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Coincident Fluorescence-Burst Analysis of the Loading
Yields of Exosome-Mimetic Nanovesicles with

Fluorescently-Labeled Cargo Molecules

Maryam Sanaee, Elin Sandberg, K. Géran Ronquist, Jane M. Morrell, Jerker Widengren,

and Katia Gallo*

The possible targeting functionality and low immunogenicity of exosomes and
exosome-like nanovesicles make them promising as drug-delivery carriers. To
tap into this potential, accurate non-destructive methods to load them and
characterize their contents are of utmost importance. However, the small size,
polydispersity, and aggregation of nanovesicles in solution make quantitative
characterizations of their loading particularly challenging. Here, an ad-hoc meth-
odology is developed based on burst analysis of dual-color confocal fluorescence
microscopy experiments, suited for quantitative characterizations of exosome-
like nanovesicles and of their fluorescently-labeled loading. It is applied to study
exosome-mimetic nanovesicles derived from animal extracellular-vesicles and
human red blood cell detergent-resistant membranes, loaded with fluorescently-
tagged dUTP cargo molecules. For both classes of nhanovesicles, successful
loading is proved and by dual-color coincident fluorescence burst analysis, size
statistics and loading yields are retrieved and quantified. The procedure affords
single-vesicle characterizations well-suited for the investigation of a variety of
cargo molecules and biological nanovesicle combinations besides the proof-of-
principle demonstrations of this study. The results highlight a powerful char-
acterization tool essential for optimizing the loading process and for advanced
engineering of biomimetic nanovesicles for therapeutic drug delivery.

1. Introduction

Exosomes are small extracellular vesicles
of endocytic origin that regulate cell-to-
cell communication and play a crucial role
in the immune response and in the pro-
gression of several pathologies, including
cancer."” In their outer membrane and
in their lumen, they carry a wealth of
biological information, in the form of
proteins, lipids, and genetic material,
reflecting a multitude of micro-environ-
mental and metabolic conditions, making
them extremely interesting as potential
biomarkers for several diseases.>-! Their
small size, targeting functionalities, and
low immunogenicity make them also
particularly promising as therapeutic
drug-delivery vesicles.>3 However, their
large-scale deployment as drug-delivery
carriers is adversely affected by the low
extraction yields of exosomes naturally
arising in biological fluids and by the
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elaborate procedures required for their

purification.*¥] Moreover, their use as
drug carriers is further hampered by possible therapeutic cross-
talk with their intrinsic biological cargo and by their relatively
low drug-loading yields.'® The need to overcome these limita-
tions has spurred significant research on the bioengineering of
exosome-mimetic nanovesicles.”22l A number of promising
approaches have recently emerged for the synthesis of exosome-
mimetic vesicles, which retain most of the appealing features
of their naturally occurring counterparts, while ensuring high
production yields and enhanced drug-loading capabilities.[?-24
Among them, approaches for the production and loading of
nanovesicles from detergent-resistant membranes (DRM) of red
blood cells (RBC) are particularly promising, for the perspective
scalability of their production and loading processes.?>2¢!

All potential applications of exosomes and exosome-mimetic
nanovesicles for therapeutic drug delivery call for the develop-
ment of suitable experimental and analysis techniques to accu-
rately quantify their loading.[”-! Key challenges in this respect
arise from the very small sizes (30150 nm in diameter) and the
wide heterogeneity of natural exosomes and of their biomimetic
counterparts. This imposes the need for screening on a single-ves-
icle basis, with high spatial resolution and yet high throughputs,

© 2022 The Authors. Small published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202106241&domain=pdf&date_stamp=2022-01-27

ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

to build relevant statistics. Well-established methods for nanopar-
ticle characterization, such as nanoparticle tracking analysis or
atomic force microscopy (AFM) are unfortunately not suited for
the analysis of nanovesicle contents.?? Optical fluorescence spec-
troscopy techniques provide the most promising non-destructive
approach in this respect, with the only constraint of relying on
fluorescent labeling: they are well-suited for measurements in
physiological solutions, afford vesicle-by-vesicle analyses with
high biomolecular specificity and sensitivity,>*% and enable the
simultaneous retrieval of collective properties over large ensem-
bles of molecules and nanoparticles.?6-3%

Here we demonstrate a dual-color fluorescence microscopy
method suitable for accurate quantification of the loading yields
of exosomes and exosome-mimetic nanovesicles filled with fluo-
rescently-tagged cargo molecules. The method overcomes meas-
urement challenges stemming from the typical heterogeneity of
the nanovesicle populations, from their natural tendency to form
aggregates and from unwanted background signals in solution.
To this aim, we employ a dual-color fluorescent tagging scheme
encompassing the outer membrane of the nanovesicles and their
cargo molecule (dUTP) and use extracellular vesicles purified
from equine seminal plasma (semEV) as a reference.*’! By means
of fluorescence cross-correlation spectroscopy (FCCS) we demon-
strate the successful loading with dUTP molecules of two classes
of DRM nanovesicles, derived with the procedure of ref. (!
from either semEVs displaying exosome-mimetic characteristics,
or human red blood cell ghosts. By means of dual-color coinci-
dent fluorescence microscopy, we retrieve accurate estimates of
dUTP-loading yields, identify vesicle sizes at which the loading
efficiency is maximized, and infer average numbers of cargo
molecules per nanovesicle, for both nanovesicle typologies.

2. Results and Discussion

2.1. Dual-Color Fluorescence Measurements on dUTP-Loaded
Nanovesicles

The samples under study consisted of bioengineered nanovesi-
cles made of DRM, originating from semEVs, isolated and
purified from horse seminal plasma, and red blood cell ghosts,
isolated and purified from human blood. Referring to their
origin, the two types of nanovesicles are designated as EXO
and RBC nanovesicles, respectively, throughout the rest of the
paper. The sample preparation involved multiple ultracentrifu-
gation steps, followed by loading of the vesicles with fluores-
cently-tagged and membrane-impermeable dUTP molecules,
as detailed in Experimental Section and described in previous
work.?2*l In view of the dual-color optical measurements,
the cargo molecules (dUTP) were fluorescently tagged with a
green-emitting dye (Alexa488) prior to loading. After loading,
the outer membrane of the nanovesicles was tagged with a lipo-
philic dye (CellVue Claret) (Figure 1a). The choice of the two
dyes ensured minimal spectral overlap between their emission,
located in the green (Alexa488) and far-red (CellVue Claret)
spectral ranges (see S3, Supporting Information). Details on
sample preparation are provided in Experimental Section.

For the optical experiments, the nanovesicles were dispersed
in a physiological PBS solution and analyzed with the two-color

Small 2022, 18, 2106241 2106241 (2 of 1)

www.small-journal.com

confocal microscopy setup sketched in Figure la. Two pulsed
lasers provided blue (485 nm) and red (640 nm) excitations for
the dyes attached to the cargo molecules (Alexa488) and the nano-
vesicle membrane (CellVue Claret), respectively. The emission
wavelengths of the former (=675 nm) and the latter (=520 nm)
were separated on the detection side by a dichroic beam splitter
(DBS in Figure 1a) and further isolated by spectral filters cen-
tered around 720 and 535 nm (with bandwidths of 150 and
70 nm), respectively. To further improve on the discrimination
between the florescence originating from the green and the red
dyes, a pulse-interleaved excitation scheme was employed, with
suitably synchronized post-selection windows in detection.[***
This is schematically illustrated in Figure 1b. The lasers emitted
two pulse trains at the same repetition rate (Vi, = 20 MHz)
and interleaved in time with a temporal offset of 25 ns. The
latter is significantly shorter than the nanovesicle diffusion time
through the detection volume in the microscope (= 5 ms), but
longer than the emission lifetimes of the fluorophores used in
the experiments (< 4 ns), see also S3, Supporting Information.

The photon timestamps of the red and green fluorescence
signals were collected by a time-correlated single photon
counting module (TCSPC), using avalanche photodiodes. This
enabled the simultaneous retrieval of separate but synchro-
nized fluorescence intensity time-traces at the two colors and of
their FCCS curves. Further details are provided in Experimental
Section and S1, Supporting Information.

2.2. Fluorescence Cross-Correlation Spectroscopy (FCCS)
Analysis

Fluorescence correlation spectroscopy (FCS) techniques have
been successfully applied to previous exosome studies.l3*! How-
ever, conventional single-color FCS methods do not lend them-
selves to accurate assessments of nanovesicle loading, due to the
competition between the signal stemming from the latter with
typically high background levels originating from residual flu-
orescently-tagged cargo molecules which are freely diffusing in
solution. In our case, the contribution from the latter could not
be completely removed from the measurements, even with addi-
tional purification procedures, hence the choice to develop a dual-
color fluorescence cross-correlation spectroscopy (FCCS) scheme,
which encompasses tagging both the cargo molecules and the
nanovesicles. Loaded nanovesicles can then be identified by
cross-correlation analyses of the dual-color fluorescence signals,
removing a substantial portion of the background from free dyes.

FCCS is a well-established method to study biomolecular
interactions at the nanoscale.’] In this section we describe
its adaptation to specificities of experiments on loaded exo-
mimetic nanovesicles, specifically EXO and RBC loaded with
dUTP cargo molecules, as shown in Figure 2. FCCS curves
retrieved from dual-color experiments performed under iden-
tical conditions on EXO and RBC nanovesicles are shown in
Figure 2a, b respectively. Gyeq and Ggreen are the measured
autocorrelation curves of the fluorescence signals from the
CellVue Claret and the Alexa488 dyes used to tag the nan-
ovesicle membrane and the dUTP molecules, respectively.
Geross are the cross-correlation curves of the red and green
signals obtained from the same measurements.

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. a) Detail of the specimen (nanovesicle solution) and sketch of the experimental setup used for dual-color fluorescence spectroscopy with
fluorescently-tagged dUTP cargo molecules (Alexa488 dye, excitation at A; = 485 nm, detection centered at Agreen= 535 nm) and tagged nanovesicles
(CellVue Claret dye, excitation at A, = 640 nm, detection centered at A4 =720 nm). D1-4 = avalanche photodiodes, TCSPC = time-correlated single-
photon counting module, DBC1-2 = dichroic beam combiners, M = mirror, BS1-2 = 50:50 beam splitters and DBS = dichroic beam splitter. b) Illustration
of the time-gating scheme for the red and green fluorescence time traces, implemented with 90 ps Gaussian excitation pulses (vertical lines) with a
relative delay At = 25 ns, resulting in red and green emission signals exponentially decaying over a few ns, post-selected with time-gated detection in

the shaded temporal windows.

The experimental conditions and the procedures used to
retrieve the auto and cross-correlation curves are described in
Experimental Section. Following standard FCCS protocols,
numerical fits on the correlation curves allow estimates of the
diffusion time and concentration of the red, green, and dual-
colored particles in the experiments. The results are presented
in S1, Supporting Information. The FCCS analysis is based on
the assumption of uniformly labeled particles with 1:1 binding,
which is not strictly true for our samples, where there might be
several and different amounts of fluorophores per vesicle. Fur-
thermore, while FCCS is very well-suited to analyze uniform
and narrow particle distributions in terms of size and bright-
ness, its data may be more difficult to interpret for ensembles
of particles with high heterogeneity and polydispersity, which is
often the case for exosomes and exosome-mimetic vesicles.[*!
The FCCS results nevertheless provide useful insights on the
nanovesicle populations and their loading. Specifically, the non-
zero values of the cross-correlation functions G, apparent
from the data plotted in Figure 2 clearly demonstrate the pres-
ence of loaded nanovesicles in both EXO and RBC populations.
However, the retrieved Ggeen curves appear also to deviate
from a standard FCS single-particle diffusion function and
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are better fitted by a double-diffusion function (see also Sup-
porting Information). The shortest of the two diffusion times
inferred from the latter closely matches the diffusion time of
free dyes. This confirms the non-negligible contribution of free
dUTP molecules in solution as a limiting factor for single-color
FCS measurements. The dual-color scheme overcomes this
limitation and significantly improves the signal-to-noise ratio
for the Alexa-stained dUTP molecules loaded in the nanovesi-
cles, as indicated by the shape of the G, curves (as opposed
t0 Ggreen), Which is closer to that of a single diffusing species,
with diffusion times consistent with those retrieved for G,
(see also Table S2, Supporting Information). The values of the
diffusion times (7, and 7,4 in Table S2, Supporting Information)
indicate also that G,oq and G are over-biased by vesicles of
larger size. In fact, the nanovesicle radii inferred by standard
FCCS analysis (R, and Ry, in Table S2, Supporting Information)
largely exceed those determined on the same nanovesicle popu-
lations through independent AFM measurements (see also fol-
lowing section and Figure 3), which indicate comparable sizes
for exosomes (semEV) and exosome-mimetic nanovesicles
(EXO and RBC), that is, radii below 75 nm.[*l The larger sizes
extrapolated from FCCS measurements are consistent with

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Dual-color fluorescence correlation curves recorded from:
a) semEV-derived and b) red blood cell-derived nanovesicles. Red-dotted
and green dash-dotted lines: autocorrelation curves for the fluorescence
of the vesicle-membrane tag CellVue Claret (G,.q) and of the cargo mol-
ecule tag Alexa488 (Ggreen), respectively. Solid blue lines: fluorescence
cross-correlation curves (G oss)-

(b)
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the observed occurrence of nanovesicle agglomerates in solu-
tion. This effect arises naturally in physiological conditions and
cannot be completely removed without disruptive chemical or
mechanical treatments, which may on the other hand compro-
mise the biological relevance of the measurements.*>#] Overall
the FCCS analysis demonstrated the successful loading of both
EXO and RBC nanovesicles and provided estimates for their
average loading yields, amounting to nie =12% and 22%,
respectively (see also Table S2, Supporting Information). It also
highlighted challenges in the quantification of the vesicle size
stemming from the high polydispersity of these systems, from
a natural tendency of vesicles to aggregate, and from the pres-
ence of residual Alexa488-dUTP molecules in solution. The fol-
lowing sections illustrate how these issues can be resolved by a
burst analysis methodology, which can be applied to the same
experimental data streams underlying the FCCS results.

2.3. Dual-Color Coincident Fluorescence Burst
(DC-CFB) Analysis

To extract quantitative information at a single-vesicle level from
the experiments, we developed an analysis procedure starting
from the time traces of the red and green signals retrieved in
the dual-color experiments. Its basic idea is to identify first the
bursts arising from vesicles and dUTP molecules, respectively
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Figure 3. High-resolution AFM images on dried samples of: a) semEV, b) EXO, and c) RBC individual nanovesicles. Detail of: d) red and e) green fluo-
rescence time traces from experiments on EXO. Size histograms obtained by red fluorescence burst (RFB) analyses for: f) EXO and g) RBC nanovesicles
(5 nm binning). Size histograms measured by AFM for: h) EXO and i) RBC nanovesicles.
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and then analyze their coincidences in time, corresponding to
dUTP-loaded nanovesicles. The procedure bears similarities
with approaches used in single-molecule and Forster resonance
energy transfer (FRET),*% and is briefly outlined in the
following paragraphs.

First, to avoid crosstalk between the two colors, the photon
streams at each wavelength were time-gated with respect
to the fluorescence lifetimes of the corresponding dyes, as
explained in Figure 1b. The lifetime histograms and the time-
gating windows can be found in S3, Supporting Information.
Furthermore, for a reliable burst analysis, the time-dependent
background rates for each color stream were subtracted from
the raw data (examples available as S3, Supporting Informa-
tion). It is important to consider the time-dependence of the
background rates, especially in long measurements, due to
photobleaching and possible evaporation of the solution over
time. Thereafter the total number of nanovesicles was deter-
mined by counting the bursts in the red fluorescence time trace.
Their size was then assessed on an individual basis from the
burst duration, as described in Experimental Section. A similar
analysis was developed for the green fluorescence signal. The
green and red bursts which overlap in time (dual-color coinci-
dent bursts) are used to identify the subset of loaded nanovesi-
cles. Statistical analyses were then conducted on these bursts to
extract their number and size (see Experimental Section and S3,
Supporting Information). Figure 3d(e) shows a typical time
trace for the red (green) fluorescence signal, together with the
outcome of statistical analyses on such traces.

To search for the relevant bursts in the fluorescence time
traces, we adapted an open-source FRET-BURST code.*>>" The
specificities of our DC-CFB configuration required a careful
adjustment of the burst selection parameters, namely: the min-
imum threshold for the number of photons in each burst M,,
(where r and g correspond to red and green traces, respectively)
and the minimum allowed photon count-rate F,, quantified
as a multiple of the experimentally determined average back-
ground rate.? Moreover, we introduced a specific criterion in
the search for coincident bursts, concerning the relative center
delay At,, between time-overlapping red and green bursts. The
criterion involved setting an upper threshold for At,,, typically
= 5 us. A specific section in S3, Supporting Information, con-
siders DC-CFB parameter optimization. The following section
highlights key features and discusses further validation proce-
dures adopted in the analysis.

2.4. Fluorescence Burst Analysis Validation by Atomic
Force Microscopy

Each burst in the red time traces (Figure 3e) corresponds to
a vesicle diffusing through the measurement volume in the
microscope setup. The outcome of the red fluorescence burst
(RFB) analysis hence provides information on the total popu-
lation of (loaded and unloaded) nanovesicles. The RFB results
were routinely checked against independent size measure-
ments performed by AFM on vesicles dispersed and dried on
silicon chips. Details on the AFM sample preparation, instru-
mental settings, and image analysis procedures are given in
S2, Supporting Information. The resolution limit in such
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measurements is determined by the radius of the AFM tip
(=8 nm), which allows individual semEV, EXO, and RBC nano-
vesicles to be resolved equally well (Figure 3a—c), confirming
their rounded shape and integrity in all cases. In Figure 3f,g
we compare the size distribution obtained by RFB and AFM
analyses performed on the same nanovesicle populations
considered in Figure 2. It is worth noting that AFM topo-
graphy images were acquired on dried samples (not in liquid),
and this can lead to significant deviations from the vesicle
size and shape in RFB measurements. Hence a compara-
tive analysis of the AFM and RFB results has its main value
in following overall trends in the size distributions, rather
than absolute values. The size distributions for EXO and RBC
nanovesicles peak at radii Rie =37nm and R =27 nm,
respectively, with very good agreement between the AFM and
RBC results also at smaller sizes. However, at larger sizes the
RFB distributions feature an increasing discrepancy with the
AFM curves, predominantly due to nanovesicle aggregation in
solution. Further quantitative comparisons are provided in
Figure S10 and Table S3, Supporting Information. In light of
these observations and consistently with the size range attrib-
uted to extracellular vesicles,*! we therefore set an upper limit
to the nanovesicle size range considered reliable for statistical
RFB analyses, equal to a radius of 75 nm. This yields average
nanovesicles radii R™°=46nm and R =42nm, which
compare favorably with the AFM results (see also Table S3,
Supporting Information). In the next sections we show how reli-
able quantitative assessment of the loading yields can also be
retrieved from the experimental data by a suitable coincidence
burst analysis methodology.

2.5. Dual-Color Coincident Fluorescence Burst
(DC-CFB) Analysis

Coincident bursts in the red and green fluorescence time traces
identify the sub-population of dUTP-loaded vesicles. The key
parameters for the DC-CFB analysis are the thresholds for the
photon number, the count rates in the red and green bursts and
the time tolerance window for identification of their temporal
coincidence (M,, F, Mg, Fy, and At,,). The correct settings of M,
and F, were verified by comparing the results of the RFB size
distributions with independent AFM measurements, as previ-
ously discussed. The optimal values of M, and F, were instead
determined with an ad-hoc optimization methodology based on
physical insights specific to the system under study. Essentially,
we used the fact that the dUTP-loaded nanovesicles can be
identified in two ways, namely: 1) as coincident bursts singled
out from the red time trace, which we shall refer to as coinci-
dent-red bursts, or 2) as coincident bursts singled out from the
green trace, referred to as coincident-green bursts. Accordingly,
two size distributions can be extracted from the burst anal-
ysis of dual-color experimental data streams. They are shown
in Figure 4 for the same vesicle populations considered in
Figure 2a,b and Figure 3f,g. Coincident-red traces for EXO and
RBC nanovesicles are shown in Figure 4a,b. The corresponding
coincident-green traces are shown in Figure 4c,d.

In an ideal case, the size histograms inferred from the two
coincident burst analyses should be identical, as they record

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. DC-CFB analysis with optimized parameter settings (see also S3, Supporting Information). Size histograms for: a,b) coincident-red and
c,d) coincident-green bursts. e,f) Normalized coincident-red (red solid) and green (dash-dotted green) distributions and g,h) loading yields as a
function of nanovesicle radius. EXO (left) and RBC (right column). The grey-shading marks the region R > 75 nm, beyond the confidence range for
single-vesicle analyses due to aggregation effects (see also discussion in the text).

individual occurrences of the same physical event, that is,
the diffusion of a dUTP-loaded nanovesicle in the detection
volume. However, depending on the parameter settings, the
distributions do vary. Minimizing the difference between
coincident-red and coincident-green size distributions proved
to be a viable and robust criterion to find the optimal settings
for the DC-CFB analysis across all measurements. Moreover,
at the excitation power used in our experiments (80 uW at
most, corresponding to =40 and 25 kW cm™ for the green
and red channels, respectively), we could rule out a signifi-
cant impact of fluorophore saturation and photobleaching
effects on the results.>*> Specifically, for the green traces
we evaluated a possibility for only 7% (5%) of the EXO (RBC)
loaded vesicles at the peak radius size of 60 nm (42 nm) to
be bleached during diffusion through the excitation spot,
in light of reported photostability measurements on the
Alexa488 fluorophore.>>) As for the red burst analysis, the
impact of photobleaching can be expected to be even lower.
Further details on the DC-CFB analysis settings and photo-
bleaching estimates are provided in Supporting Information
(Figures S11-S14 and Table S4, Supporting Information).
Figure 4e,f shows the results, illustrating the level of agree-
ment attained between the coincident-red and coincident-
green distributions through an optimal choice of the DC-CFB
parameters, determined by minimizing the target error func-
tion in the size range typical for exosome-like nanoparticles
(R <75 nm). Even if the difference between the red and green
distributions in Figure 4e,f increases in the grey-shaded
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regions (R > 75 nm), a very good agreement is obtained
around the peak, located at a radius of 60 and 42 nm for EXO
and RBC nanovesicles, respectively. Such values are higher
than those obtained by the RFB analysis (37 and 27 nm,
respectively) on the overall nanovesicle populations, which
indicates a slightly larger size of the most densely populated
dUTP-loaded nanovesicles with respect to unloaded ones
(Table S3, Supporting Information, and Table 1). This is a fea-
ture we consistently observed across all measurements and
nanovesicle typologies we have investigated so far.

2.6. Loading Yields

The single-vesicle tracking capability of the DC-CFB approach

allows the loading yield to be estimated as a function of nano-
vesicle radius: n°““"*(R) = M, where N,y(R) is the number
of coincident red bursts evaluated by the optimized DC-CFB
procedure described previously and Ny(R) is the total number
of red bursts obtained from the single-color RFB analysis.
Figure 4g,h plot the loading yield as a function of EXO and
RBC vesicle sizes. In both cases, the most frequent size of
the loaded exosome-mimetic nanovesicle sub-population is
slightly larger than that of the overall nanovesicle population
(Figure 4a,b). From the data shown in Figure 4g,h, a maximum
loading efficiency nbs <™ equal to 28% and 67% is inferred for
EXO and RBC nanovesicles, respectively. However, a much
more meaningful figure of merit is given by the value of the

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Table 1. DC-CFB analysis results for EXO and RBC nanovesicles. R% is the average nanovesicle size (radius), n2S$ 8 the average loading yield,

Rload

load the predominant size of loaded nanovesicles, and 558 the loading yield for R =R}%d. (Ncargo/Vesicle) . is the extrapolated average number

of dUTP cargo molecules per nanovesicle. For comparison, the average loading yields estimated from a conventional FCCS analysis (&) are listed

in the last column.

R nm]

Rload

FCCS

Sample Nove F® max [nm] nRe <F® Neargo nhe
vesicle
avi
EXO nanovesicles 556 12% 60+5 28% 1.50 12%
RBC nanovesicles 4949 20% 4245 67% 1.15 22%

loading yield averaged over the whole size distribution and

DC-CFB
defined as: n2SCF® = M
ave AR

range at which the yield is non-zero and R is the binning
value of the histograms (6R = 5 nm, see also S3, Supporting
Information). The average yield was also found to be consistent
across repeated measurements on the same vesicle populations
at different times and independent of the binning values (in
the range 5-15 nm) chosen in the analysis. The values of the
average loading yields estimated from the DC-CFB analysis are
12% for EXO and 20% for RBC nanovesicles, in excellent agree-
ment with the outcomes of the FCCS analysis (see also Table S2,
Supporting Information).

Furthermore, the data retrieved by the DC-CFB method can
be used to estimate the average number of dUTP molecules
loaded in each nanovesicle. This is done under the assump-
tion of uniform brightness of the green fluorescence signal
originating from the cargo molecules and following calibra-
tions of the average photon count rate of single dUTP-Alexa488
molecules in solution (performed with the same experimental
settings in the setup of Figure 1). One can then normalize the
photon count rate of each burst in the coincident-green signal
to the average photon count rate of the dUTP-dye molecule to
infer the approximate number of cargo molecules per vesicle.
These data can be plotted together with the information derived
from the temporal duration of the bursts providing the size of

, where AR is the size
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each loaded nanovesicle. The outcome of the analysis is dis-
played in the 2D histograms of Figure 5, showing the 2D distri-
bution (as a color map) of the loaded nanovesicles as a function
of vesicle size and number of cargo molecules per vesicle (see
also Experimental Section). The 2D map indicates the number
of cargo molecules per carrier vesicle and the size of the latter.
The distribution has a peak at approximately 1.1 (1.0) number
of cargo molecules per vesicle and at a radius size of 60 nm
(42 nm) for EXO (RBC) samples, as highlighted by the darker
spots in the 2D maps. The horizontal and vertical histograms
in the same pictures show the distributions in size and number
of cargo molecules of the loaded nanovesicle sub-populations,
retrieved from the coincident-red and coincident-green bursts,
respectively. From the vertical histogram the average number

N . .
—<aree. is esti-
vesicle

mated to be 1.50 and 1.15 for EXO and RBC naflv(e)vesicles,
respectively.

of loaded cargo molecules per nanovesicle (

The size histograms resulting from the DC-CFB analyses of
EXO and RBC nanovesicles are plotted together in Figure 6.
They show the retrieved distributions of the red bursts (nano-
vesicles), green bursts (dUTP molecules), and their coinci-
dences, corresponding to loaded nanovesicles. Finally, Table 1
summarizes the results of the full DC-CFB analysis and reports,
for a comparison, the average loading yields inferred for the
same samples by a conventional FCCS analysis (see also S1,
Supporting Information).

(b)

RBC-nanovesicles
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Figure 5. Loaded nanovesicle subpopulation analysis. a) 2D histograms of loaded EXO nanovesicles versus vesicle size and number of loaded
cargo molecules, evaluated from coincident-red (CellVue Claret) and coincident-green (Alexa488) burst analyses, respectively. The size and number
of cargo molecules per vesicle for the loaded vesicles are depicted in the horizontal and vertical subplots, respectively. b) Same as (a) for loaded RBC
nanovesicles.
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Figure 6. DC-CFB analysis results for EXO and RBC nanovesicles. Size histograms: a,b) red bursts; c,d) green bursts; e,f) coincident-red bursts cor-

responding to the loaded nanovesicles.

3. Discussion and Conclusion

In conclusion, we have established a dual-color coincident
fluorescence burst (DC-CFB) methodology for quantitative
non-destructive studies of heterogeneous populations of flu-
orescently-tagged exosome-mimetic nanovesicles and their
cargos. The technique has single-molecule sensitivity and
allows characterizations on a vesicle-by-vesicle basis. Given
the typically high heterogeneity of biological nanovesicle pop-
ulations, these enhanced capabilities are essential for reliable
assessments of collective properties, such as loading yields
with cargo molecules for therapeutic purposes. We applied the
DC-CFB approach to evaluate the efficiency of the loading pro-
cess of dUTP cargo molecules into nanovesicles synthesized
from horse prostasomes, that is, extracellular vesicles derived
from seminal plasma (EXO), and from human erythrocytes
(RBC). Both studies confirmed the reliability and accuracy of
the method despite measurement challenges associated with
the presence of residual free dyes, high polydispersity, and
aggregation of the biological nanovesicles in solution.

The outcomes of single-color fluorescence burst analyses
were also validated against independent AFM measurements.
Good agreement was found between the two methods, apart
from a discrepancy for larger vesicle sizes, induced by their ten-
dency to form aggregates in solution. An empirical criterion was
introduced to calibrate and optimize the coincident bursts anal-
ysis of the dual-color photon streams stemming from loaded
nanovesicles. The method was then applied to size-resolved
quantitative evaluations of the loading efficiencies of EXO and
RBC nanovesicles with dUTP cargo molecules. Quantitative
evaluations of the average dUTP-loading yields obtained by the
DC-CFB analysis for the two nanovesicle typologies considered
in the study yielded values of 12% for EXO and 20% for RBC
specimens, in excellent agreement with FCCS measurements,
providing values of 12% and 22%, respectively. Moreover,
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the DC-CFB analysis indicated also that loaded vesicles are
larger, on average, than the overall population of (loaded and
unloaded) nanovesicles they belong to.

The results demonstrate a new approach for the study of bio-
engineered exo-mimetic nanovesicles and of their cargo. The
method is well-suited for quantitative analyses and provides
reliable assessments of loading efficiencies with fluorescently-
tagged cargo molecules. It can reliably track nanovesicle prop-
erties as a function of different preparation conditions and
nanovesicle/cargo combinations, hence providing a novel and
powerful tool to gain insights into the loading process and drive
further progress in the production and use of exo-mimetic
nanovesicles for therapeutic purposes. The main constraint of
the method resides in the need for a fluorescent labeling of the
cargo molecule, which might in principle alter encapsulation
efficiency, and this will be the subject of future investigations.
However, the main value of the methodology developed in this
paper resides in affording rigorous quantitative comparisons
among different loading approaches,*® and in tracking loading
efficiencies as a function of nanovesicle processing conditions.
Indeed, we took advantage of such a feature also in this paper,
to optimize the original loading protocol of ref. [22] and address
different nanovesicle typologies.

In principle, the methodology put forward by this study
can be applied to any cargo molecule capable of providing an
optical signal with specific spectral signatures which allow its
discrimination from the environment and the carrier vesicle. In
practice, such developments may imply significant challenges
and define possible avenues for future research. For instance,
the extension of the method to the study of autofluorescence
or even Raman signals arising from native exosome cargos, as
opposed to synthetic drug-loaded nanovesicles, may pave the
way to deployment of this approach for diagnostic applications
in exosome-based liquid biopsy. However, the accurate discrim-
ination of the autofluorescence of different molecules and their

© 2022 The Authors. Small published by Wiley-VCH GmbH
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loading or, alternatively, the detection of Raman signals with
very low signal-to-noise ratios arising from them, may prove
extremely challenging and set ultimate applicability limits for
the method demonstrated here in fluorescence settings.

4. Experimental Section

Preparation of semEV (Extracellular Vesicles from Stallion Semen):
Stallion seminal plasma was collected from animals housed and kept
according to national (Swedish) and European (2010/63/EU) regulations
on the protection of animals used for scientific purposes. The collection
of semen was approved by the Council for Animals in Research and
Education at the Swedish University for Agricultural Science (SLU) and
performed at a breeding stud using an artificial vagina, which does not
require ethical permission in Sweden. For the preparation of semEVs,
the pooled seminal plasma from stallions was centrifuged for 30 min at
10 000g and 4 °C (Beckman Coulter, BC — rotor SW32Ti) to pellet cell
debris and larger molecular complexes. The supernatant was saved and
transferred to a new tube. Supernatants were ultracentrifuged for 1h at
100 000g and 4 °C (BC-SW32Ti) to pellet vesicles. Saved vesicle-pellets
were resuspended in phosphate-buffered saline (PBS) and separated in a
density gradient built with 50%, 42.5% (1.19 g cm~?), 30% (1.13 g cm™),
and 15% sucrose (with the sample top-loaded) for 4h at 160 000g and
4 °C (BC-SW40Ti). Seminal fluid extracellular vesicles that were layered
on 40% sucrose (density range 1.13-1.19 g cm™), hereby denoted as
semEV, were suspended in PBS and pelleted by ultracentrifugation for
1h at 100 000g and 4 °C (BC-SW32Ti). Pellets were resuspended in PBS
and semEV concentrations were estimated by BSA protein kit (Thermo
Fisher, Pierce BCA Protein Assay Kit) and adjusted to 2mg mL7".
Prepared semEV were frozen at —20 °C until use.

Preparation of Red Blood Cell Ghosts: Blood bags containing red blood
cells were purchased from Uppsala University Hospital. All experiments
were performed in compliance with the national directives implemented
at Uppsala University Hospital and at the Swedish University for
Agricultural Science (SLU), in agreement with current European General
Data Protection Regulations (EU GDPR 25/05/2018). Blood donors had
been informed and agreed upon use in scientific research on donated
blood. All blood bags had been deidentified. Ten mL of red blood
cells were washed 3 times in PBS (1:5) by centrifugation for 10 min at
2100g and 4 °C (Nino lab, Heraeus Multifuge3s). Washed red blood cells
were lysed in hypotonic phosphate buffer (PB, 53.4 mOsmol L™) and
repeatedly washed in PB until most of the hemoglobin was removed
(5-8 times with RBC:PBS = 1:4) by ultracentrifugation for 30 min at
20 000g and 4 °C (BC-SW32Ti). Washed red blood cell ghosts were kept
at —20 °C for less than three months.

Preparation and Loading of Nanovesicles: Stored semEV (8 mg,
estimated by BCA protein kit) and stored red blood cell ghosts
(10mL, exact estimation of protein amount was impracticable because
of remaining hemoglobin molecules) were suspended in PBS and
ultracentrifuged for 1h at 100 000 g and 4 °C (BC-SW32Ti). Pellets were
resuspended in PBS and mixed with Triton X-100 (detergent) in a final
concentration of 1% detergent followed by incubation for 30 min on
ice. The detergent treated samples were separated on density gradient
built with 50%, 30%, 24%, and 10% sucrose (with the sample on top)
by another ultracentrifugation for 5h at 230 000g and 4 °C (BC-SWA40Ti).
Fraction with buoyancy at 30% sucrose (1.13 g cm™3), corresponding to
DRM vesicles, was collected and pelleted by ultracentrifugation in PBS
containing 10% sucrose for 1h at 150 000g and 4 °C (BC-SW32Ti). Pellets
were kept at =20 °C until use.

Loading was performed by adding Alexa488-dUTP (Thermo Fisher,
ChromaTide Alexa Fluor 488-dUTP, a single nucleotide) diluted (1:50)
in PBS, directly on the frozen DRM vesicle-pellets. The physiological
buffer induced a transition from hypertonicity (caused by sucrose) to
isotonicity (caused by PBS), a phenomenon called “post-hypertonic
lysis”.’7l This implies an osmotic lysis of the vesicles, with rupture
and revesiculation, whereby the restored vesicles supposedly
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incorporate the surrounding dUTP molecules in PBS, which do
not display a free permeability across biological membranes. The
dUTP-loaded nanovesicles were henceforth protected from direct
exposure to light. They were pelleted by ultracentrifugation for Th at
100 000g and 4 °C (BC-SW32Ti). This new pellet was resuspended in
CellVue Claret membrane kit-staining-component Diluent C (Sigma-
Aldrich, Miniclaret-1kt). Staining of membranes took place according
to manufacturer’s instructions and was stopped by adding 2% bovine
serum albumin. The stained samples were floated in a density gradient
built with 40%, 30%, and 10% sucrose with stained sample on top, by
ultracentrifugation for 5h at 230 000g and 4 °C (BC-SW40Ti).

The fraction at density 113 g cm™ (30% sucrose) containing
purified, loaded, and stained nanovesicles was collected and pelleted
by ultracentrifugation for Th at 100 000g and 4 °C (BC-SW32Ti). Pellets
(“EXO” originating from semEV and “RBC” originating from erythrocyte
ghosts) were resuspended in PBS and kept at 4 °C in dark until analyses.

FCCS Setup: The schematic of the experimental setup for dual-
color Fluorescent Cross-Correlation Spectroscopy (FCCS) is depicted
in Figure la. It consists of a commercial, epi-illuminated, confocal
laser scanning microscope (Olympus FV1200) equipped with a
water immersion objective (60x, NA 1.2, Olympus, UPlanSApo) and
the pinhole set to 50 pum. Excitation sources were Picoquant lasers
(LDH-D-C-485 laser and LDH-D-C-640), either running separately or
in pulsed-interleaved mode (PIE), each laser running at 20 MHz and
with a power of 80 uW at the back-focal plane of the objective for all
measurements. The experimental setup for FCCS measurements used
detection sets made of two avalanche photodiodes for each wavelength.
The fluorescence light was separated from the excitation light by a
ZT405/488/635rpc-UF2 dichroic mirror (Chroma) followed by another
dichroic mirror separating the green and red emission, to allow for
cross-correlation between the signals from the two fluorophores.
The red emission was collected through a HQ720/150 (Chroma)
filter and green emission through a HQ535/70 (Chroma) filter. The
emitted fluorescent light at each wavelength was split by a 50:50
beam-splitter and focused onto either Picoquant tau-spad or Perkin
& Elmer (SPCM-AQR-14) detectors, all connected to a TCSPC module
(HydraHarp 400). The Symphotime software (Picoquant) was used for
data acquisition. Diffusion-time and counts per molecule of Rhodamine
110 and Cy5 were used as references on each day of measurements to
confirm the consistency of the measurement settings. The focal volumes
were determined by measuring the correlation-curve of Rhodaminel10
and Cy5, with known diffusion coefficients, and fitting the experimental
curves with single-diffusion profiles.

Dual-Color Fluorescence Measurements: In each measurement, the setup
was calibrated initially with free dUTP-Alexa488 molecules in solution, to
estimate the photon count rate of each green dye. Nanovesicle samples
taken from a refrigerator were gently spun in a bench centrifuge for 2 min,
before each dual-color measurement. Following 1:100 dilutions in PBS, a
volume of 100 uL of the solution sample (=2 lg) was put on a glass slide
on top of the microscope objective. All the fluorescence measurements
were done at a constant temperature and in a completely dark room. To
obtain reliable statistics on the different sizes of loaded nanovesicles,
repeated measurements were made on both types of samples (EXO and
RBC) over time durations of =50 min.

FCS and FCCS Analysis: Autocorrelation curves for red and green
signals were evaluated from the measured time evolution of their
fluorescence intensity F(t), according to:

(F(t)F (t+1))
z
(F®)
where 7 denotes the correlation time and the angle brackets represent

time average. The cross-correlation curves were evaluated according to
the following equation:

_(RO)F(+7))
Geross (7) = ROF()

Gegp (7)= U
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where Fi(t) and Fy(t) represent the evolution of the red and green
fluorescence signals in time. Details on the fits of the experimental
correlation curves with standard FCS and FCCS profiles are provided in ST,
Supporting Information.

AFM Measurements: A commercial FastScan Bruker system was used
to visualize the topography of vesicles at high resolution and slow scan
rates (0.5 Hz) by AFM. All measurements were performed in tapping
mode in air using NCHV-A (Bruker) cantilevers made of antimony
n-doped silicon. The highest possible resolution of the 2D AFM images
was around 8 nm which was equal to the radius of the applied tip. The
size distributions of all the vesicles were quantified statistically, by taking
bigger AFM images over a scan area of (5 um)? for each sample. To
retrieve the overall size distribution of the nanovesicles, the 2D AFM
images were processed with imaging recognition routines in Matlab,
to detect individual nanovesicles and fit them to circular shapes. The
substrates for the AFM experiments were =(1 cm)? chips, cleaved from
commercial silicon wafers (p-type). The chips were rinsed in acetone
and then isopropanol, using mild sonication for 5 min in each solution,
and then dried using a nitrogen gas flow. Prior to deposition on chip, the
vesicle samples were diluted by (1:10) dilution series in double-distilled
water, up to 10 times, to allow good dispersal of the vesicles on the
silicon chip surface. Dilutions of both vesicle types were spun using a
bench centrifuge. A drop of 1 uL from each dilution was pipetted and
dispensed manually on silicon chips and then allowed to dry for 3 h at
ambient temperature.

DC-CFB Analysis: For the DC-CFB analysis, the photon timestamps
(50 ns time binning) in the red and green channels were first time-gated
according to their excitation pulses and corresponding fluorescence dye
lifetimes (Figure S9, Supporting Information). Before the burst search,
the time-dependent background rates for the red and green channels
were evaluated (Figure S10, Supporting Information) and subtracted
from the corresponding photon timestamps. The parameters utilized
for the burst search in the red and green channels under optimized
conditions are listed in Table S4, Supporting Information. The radius (R)
of the nanovesicles was assessed on an individual basis from the burst
duration time (7,,s;) according to Stokes—Einstein diffusion theory, that
is, through the formula:

4K gT
= 8 7 Thurst 3)

R=—2—_—
6mnws

in which Kp, T, 17 are the Boltzmann constant, the lab temperature, and
the viscosity of the solvent (water), respectively, while wy is the lateral
radius of the confocal volume. Temporally overlapping red and green
bursts were identified as coincident with a tolerance At,,, as discussed
in the text (see also Figure S11, Supporting Information). The optimal
settings of the DC-CFB analysis were determined by comparing the
normalized coincident-red and coincident-green size histograms
in each measurement (Figure Sdef, Supporting Information) and
minimizing their difference (taken as the error signal for parameter
optimization). The loading yield was evaluated as the ratio of the
coincident burst count over the total red burst count, typically
using histograms with 5 nm binning. More details are given in S3,
Supporting Information. Moreover, to estimate the count rate of loaded
nanovesicles, the photon count of green coincident bursts was divided
by their corresponding time width. Therefore, the average brightness
of loaded nanovesicles was calculated by dividing the count rate
of coincident-green bursts by the average count rate of single green
cargo (=9.5 kcounts s7'). The average count rate of dUTP.Alexa488 was
measured at the same excitation power (80 uW) and during similar
measurement time at 1 nM concentration.

Supporting Information

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