device 
(Figure 3). This allowed us to separately introduce the EV and 
the PCR master mix. The latter contains all components nec-
essary for the PCR assay such as DNA polymerase, dNTPs, 
MgCl2, as well as enhancers and stabilizers in an optimized 
buffer. Due to the possibility of EV being lysed in the PCR 
master mix, labeled EV were added through a separate 
channel prior to droplet formation (Figure  3A). Using the 
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Figure 1. Schematic of droplet-based single EV detection. Single EV detection is achieved via three steps. A) First, EV are labeled with Ab–DNA con-
jugates for multiplexing and DNA-based detection of protein expressions. Remaining free Ab–DNA conjugates are then removed using size exclusion 
chromatography (SEC) before proceeding to the next step. B) Second, single EV are encapsulated in droplets by creating EV and PCR master mix 
containing water droplets in oil (scale bar = 300 µm). C) After thermal cycling (TC), EV that are labeled with targets of interest amplify and fluoresce 
for detection using imaging. (scale bar = 100 µm).
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droplet microfluidic device, ≈70 µm droplets were created that 
contain both labeled EV and PCR master mix. To explore EV 
encapsulation conditions, we used 4 µm magnetic beads that 
could be easily visualized and thus served as a surrogate for 
small vesicles (Figure 3B). Following optimization, we settled 
on flow rates of 300  µL h−1 master mix, 200  µL h−1 EV solu-
tion, and 800 µl h−1 oil that achieved a throughput of 727 drop-
lets/sec. Taking into account the relevant dilution factor and 
droplet volume, the calculated EV input concentration would 
be expected to be 1.4  ×  106 EV mL−1 to achieve 0.1 EV per 
droplet. At this ratio, the Poisson distribution predicts that 9% 
of droplets will contain a single EV for readout, while 90.4% 

of droplets will contain no EV (i.e., no signal), and just 0.45% 
will contain two EV.[16–18]

We next performed a series of measurements to validate 
the system, beginning with a determination of whether the 
number of EV could be measured accurately by iddPCR. 
EV from the Gli36-glioma cell line were universally labeled 
using NHS-PEG4-TCO and Tz-DNA (Figure S1, Supporting 
Information). The labeled, NTA-measured EV were serially 
diluted and then counted by the iddPCR system. As shown 
in Figure 4A, there was linear agreement between two measure-
ments (R2 = 0.99). The limit of detection (LOD) of our system 
was 38 EV µL−1 and the dynamic range was three orders of 
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Figure 2. Ab–DNA conjugation and DNA sequences. TCO-Tz click chemistry is used for Ab–DNA conjugation, enabling quantitative ligation of the 
Tz-functionalized barcodes to the TCO-tagged antibodies and eliminating the need for any washing steps. Sequences for universal primers for DNA 
amplification, DNA barcodes for barcoded antibody, and probes for fluorescence detection are included.

Figure 3. Droplet microfluidics design. A) Two-channel droplet microfluidic chips are designed for single EV analysis. PCR master mix and EV are 
introduced from each channel to form water droplets in oil. B) Microfluidic chip in operation with 4 µm beads for visualization (scale bar = 150 µm).
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magnitude. EV concentrations that were over the digital ana-
lytical range (λ  ≥ 1) were calculated from the observed frac-
tion of negative droplets and the expected Poisson distribution. 
Here, we measured the background of our platform using free 
Ab–DNA without EV and observed ≈14 positive droplets µL−1 
of analyte (Figure S2A, Supporting Information). To measure 
the specificity of our platform, we labeled EV with nonspecific 
Ab–DNA (human IgG isotype control) and observed ≈44 posi-
tive droplets µL−1. The purification efficiency of SEC was also 
measured by qPCR, comparing free Ab–DNA input to the post-
column output, which indicated 99.97% removal of the free Ab–
DNA (Figure S2B, Supporting Information).

We then labeled EV with a barcoded antibody against 
CD63, a reference marker with broad EV expression[29,30] 
and showed that we can identify CD63+ EV containing fluo-
rescent droplets (Figure 4B) with low background levels con-
cordant with our validation experiments. We next set out to 
assess our ability to detect EGFR in EV obtained from dif-
ferent cell lines known to vary in EGFR expression levels. 
We used two U87 cell lines that express either low levels of 
EGFR (U87 parental line) or high levels of EGFR (U87WT 
stably transfected with EGFR) as determined by flow cytom-
etry, Western and immunohistochemistry.[19–21] EV were iso-
lated from cell culture supernatant in parallel and quantified 
by NTA; iddPCR profiling of the matched samples showed 
that 44% of the high-EGFR expressing U87 EV were indeed 
positive for EGFR whereas a much smaller fraction was posi-
tive in the low-EGFR expressing cell lines (4%; Figure  4C). 
To corroborate iddPCR results, we performed competitive 
blocking experiments. Here, EV from high-EGFR expressing 
cells were preincubated with unconjugated anti-EGFR anti-

body (5–20 µg mL−1) prior to Ab–DNA labeling (10 µg mL−1). 
As expected, there was competitive inhibition as a function of 
blocker antibody concentration (Figure 4C).

2.3. Multiplexed Single EV Protein Analysis

We designed multiple antibody barcodes and probes to facili-
tate multi-protein analysis. In a first set of multiplexing 
experiments, we determined EGFR and EpCAM presence in 
EV obtained from Gli36 glioma cells. EV were isolated from 
cell culture supernatant using ultracentrifugation and incu-
bated with a mixture of anti-EGFR-barcode1 and anti-EpCAM-
barcode2. Following EV encapsulation into droplets, barcode 
1 was read out with FAM-probe1 and barcode 2 was read out 
with HEX-probe2. Here, we used a higher EV loading density 
to facilitate assessment of signal/background characteristics 
of a double-positive droplet population. With 65% positive 
droplets overall, our results validate clean separation of bar-
code amplification in two spectral channels. A considerable 
fraction of droplets contained Gli36 EV that were positive 
for only EGFR (17%) or only EpCAM (9%) (Figure  5A). We 
also identified a double positive population (39%) predicted 
to contain a statistical admixture of droplets with single EV 
that carry both targets and multi-EV droplets in which both 
markers are detected.

While the iddPCR technique is very sensitive, it does not 
readily allow determination of protein expression levels (i.e., 
how much of EGFR or EPCAM resides in a given EV). Rather, 
since the technique is a digital one, it allows determination 
of the fraction of positive and negative EV for a given marker 

Adv. Biosys. 2020, 4, 1900307

Figure 4. Validation of ddPCR-based EV measurements. A) Titration curve. NTA-measured EV were serially diluted and counted by iddPCR. The limit of 
detection of our system was 38 EV µL−1 (BG: background, SD: standard deviation). For samples outside the digital range (λ ≥ 1), the Poisson distribution 
was used to calculate the EV concentration from the observed fraction of negative droplets. The working dynamic range was three orders of magnitude, 
with a strong linear correlation between the NTA and ddPCR measurements (R2 = 0.99). Error bars are standard deviations of n = 3 technical replicates. 
B) Representative microscopy examples of CD63+ positive droplets from iddPCR incubated with and without Gli36 EV (NC: negative control, Scale bar 
= 200 µm). C) Measurement of the fraction of EGFR positive EV obtained from U87 parental (LE = low expression of EGFR) and U87wt cells (HE = 
high expression of EGFR due to transfection). (P < 0.0001, one-way Anova). The EV were incubated with 10 µg mL−1 anti-EGFR–DNA conjugates. Note 
that the fraction of positive droplets decreases when inhibited with anti-EGFR (shown are 5, 10, 20 µg mL−1) due to competitive inhibition. (P < 0.001, 
one-way Anova: each concentration to HE) (error bars are standard deviations of n = 3 technical replicates).
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combination. To further expand the multiplexing to three simul-
taneous targets at low EV loading density, we chose a combina-
tion of immune markers: granzyme B (GZMB), transcription 
factor 7 (TCF7), and PD-L1 (Figure 5B).[22] These proof-of-prin-
ciple experiments show that EV expressing these markers can 
be identified in mouse plasma of MC38 colon tumor-bearing 
mice and healthy mice (n  = 7) (Figure  5B).[23] Multiplexing 
allows discovery of EV subpopulations that co-express multiple 
markers of interest, e.g. PDL1-GZMB positive (cyan) or GZMB-
TCF7 positive (magenta).

EV are increasingly studied as biomarkers of disease and/
or therapeutic efficacy.[24] Of particular interest in cancer is the 
tumor PD-L1 status, as it is a predictive biomarker of response 
to immunotherapy.[25] Moreover, PD-L1 present in cancer-cell 
derived EV can foster immune evasion.[26] We thus focused 
on profiling PD-L1 expression of single EV. The experiment 
assessed EV derived from different cancer cell lines (KP1.9, 
MC38, B16, Jurkat) and included CD4 and CD8 as positive/
negative controls.  Figure  6A shows bulk protein expression 
for the different markers in parental whole cells, as deter-
mined by flow cytometry. EV profiling measured positive frac-
tions of EV subpopulations, which resulted in overall similar 
patterns: as expected, Jurkat cells and their EV were strongly 
positive for CD4; all three cell lines were negative for CD8 
(control). At matched EV concentrations, MC38 EV had the 
highest PD-L1+ EV population (20.3%), followed by B16 EV 
(18.6%), and KP1.9 EV (8.6%; Figure  6B). These data are of 
scientific interest as they are the first to directly determine 
the quantity and fraction of PD-L1 positivity of single EV shed 
from parental tumor cells.

3. Discussion

The iddPCR technology developed here exploits an exponential 
PCR amplification step to ultrasensitively detect rare proteins 
of interest in single EV. While the markers examined to date 
have been on the EV surface, in principle the technique can be 
further extended to targets within the EV by semipermeabili-
zation prior to Ab–DNA incubation. Overall, the method has 
unique advantages including i) very high detection sensitivity 
and signal-to-noise ratios (SNR); ii) facile multiplexing with dis-
tinct DNA barcodes; and iii) independence from the demanding 
microscopic resolution necessary to identify single EV.[5,6] Due 
to the digital characteristic of iddPCR, the system has the theo-
retical detection limit of a single copy of DNA, exponentially 
amplifying signals from very low EV protein to generate a 
brightly fluorescent 70 µm droplet. The typical amplified signal 
intensity in 70 µm droplets is robust and much easier to image 
compared to diffraction-limited 30–200 nm sized EV.

Like all measurement techniques, iddPCR also has certain 
limitations. While iddPCR is a high sensitivity technique due 
to its digital characteristic, it is not possible to obtain absolute 
expression levels of a given protein in EV due to possible PCR 
bias and extremely small amounts. To improve upon this, dif-
ferent linear amplification methods (e.g., in vitro transcrip-
tion, IVT) or amplification tools that are less prone to bias 
(e.g., recombinase polymerase amplification (RPA), rolling 
circle amplification (RCA), combinations of linear and expo-
nential amplifications) could be explored. A second limitation 
is the current level of multiplexing, which is limited to three 
colors. Multiplexing capabilities could be further improved by 
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Figure 5. Multiplexed single EV protein profiling. A) Duplexing is developed and tested using EGFR and EpCAM protein profiling. Double positive 
(EGFR+ EpCAM+) EV subpopulation can be identified through multiplexing. Individual droplets are plotted (gray: empty or specific protein negative 
droplets, color: specific protein positive droplets). B) Single vesicle multiplexing was expanded to profile three targets (PD-L1, GZMB, and TCF7) from 
mouse plasma EV using FAM, HEX, and Cy5 fluorophores respectively (scale bar = 100 µm).
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allocating additional spectral channels to barcodes for imaging, 
or by using multiple barcode readouts via sequencing.

We developed the iddPCR EV method to ultimately detect 
rare proteins in single EV in clinical samples. The motivation 
for this is to eventually identify rare but highly predictive tumor 
cell derived EV (“tEV”) defined by specific molecular markers. 
For example, the ability to detect mutant K-Ras protein in EV 
(KRASG12D, KRASG12V, others) would improve the diagnostic 
performance of EV cancer diagnostics. Similarly, one could 
detect other mutant cancer proteins (e.g., APC, TP53, PI3KCA, 
SMAD4, BRAF (V600E), BRCA1/2, EGFR (L858R, exon19 del, 
T790M), IDH1 (R132H), PTEN) if specific antibodies are or 
become available. Further, one could apply the multiplexing 
to detect multiple biomarker combinations (signatures) in tEV 
that are highly indicative of malignancy and in immune cell 
derived EV that are often defined by multiple markers (e.g., 
CD11b+ Ly6G Neutrophils). A number of such signatures have 
been described (e.g., QuadMarker).[27] We anticipate that the 
iddPCR approach will be a useful tool in the clinical assess-
ment of patient-derived plasma EV and enable molecular signa-
ture detection and therapeutic monitoring.

4. Experimental Section
Device Fabrication: The microfluidic device for droplet generation was 

fabricated at the Soft Materials Cleanroom (SMCR), Harvard Center for 
Nanoscale Systems (CNS). The device (h = 50 µm) was made using soft 
lithography with SU-8 3050. The device dimensions are shown in Figure 
S3 (Supporting Information). The device was made hydrophobic before 
use by treating with 2% trichloro(1H,1H,2H,2H-perfluorooctyl)silane in 
Novec 7500 (Oakwood Chemical).

EV Isolation from Cells and Mice: U87 WT, U87 parental, B16, KP1.9, and 
MC38 cell lines were used to test and optimize the iddPCR technology. 
The U87 WT were described elsewhere.[21] U87 parental cells were received 
from the Charest lab (BIDMC) and the B16, KP1.9, and MC38 cells were 
received from the Pittet lab (MGH). Cells were grown in a 150 mm cell 
culture dish and expanded to 8–12 dishes for EV collection. Cells were 
grown and passaged in DMEM (10% FBS, 1% penicillin/streptomycin). 
Once confluent, media was changed to exosome-depleted DMEM (5% 
exosome-depleted FBS, 1% penicillin/streptomycin) and supernatant 
was collected 48 h after the media change. The collected supernatant 
was spun at 400  g for 5 min and filtered with a 0.22  µm vacuum filter 
(Corning) to remove any cellular debris. To obtain EV from mouse 
plasma, size exclusion column (SEC) purification was used (Izon science, 
qEV Original column, 70 nm). After 3 mL of void volume, 1 mL of eluate 
was collected. Isolated EV size was measured using NTA; The Gli36 EV 
used in this study include 100–500  nm vesicles with an average size of 
174.4  ±  57.3  nm (Mean ± SD) (Figure S4, Supporting Information). 
Experiments were approved by the MGH Institutional Animal Care and 
Use Committee (IACUC) and were performed in accordance with MGH 
IACUC regulations.

EV Isolation (Ultracentrifugation, Size Exclusion Column): For 
ultracentrifugation, cell culture supernatant was centrifuged (Beckman 
Coulter) at 100 000 for 70 min at 4 °C for two times. The EV pellet was 
resuspended in PBS and aliquoted and stored in −80 °C until usage. For 
size exclusion chromatography, mouse plasma was loaded on the 70 nm 
qEV Original column (Izon science) and the protocol from the company 
was followed to collect EV from the sample.

EV Characterization (Qubit, NTA): After EV isolation, samples were 
characterized in two different ways. The protein concentration was 
measured using Qubit (Thermo Fisher) and the number of particles was 
calculated using NTA. For Qubit, the protein assay kit (Thermo Fisher) 
was used and the company protocol was followed for measurement. For 
NTA, the measurement was done at the Nanosight Nanoparticle Sizing 
and Quantification Facility at MGH using the NanoSight LM10. Three 
30  s measurements were performed and averaged from each sample. 
The same parameters were used for analysis (Image: Screen gain of 7.4, 
Camera level of 11, Detection: Screen gain of 10, Detection threshold 
of 13).

EV Universal Labeling and Titration: To universally label Gli36 EV, 
EV solution was first buffer exchanged to PBS-bicarbonate buffer 
(100  × 10−3 m sodium bicarbonate in PBS, pH8.4) using a 40k Zeba 
column (Thermo Fisher, 87765). The EV was incubated with 250 molar 
equivalents of TCO-PEG4-NHS Ester (Click Chemistry Tools, A137-10) 
for 1 h at RT after which unreacted TCO-PEG4-NHS Ester was removed 
using a 40k Zeba column. TCO labeled EV was then incubated with 
300 × 10−9 m Tz-DNA (see Experimental section: Ab–DNA conjugation) 
for 2 h at RT after which unreacted Tz-DNA was removed using the 
70 nm qEV single column (Izon science). DNA labeled EV concentration 
was measured using NTA and titrated down by 10 fold for the iddPCR 
titration experiment.

Antibodies: Cetuximab (anti-EGFR antibody, Erbitux) and anti-CD63 
antibody (Ancell, 215-820) were used to test and optimize the technology. 
Anti-CD4 (Bioxcell, BE0003-1, BE0288), CD8 (Bioxcell, BE0004-1, BE0004-
2), and PD-L1 (Bioxcell, BE0285, BE0101) antibodies were used to profile 
immune markers from mouse samples. Anti-GZMB (PA5-13518, Thermo 
Fisher Scientific) and anti-TCF7 (MAB8224, R&D Systems) antibodies 
were to test for multiplexing. All antibodies were analyzed for the 
absence of BSA for Ab–DNA conjugation. All antibodies were tested on 
positive cell lines and validated before usage.
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Figure 6. Cancer cell derived EV PD-L1 profiling. A) PD-L1 protein expres-
sion is measured with positive and negative control markers (CD4, 
CD8) from four different cancer cell derived EV (Jurkat, KP1.9, MC38, 
B16). The protein expression levels from cells are measured using flow 
cytometry and the positive fractions of EV subpopulations are measured 
using iddPCR. B) Percentage of PD-L1+ EV population is measured from 
cancer cell derived EV (error bars are standard deviations of n = 3 tech-
nical replicates) (P value < 0.0001 for Jurkat vs each cancer cell derived 
EV, one-way ANOVA).
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DNA Barcodes and Probes: DNA barcode and probe sequences used in 
this work are included in Figure 2. DNA barcodes were designed to have 
two universal regions for forward and reverse primers each and a unique 
sequence for dye-quencher probes that serve as a barcode for each 
marker of interest. For multiplexing, FAM, HEX, and Cy5 fluorophores 
were attached to the probes.

PCR Protocol: Three channel microfluidic device (EV, PCR master mix, 
oil) was used and ran at 200, 300, and 800 µL h−1 respectively (Harvard 
Apparatus). EV were diluted to achieve the desired target concentration 
per droplet based on the NTA results. ddPCR Supermix for Probes 
(BioRAD) was used as a PCR master mix and Droplet Generation Oil for 
Probes (BioRAD) was used. This combination showed the best droplet 
stability after thermal cycling at 95  °C. The concentration of probe 
was 125  × 10−9 m and that of primer was 250  × 10−9 m. The droplets 
were monitored using a high speed camera and collected in tubes for 
thermal cycling. The droplets were thermal cycled (Applied Biosystems) 
following the company protocol (BioRAD) for 35 cycles. Thermal cycled 
droplets were stored at room temperature for stability until imaging.

Ab–DNA Conjugation: BSA free antibodies were buffer exchanged 
to PBS–bicarbonate buffer (100  × 10−3 m sodium bicarbonate in PBS, 
pH8.4) using a 40k Zeba column (Thermo Fisher, 87 765). The antibody 
was incubated with 10 molar equivalents of TCO-PEG4-NHS Ester (Click 
Chemistry Tools, A137-10) for 25 min at RT after which unreacted TCO-
PEG4-NHS Ester was removed using a 40k Zeba column. Degree of 
labeling (DOL) was checked by incubating antibodies with 10 molar 
equivalents of Cy3 Tetrazine (Click Chemistry Tools, 1018-1) for 25 min 
at RT before any remaining Cy3 Tetrazine was removed using a 40k Zeba 
column. Cy3:Antibody ratio was measured using the Nanodrop UV/Vis 
mode (Thermo Scientific) at A550/A280 and calculated from the known 
extinction coefficients of the dye (150 000 M−1 s−1, CF280 0.05) and 
protein (215 000 M−1 s−1).

1  × 10−3 m of amine-modified DNA oligo (Integrated DNA 
Technologies) was buffer exchanged to borate buffer (pH 8.5) using a 
7k Zeba column (Thermo Fisher, 89 878). The DNA oligo was incubated 
with 20 molar equivalents of methyltetrazine-PEG4-NHS Ester (Click 
Chemistry Tools, 1069-10) for 25 min at RT (10% DMF), after which 
excess Tz-PEG4-NHS was removed by passage through three successive 
7k Zeba columns. Tz:DNA ratio was calculated from Nanodrop UV–vis 
measurements at A520/A260 and the known extinction coefficients of 
the tetrazine (438 M−1cm−1) and DNA (as supplied by the manufacturer). 
Measurement at two different dilutions was required given the much 
stronger molar absorbance of the DNA.

TCO-labeled antibody and Tz-labeled DNA were mixed with 
appropriate DNA stoichiometry (Cy3:Antibody ratio minus 0.5, such that 
the TCO-antibody sites are in slight excess) and incubated for 45 min 
at RT. The conjugation was validated using the NuPAGE 4–12% Bis-Tris 
Protein Gel (Thermo Fisher, NP0321BOX). Unconjugated antibody and 
DNA-conjugated antibody were incubated with 4x NuPAGE LDS Sample 
Buffer (Thermo Fisher, NP0007) for 5 min at 75  °C and loaded to the 
gel with Novex Sharp Pre-stained Protein Standard (Thermo Fisher, 
LC5800). The gel was run in 20× NuPAGE MOPS SDS Running Buffer 
(Thermo Fisher, NP0001) for 1 h at 120 V. The validated antibody–DNA 
conjugate was stored in 4 °C until usage.

EV Labeling and Purification: EV were labeled with 10 µg mL−1 of Ab–
DNA conjugates in 1% BSA–PBS for 1 h and purified by size exclusion 
chromatography (qEV single column, Izon science, 70  nm) to remove 
unlabeled Ab–DNA conjugates. Single use qEV columns were used to 
avoid cross-barcode contamination and 70  nm columns were used to 
include the 70–1000 nm EV range. After the EV solution was loaded, PBS 
was used to collect 1  mL of dead volume. The dead volume tube was 
discarded and 400 µL of eluate was collected in PBS to achieve a pure 
EV population. 2% loss after the qEV column-based purification was 
observed. Purification efficiency was checked using qPCR (Figure S2B, 
Supporting Information). The labeled EV were stored at 4 °C and used 
within a few days to prevent degradation.

Cell Flow Cytometry: Cells were collected fresh before staining. After PBS 
wash, cells were labeled with primary antibodies (5 µg mL−1) for 30 min at RT, 
washed for two times, then labeled with secondary antibodies (2 µg mL−1;  

Thermo Fisher) for 20 min at RT. The cells were washed for two times 
before flow cytometry. Propidium iodide (PI) was used to exclude dead 
cells for analysis. Flow data were analyzed using FlowJo.

Imaging and Image Analysis: Zeiss Axio Observer Z1 inverted 
fluorescence microscope (Wyss Institute) was used to acquire 
fluorescent images. GFP, Cy3, and Cy5 filter cubes were used to excite 
FAM, HEX, and Cy5 fluorophores, respectively. For imaging analysis, 
ImageJ and CellProfiler were used to measure fluorescent intensity and 
to count droplets.

Statistical Analysis: Normalization based on the background derived 
from each fluorescent channel for consistent analysis and comparison 
was performed. Outlier analysis was not performed to exclude any data. 
Error bars were included that represent standard deviations from n = 3 
technical replicates. P values (One-Way ANOVA) were included to show 
statistically significant difference among and between experimental 
groups. Excel was used for statistical analysis.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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