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ABSTRACT: Extracellular vesicles (EVs) play a crucial role in cell-to-cell communication and have great potential as efficient
delivery vectors. However, a better understanding of EV in vivo behavior is hampered by the limitations of current imaging tools. In
addition, chemical labels present the risk of altering the EV membrane features and, thus, in vivo behavior. YE.MRI is a safe
bioimaging technique providing selective images of exogenous probes. Here, we present the first example of fluorinated EVs
containing PERFECTA, a branched molecule with 36 magnetically equivalent '°F atoms. A PERFECTA emulsion is given to the
cells, and PERFECTA-containing EVs are naturally produced. PERFECTA-EVs maintain the physicochemical features, morphology,
and biological fingerprint as native EVs but exhibit an intense '’F-NMR signal and excellent '°F relaxation times. In vivo '*F-MRI
and tumor-targeting capabilities of stem cell-derived PERFECTA-EVs are also proved. We propose PERFECTA-EVs as promising
biohybrids for imaging biodistribution and delivery of EVs throughout the body.

KEYWORDS: bioimaging, PERFECTA, PF-MR]I, fluorine, extracellular vesicles

B INTRODUCTION imaging.'”"” While optical imaging protocols are versatile and
widely used to study EVs in vitro and in vivo,""'* they do not
allow easy quantification and, most importantly, have limited
tissue penetration, hampering their clinical translation. In this
regard, magnetic resonance imaging (MRI) is particularly
attractive as it is characterized by high spatial resolution and
rapid acquisition without the use of harmful ionizing radiations

Extracellular vesicles (EVs) are secreted by almost all cell
lines," with key roles that include cellular signaling to close and
distal cells by the transport of active biomolecules such as
lipids, proteins, or nucleic acids.”” In addition, the inherent
properties of EVs such as abundance in body fluids, high
stability, low immunogenicity, targeting capabilities, and ability N b ) X
to cross physiological barriers fueled their use as potential or radl(?actlve nuchde's. C;onventu.)nal IH__MRI can p rov?de
selective vectors capable of delivering active biomolecules and an.atomlcal and ﬁlnctlonallénformat{on to imaged EVs using
therapeutic nanoparticles (NPs) to specific cells and tissues.” tailored contrast ag.ent.s. In this respect, some works
However, the translation of EV-based diagnostic and proposed the combination of metal-based contrast agents

therapeutic approaches to the clinics is strongly hampered by

the lack of precise imaging methodologies that allow Received: November 15, 2022 TR
monitoring EV biodistribution.”” Accepted:  January 25, 2023
To date, several imaging methodologies have been used for Published: February 13, 2023

assessing the in vivo fate of EVs, requiring the addition of
probes for their labeling.'”"" Optical and nuclear imaging are
among the most employed in vivo technologies for EV
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Figure 1. Scheme of the composition of PERFECTA emulsion and production of PERFECTA-EVs. (A) Molecular structure of PERFECTA and
main lipid components of the emulsion, and schematic drawing of a fluorescent emulsion droplet. (B) Scheme representing the labeling strategy for
incubating parental MSC cells with PERFECTA emulsion and (C) centrifugation protocol to isolate PERFECTA-EVs.

(i.e., Gd-lipids) or superparamagnetic iron oxide NPs
(SPIONS), serving as MRI contrast agents, with EVs detected
as signal enhancement related to target tissues.'®'” The use of
SPIONS as contrast agents for tracking EVs by MRI faces the
challenges associated with conventional MRI such as low
sensitivity and specificity.'®™*" Also, even if Gd-complexes are
the most common MRI contrast agents, their use has lately
been related to the accumulation of toxic Gd** in the brain.”'
Additionally, the manipulation needed to generate EV-SPION
or EV-Gd hybrids (e.g., electroporation to introduce SPIONs/
Gd-complexes into EVs or covalent functionalization of the EV
external surface to SPION grafting) may produce unwanted
modifications in their membrane and compromise their
targeting capabilities, a problem that is shared with other
labeling methods such as the inclusion of nanoparticles or the
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chemical grafting of fluorescent tags. Importantly, hot-spot
imaging by '"F-MRI demonstrated several advantages,”” as
endogenous fluorine content in the body is below MRI
detection limit and thus exogenous fluorinated probes can be
imaged with high selectivity on the anatomical images obtained
by 'H-MRI without a background signal.”>~**

In this work, we designed and developed a simple and
efficient strategy that exploits the natural EV biogenesis
pathway to produce superfluorinated EVs, enabling their in
vivo detection by '"F-MRIL. Among different "F-MRI probes,
we chose PERFECTA,**™ which is a biocompatible highly
symmetric branched molecule with 36 magnetically equivalent
YF atoms offering excellent imaging properties. It has been
previously hypothesized that '"F-MRI probes used for cell
labeling could be secreted through EVs,*® but no experimental
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evidence has ever been shown. Here for the first time,
superfluorinated EVs have been obtained and isolated as
imaging biotools. To this end, PERFECTA-EVs were
produced incubating the parental cells with a biocompatible
lipid emulsion of PERFECTA (Figure 1). In this way, cells
internalize PERFECTA as emulsion nanodroplets and expel it
again, incorporated in EVs as a PERFECTA-EV system.

B EXPERIMENTAL SECTION

Cell Culture. Bone marrow murine mesenchymal stem cells
(MSCs) from the C57BL/6 strain were used (Gibco, Thermo Fisher
Scientific) and grown in MesenCult basal media (StemCell
Technologies Inc.) containing 10% of mesenchymal stem cell
stimulatory supplements (StemCell Technologies Inc.), 100 units/
mL of penicillin, and 100 g/mL of streptomycin at 37 °C and 5% CO,
and 3% O, and were cultured in Dulbecco’s modified Eagle’s F-12
medium (DMEM F12, Gibco) with 10% fetal bovine serum (FBS,
Gibco), 1% penicillin/streptomycin, and 1% amphotericin and
atmosphere under hypoxic conditions (3% O,). For culturing B16-
F10 cells (obtained from Cancer Research-U.K. cell services), DMEM
with 10% of FBS (GIBCO) supplemented with 1% penicillin/
streptomycin and 1% amphotericin (Biowest, France) was used.
Furthermore, these metastatic cells were maintained under normoxic
conditions. To obtain cell culture media free of EVs (ULTRACEN
media), cell media was enriched with 10% of FBS free of EVs
(depleted from serum by ultracentrifugation at 100,000g for 8 h at 4
°C).

Synthesis and Characterization of PERFECTA Lipid Emul-
sion. PERFECTA was synthesized as reported previously.”® The lipid
emulsion of PERFECTA was prepared, slightly modifying the
protocol adopted from previous studies.”” Briefly, a fluorescent
PERFECTA emulsion was prepared incorporating 0.1% (w/w) of
fluorescent lipid (L-a-phosphatidylethanolamine-N-(lissamine rhod-
amine B sulfonyl)(ammonium salt), Avanti Polar Lipids) in an
aqueous solution of 4% (w/w) egg lecithin and 4% (w/v) safflower
oil. This mixture was added to melted PERFECTA followed by
several heat and sonication cycles.”® The morphology and size
distribution of PERFECTA emulsion were evaluated by transmission
electron microscopy (TEM) and dynamic light scattering (DLS).
TEM analysis was performed in a T20-FEI Tecnai thermionic
transmission electron microscope operated at 200 kV with a LaB6
electron source fitted with a “SuperTwin”. The TEM sample was
negatively stained following a previous protocol.’’ DLS measurements
were performed on an ALV apparatus equipped with an ALV- 5000/
EPP Correlator, a special optical fiber detector, and an ALV/CGS-3
Compact goniometer. The light source is a He—Ne laser (1 = 633
nm) and a 22 mW output power. Data analysis has been performed
according to standard procedures, and autocorrelation functions were
analyzed through a constrained regularization method (Laplace
inversion of the time autocorrelation functions)) CONTIN, for
obtaining particle size distribution from which we extracted the mean
hydrodynamic radii. ’F-NMR measurements were recorded at 305 K
on a Bruker AV400 spectrometer operating at 400 MHz for the 'F
nucleus. PERFECTA emulsion was diluted in a ratio of 1:10 in MilliQ_
before carrying out the measurements. TFA dissolved in D,0 was
used as an external standard for all NMR measurements.

PERFECTA Emulsion Cellular Uptake Studies. PERFECTA
uptake was performed incubating cell cultures with PERFECTA
emulsion at 37 °C. PERFECTA cellular cytotoxicity was evaluated
incubating both MSCs and B16-F10 cells with PERFECTA emulsion
(at 2, 1, 0.5, 0.25, 0.125, 0.06, 0.03, and 0.015 mg/mL expressed in
PERFECTA concentration) for 24 and 48 h, using Blue Cell Viability
assay as previously reported.’” Cellular uptake of PERFECTA
emulsion in MSCs and B16-F10 cells was assessed by confocal
microscopy (Spectral Confocal Microscope Zeiss LSM 880). Cells
were seeded at a density of 2 X 10* cells onto 20 mm coverslips
(previously deposited onto a 24-well plate) and cultured for 24 h.
PERFECTA fluorescent emulsion (2 mg/mL) suspended in DMEM
or DMEM-F12 for B16-F10 cells and MSCs was, respectively, added
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to the cells and incubated for 2, 4, 6, 8, and 24 h. Afterward, cells were
washed twice with PBS and fixed with 4% paraformaldehyde (PFA)
for 30 min. To label the cytoplasmatic actin, cells were finally stained
with phalloidin-Alexa488 (Invitrogen), while Drag-5 was used to
observe the nuclei. Z-stack orthogonal projections were performed to
determine the presence of the droplets inside the cytosol. The cell
pellets from B16-F10 cells and MSCs were dissolved in 400 L of PBS
and suspended well before making NMR measurements. For the
analysis with DMSO, solid PERFECTA was solved in DMEM or
DMEM-F12 with 10% of DMSO in an ultrasonic bath for 1 min.
Then, this formulation was incubated with cells for 24 and 48 h at the
same doses compared with the PERFECTA lecithin emulsion.
Cytotoxicity and "F-NMR measurements on these samples are
carried out using the same procedure as those used for the
measurement of cell pellets exposed to PERFECTA emulsions.

EV Isolation and Purification. EVs from control (untreated) and
PERFECTA emulsion-treated cells (MSCs and B16-F10) were
purified by serial ultracentrifugation cycles.” For the isolation of
PERFECTA-EVsMS® and PERFECTA-EVsP¢F10 cells were first
incubated with 2 mg/mL of PERFECTA emulsion for 6 h (when the
maximum amount of PERFECTA was located within cell cytoplasm).
After 6 h, cell cultures were washed three to five times with PBS to
eliminate the noninternalized PERFECTA droplets and cells were
maintained for 48 h with ULTRACEN media to harvest PERFECTA-
EVs (Figure 1). A control experiment for evaluating the possible
fraction of PERFECTA emulsion droplets not removed with the
washing steps was done by incubating MSCs with PERFECTA
emulsion for only 1 min. Then, this sample was subject to the same
isolation protocol shown in Figure 1.

To remove the remaining debris, cell supernatants were collected
and centrifuged for 20 min at 2000g and at 4 °C. For discarding the
microvesicles, another centrifugation step was carried out for 30
minutes at 10,000g and at 4 °C. Finally, samples were twice
ultracentrifuged at 100,000¢ for 2 h at 4 °C to obtain the small
extravesicular fraction. EVs™® and PERFECTA-EVsMS® were
resuspended in PBS. A Pierce BCA protein assay (Thermo Fisher
Scientific) was performed to estimate the protein content in the
extravesicular sample. EVs were characterized by an FEI XFEG
TITAN electron microscope operated at 300 kV equipped with a
CETCOR Cs probe corrector from CEOS Company. Elemental
analysis was carried out with an EDS (EDAX) detector, which allows
performing EDS experiments in the scanning mode. The electro-
kinetic potential was estimated by { potential measurements at pH =
7 in PBS (Brookhaven 90 plus and ZetaPALS software). PERFECTA
association with isolated EVs from MSCs and B16-F10 cells was
revealed by '"F-NMR measurements. EVs were also characterized by
NTA measurements using a NanoSight NS300 system (Malvern
Technologies, Malvern, UK.) configured with a 532 nm laser. The
measurements were performed at CNR-SCITEC (CNB group) in
Milan. To analyze the expression of control (GAPDH) and
extravesicular proteins (CD9, CD81, CD63, and ALIX), Western
blotting (WB) was performed.” Briefly, 25 ug of PERFECTA-EVs and
control EVs was precipitated with acetone overnight (1:1 v/v), lysated
in Laemmli buffer (Sigma-Aldrich), and boiled at 95 °C for S min.
Proteins were first separated by SDS gel electrophoresis and then
transferred to a nitrocellulose membrane at 4 °C. Membranes were
blocked overnight with nonfat dry milk in 5% (w/v) of tris-buffered
saline (TBS). Before incubating the blots with the antibodies, they
were washed with TBS-Tween TBST (three times for 20 min); blots
were incubated with primary antibodies GAPDH, 1:1000, CDY;
1:2000 (Abcam U.K.), CD81; 1:500 (Santa Cruz, UK.), ALIX;
1:1000 (Cell Signaling), and CD63, 1:1000 (BD Biosciences).
Membranes were then washed three times with 1% (TBST) followed
by incubation of the blots with the secondary antibodies anti-HRP
(Sigma-Aldrich). Finally, membranes were again washed with TBST
and the chemiluminescence substrate was added and imaging was
carried out. The stability of the EVs over time was tested, suspending
the EVs in PBS for different time periods (from 1 to S days after their
purification) at 4 °C. The EVs were precipitated with 1% v/v of
acetone and centrifugated. '’F-NMR measurements were made on the
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supernatant to check the presence of a PERFECTA signal. We
measured '"F-NMR for more than 1S5 independent EV samples
isolated with the standard protocol.

F-NMR Properties and MR Imaging Performance of
PERFECTA-EVs. F, T}, and T, measurements were performed at
305 K on a spectrometer operating at 400 MHz for the '°F nucleus.
F-loading was quantified through an external standard of trifluoro-
acetic acid (TFA) in D,0. F-NMR spectra were recorded in the
range of —65 to —8S ppm compared to TFA (=75 ppm). The NMR
probe was maintained at 300 K for the entire duration of the
experiment. A delay time between repetitions of 14.5 s was adopted to
ensure full relaxation, and 256 scans were collected. An inversion
recovery and a CPMG pulse sequence were used for measuring T
and T,, respectively. ’F-MRI was performed on samples containing
the fluorinated EVs for both cell types. MRI experiments were carried
out on a preclinical 7 Tesla MRI scanner (BioSpec, Bruker BioSpin,
Ettlingen, Germany) located at the center of experimental imaging,
IRCCS San Raffaele Hospital (Milano, Italy). A dual-transmit-receive
YF/'H volume coil (35 mm X 59 mm) was used for both proton and
fluorine MRI. The samples were placed in a falcon tube filled with
agarose gel and were imaged at room temperature (21 °C). Both 'H
and ""F-MRI data were acquired using a 3D turbo-spin echo sequence
with the same FOV (45 mm X 30 mm X 28 mm) but different
matrices (128 X 64 X 8 and 64 X 32 X 8, respectively) and signal
averages (8 and 100, respectively). For each sample, the signal-to-
noise ratio (SNR) was measured using the image analysis tool of the
scanner (Paravision 6.0, Bruker Biospin). The mean signal intensity
was measured in the area of each sample on the '°F image and divided
by the standard deviation of the noise taken in an area of the image
outside of the samples. The total amount of 19F atoms was estimated
in relation to the SNR of a PERFECTA reference standard (emulsion
containing 2 X 10'® °F atoms).

Cellular Viability and Uptake Studies of PERFECTA-EVs. The
viability of cells treated with PERFECTA-EVs™S®* and PERFECTA-
EVsP!F10 was measured incubating the EVs with both cell lines
during 24, 48, and 72 h at 0.044, 0.0875, 0.175, 0.35, 0.7, 1.4, and 2.8
ug/100 uL (expressed as the total extravesicular protein amount).
Finally, the PERFECTA-EV uptake was evaluated by confocal
microscopy as previously described. MSCs and B16-F10 cells were
seeded at a density of 2 X 10* cells onto 20 mm coverslips (in a 24-
well plate) and incubated with fluorescent PERFECTA-EVs. After-
ward, cells were fixed with 4% PFA and an immunocytochemistry was
performed: to label exosome and endosomal pathways, CD63-
Alexa488 antibody (Thermo Fisher Scientific) was employed and
nuclei were stained with Drag-S. PERFECTA emulsion-based
agglomerates were visualized with a 546 nm laser. Z-stack orthogonal
projections were developed to determine the presence of PERFECTA
aggregates inside the cell cytoplasm.

In Vivo "F-MRI Tracking Experiments. All of the procedures of
this study were performed under the Project Licenses PI 46/20 and
AE-biomaGUNE1419 approved by the Ethics Committee for Animal
Experiments from the University of Zaragoza (Comision Etica
Asesora para la Experimentacion Animal de la Universidad de
Zaragoza) and by the CICbioMAGUNE from San Sebastian. Mice
were fed ad libitum, and their care and maintenance under specific
pathogen-free conditions were carried out according to the Spanish
Policy for Animal Protection RD53/2013, which meets the European
Union Directive 2010/63 on the protection of animals destined for
experimental and other scientific purposes. For these experiments, 6
to 8 weeks old female BALB/c nu/nu mice (Envigo) were employed.
All of the animals were maintained under quarantine for 7 days as
soon as their arrival at the animal facilities and before starting the
experiments. Animal manipulation was carried out under sterile
conditions in a hood. For the xenograft model, animals received a
subcutaneous injection of 3 X 10° HeLa cells suspended in 200 uL of
DPBS. Then, the animals were divided into two different groups of
three to four individuals: group A, mice treated with 50 ug of
PERFECTA-EVs™® and group B, mice treated with an emulsion
containing the same amount of PERFECTA. Both animal groups
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received the same amount of PERFECTA contained in two different
formulations (2.51 X 10" '°F atoms).

After 15 days from the xenograft tumor inoculation, both
formulations were intravenously administered in the tail vein. After
48 h from the administration, mice were imaged by MRI. For MR],
animals were anesthetized and maintained with 2% of isoflurane
during the scanner session. Body temperature was maintained at 37
°C using a bed heated with circulating water. MRI experiments were
performed using a Bruker MR (Bruker Biospec, Bruker Biospin) with
an 11.7 T horizonal bore magnet and a 40 mm volumetric excitation
for the detection of 'H/19F. Finally, 7 days after the treatment, mice
were euthanized by CO, and tumor, kidneys, liver, lungs, spleen, and
pancreas were collected for biodistribution and histopathological
analysis from the mice treated with PERFECTA-EVs as well as
untreated mice. The organs were cut into small pieces with scissors
and treated with 2 mL of collagenase solution. Collagenase solution is
prepared by dissolving 0.4 mg/mL of collagenase type IV (Sigma cod.
C5138) in DMEM (with Ca/Mg), 5% FBS. After incubation at 37 °C
to ensure that the organs were digested, the cell suspensions were
homogenized, filtered, and washed. Finally, the homogenates were
suspended in 400 uL of PBS and "F-NMR was carried out to
determine the presence of fluorine in the organs. Organs collected at
day 7 were fixed for 24 h with paraformaldehyde (4%, Alfa Aesar)
followed by cold 70% ethanol, the organs being finally embedded in
paraffin. Three micrometer sections were stained with hematoxylin
and eosin (H&E).

Statistical Analysis. All of the results are expressed as mean +
SD. Statistical analysis of the data and the significant differences
among the means were evaluated by two-way analysis of variance
(ANOVA) for multiple comparisons by Dunnett’s multiple
comparison test (GraphPad Software). Statistically significant differ-
ences were indicated as follows: *p < 0.05; **p < 0.01; ***p <
0.0001; and ****p < 0.00001.

B RESULTS AND DISCUSSION

Optimization of PERFECTA Internalization in MSCs
and B16-F10 Cells. MSCs and B16-F10-derived EVs were
labeled with PERFECTA (PERFECTA-EVs™S®* and PER-
FECTA-EVs®'¢F1%) leveraging the EV biogenesis pathway. To
this end, parental cells were treated with a PERFECTA lipid
emulsion (Figure S1) and produced EVs were isolated using an
optimized ultracentrifugation protocol (see Experimental
Section). We selected MSCs, as there is clear evidence for
the preferential migration of MSC-derived EVs to target tumor
/33736 In addition, to verify the reliability and
demonstrate the wide potential application of the proposed
methodology, a second cell line (melanoma, B16-F10 cells),
known to produce EVs in high amount, was also treated with
PERFECTA emulsion to produce PERFECTA-EVs®'¢F°. To
set the optimal conditions of incubation for PERFECTA
internalization with the selected cell lines, cellular viability
studies with the emulsion were performed on both cell lines as
a function of PERFECTA concentration (Figure S2A,B). The
results showed good cell viability even after 2 days of
incubation up to 2 mg/mL for B16-F10 cells, while MSCs
displayed more stress upon incubation with PERFECTA
emulsion with a viability of around 70—75%. For comparison,
PERFECTA was also dissolved in 10% of DMSO and directly
added to the cells, but as expected, higher cellular toxicity
(Figure S2C,D) and lower PERFECTA internalization were
observed (Figure S2E). The cellular uptake of PERFECTA
emulsion at different time points was first visualized by
confocal microscopy as fluorescent nanodroplets. Confocal
microscopy revealed internalization of the fluorescent emulsion
in the cytoplasm of both cell lines, with maximum internal-
ization at 6 hours in the case of MSCs and at 24 h for B16-F10
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Figure 2. Characterization of biogenic PERFECTA-EVs™®, (A) F-NMR spectrum of an aqueous dispersion of isolated PERFECTA-EVs™S¢:;
observed peaks are at —72.44 ppm (PERFECTA) and —75.54 ppm (TFA, external reference). The estimated fluorine content in the dispersion was
approximately 1.95 + 0.9 X 10° F/EV. (B) Representative TEM images at different magnifications of control and PERFECTA-EVs™®. (C)
EDS—STEM spectrum showing the chemical composition of control and PERFECTA-EVs™S® with HAADF-STEM image of analyzed
PERFECTA-EVs™® (inset). The presence of Si in the control sample is a spurious signal due to fluorescence from the supporting grid of the EDS
detector window.*” (D) EV concentration as n°NPs/mL obtained by the NTA analysis of control and PERFECTA-EVsMS®. (E) WB evaluation of
extravesicular (ALIX, CD9) and control (GAPDH) proteins for control and PERFECTA-EVs™SS,

Table 1. Physical—Chemical Features of PERFECTA-Loaded MSCs and B16-F10-Derived EVs and Unlabeled EVs

B16-F10 MSCs
PERFECTA emulsion EVs PERFECTA-EVs EVs PERFECTA-EVs
mean size (nm)” 206 + 7 179 + 7 193 + 22 237 + 81 167 + 4
¢ potential (mV) —45 + 10 —-23+5S —26%S -19+7 - 18+6
n° °F atoms/EV” 1.63 + 0.5 X 10° 0.88 + 0.2 x 107 1.95 + 0.9 x 10°

“Mean size was obtained by NTA measurements. “n® °F atoms/EV were obtained by normalizing the '°F atoms measured by *F-NMR with the
number of EVs obtained by NTA measurements.

cells (Figure S3A,B). The internalization of PERFECTA by the exhibited the signal of the reference TFA only, while a sharp

target cells at 6 h was also confirmed and quantified by "F- signal at the characteristic chemical shift of PERFECTA was
NMR measurements (Figure S3C,D). In particular, both cell clearly observed in the spectra of the labeled EVs from both
lines treated with the emulsion showed a sharp and intense cell lines (Figures 2A and S4B; see the SI section)

signal at a PERFECTA chemical shift (—72.4 ppm), contrarily
to control cells. To find the best compromise between the
uptake efficiency and cellular viability, 6 h was selected as the
optimal incubation time.

Production and Characterization of Biogenic PER-

FECTA-EVs as Stable F-MRI Imaging Tools. PERFEC- removed by the centrifugation protocol give a negligible '°F-
TA-EVsMSC, PERFECTA-EVsP'SFI° and control EVs NMR signal with respect to the EV-PERFECTA signal (Figure

(EVSMS and EVsP'6F10) ywere thoroughly characterized in S5). TEM analysis of both PERFECTA-loaded and control

corresponding to the presence of PERFECTA in the isolated
samples. The control samples obtained incubating MSCs with
PERFECTA emulsions for only 1 min showed 10 times lower
signal, indicating that possible “free” emulsion droplets not

terms of morphology, size distribution, zeta potential, and EVs revealed lipid vesicles of pseudospherical shape charac-
specific protein content (Figures 2 and S4). Both aqueous terized by a diameter of about 100 nm, as previously reported
suspensions of labeled and control EVs were first measured by (Figures 2B and S4C) ;3738 thus, no significant morphological
F.NMR in the presence of an external standard (trifluoro- differences were observed between native and PERFECTA-

acetic acid, TFA). The spectra of control samples (Figure S4A) EVs. Importantly, the morphology of the observed EVs is
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Figure 4. ""F-MRI properties of biogenic PERFECTA-EVs™®., (A) T, and T, relaxation times of the source PERFECTA emulsion (R) and
isolated PERFECTA-EVs*“ measured by ’F-NMR. (B) Signal-to-noise ratio (SNR) of each sample calculated on "’F-MR images. (C) MRI
images at '"H and "F frequencies were obtained on samples of PERFECTA-EVs™S* compared with those of PERFECTA emulsion (R: 2 X
10'* 'F atoms). Both 'H and '°F images were merged for sample identification.

clearly different from that of the initial PERFECTA droplets of
the source emulsion (Figure S1A).

Energy-dispersive X-ray spectroscopy (EDS—STEM) dem-
onstrated colocalization of '’F atoms with EVs treated with
PERFECTA emulsion through the analysis of their chemical
composition, while no 'F signal was observed associated with
untreated EVs (Figure 2C). It is important to note that EDS
detection is limited for a low atomic number element (such as
fluorine), making the analysis semiquantitative. Nanoparticle
tracking analysis (NTA) results showed similar particle size
distributions centered at about 170—220 nm for all samples,
indicating that both isolated samples are enriched in small-
sized EVs with minimal agglomeration, ie, PERFECTA
incorporation in the EVs did not affect their structure and
colloidal stability (Figures 2D and S4D and Table 1).
Accordingly, { potential measurements showed a similar
characteristic negative surface charge for both fluorinated
and control EVs in both cell lines. Finally, combining EV
concentration obtained by NTA measurements with the
quantification of PERFECTA content by '"F-NMR, it was
also possible to qualitatively estimate an average number of '°F
atoms associated with EV for the two cell lines. A higher
PERFECTA loading was found for PERFECTA-EVs™S¢
which are meant to be used as possible therapeutic agents.
Overall, these results indicated that PERFECTA was associated
with cell-derived EVs in a significant amount without
compromising their physicochemical features (see Table 1).
It was not possible to determine the specific localization of
PERFECTA inside the EVs, although given its hydrophobic
nature encapsulation seems more likely in the lipid membrane
of the extracellular vesicles.

Importantly, EVs"“ and PERFECTA-EVs™* were also
characterized by Western blot (WB), evaluating the expression
of extravesicular proteins (ALIX and CD63), as well as the
presence of a housekeeping protein (GAPDH). WB analysis
confirmed that the presence of PERFECTA in the EVs did not
affect the expression of either housekeeping or extravesicular
proteins (Figure 2E). Moreover, in the case of EVs®'¢*!% and
PERFECTA-EVsP¢FI0  the expression of neither control
proteins (GAPDH) nor tetraspanins specific from EVs
(CD9, CD81, and CD63) was affected by the presence of
PERFECTA (Figure S4E). Summarizing, characterization
results demonstrate that the morphology and integrity of the
EVs were maintained upon PERFECTA incorporation. The
stability of PERFECTA-EVs in terms of the possible release
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over time is also shown in Figure S6A,B. Neither PERFECTA-
EVs™ nor PERFECTA-EVs"' !0 released any detectable
amount of PERFECTA in physiological solutions even after 1
week, as expected in a highly hydrophobic molecule. Also, no
precipitate/flocculate was observed in the aged dispersions,
and ""F-NMR experiments of the isolated supernatants, upon
EV removal, did not exhibit any PERFECTA signal.

In Vitro and In Vivo Imaging and Biodistribution of
PERFECTA-EVs by "F-MRI. The tolerability of MSCs and
B16-F10 cells toward exposure to PERFECTA-EVs was also
determined by incubating them with increasing amounts of
PERFECTA-EVs derived from both cell lines. Viability assays
revealed that PERFECTA-EVs did not significantly affect cell
viability in either MSCs or B16-F10 cells (Figure 3A),
corroborating the biocompatibility of PERFECTA-EVs as
imaging tools. Furthermore, PERFECTA-loaded EVs were
easily internalized by MSCs and B16-F10 and their presence in
cell cytoplasm was confirmed by confocal microscopy. Indeed,
cell treatment with a PERFECTA fluorescent emulsion
produced fluorescent PERFECTA-EVs. Figure 3B shows
fluorescent PERFECTA-EVs as intense red dots in the cell
cytoplasm surrounding cell nuclei labeled visualized in blue. In
the same image, cellular exosomal and endosomal compart-
ments were labeled using an anti-CD63-Alexa488 antibody and
observed in green. Thus, the presence of yellow dots in the cell
cytoplasm corresponds to PERFECTA-EVs colocalizing with
exosomal and endosomal pathways.

Since the final objective of the study was to enable the
visualization of the ability of EVs™S* to target tumors, the
imaging properties such as T, and T, relaxation times of
derived PERFECTA-EVs™S® were first evaluated in phantoms
to assess their suitability for further use in vivo. In fact, there is
strong evidence that EVs (i.e,, B16-F10) from cancer cells are
heavily involved in metastatic tumor growth,**~** which would
make their therapeutic use questionable.

T, and T, relaxation times for PERFECTA-EVMSC and
PERFECTA-EV*'*F10 were determined by '"F-NMR experi-
ments (Figures 4A and S7A). Considering that a relatively
short T) and a long T, are usually suitable for imaging
purposes,”®** the measured relaxation times for PERFECTA-
EVMSC were promising and comparable to those of the source
emulsion as shown in Figure 4A. Accordingly, '"F-MRI
measurements of phantoms containing suspensions of
PERFECTA-EVs™™ revealed a good signal-to-noise ratio
(SNR) (Figures 4B,C and S7B,C) as expected. The obtained
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Figure 5. Tumor homing of PERFECTA-EVs™S®. In vivo "’F-MRI of BALB-nu mice bearing HeLa tumor: (A) merged ‘H and F-MRI (red)
images from representative mice after 48 h from the administration of PERFECTA emulsion (top) and PERFECTA-EVs™S“ (bottom). The green
circle delineates the tumor region, while the blue circles indicate the bone marrow (BM) of the spinal cord (solid) and the knee (dotted). The
white circle in each image indicates the standard reference (R). In the white box (bottom-left), '’F-MR image magnification focused on the tumor
mass. (B) Histograms of '°F signal-to-noise ratio (SNR) distribution in both tumor and bone marrow of the spinal cord are reported for each
mouse. The dashed line indicates the SNR limit above which '’F signal is detectable (SNR > 3). (C) '"F-NMR spectra of harvested organs from a
representative mouse among those treated with PERFECTA emulsion and those treated with PERFECTA-EVs™S¢:,

results strongly support the possibility of using PERFECTA-
EVs for imaging their biodistribution through MRI acquisitions
of images with a high SNR using fast imaging sequences.

Encouraged by the good imaging properties of PERFECTA-
EVs™*® demonstrated in the experiments with phantoms,
experiments with a xenograft tumor-bearing animal model
were carried out next. Given the lack of native '’F in the
animals, the signal obtained would be due exclusively to
PERFECTA-EVs™S* and could be used to confirm their
biodistribution and the expected accumulation in the tumor, in
view of the known tumor-targeting capabilities of MSC-derived
EVs. After 48 h from intravenous administration of 50 ug of
PERFECTA-EVs™ in the tail of several groups of four mice
carrying a xenograft tumor, a fluorine signal from PERFECTA-
EVs™*® was clearly observed mainly in tumor and bone
marrow regions (Figure SA).

On the contrary, in mice treated with PERFECTA source
emulsion used as a control, the signal was hardly detectable
either in bone marrow or in tumor (Figure SA,B). Such
differences were also confirmed by SNR measurements (Figure
SB), showing that a large portion of tumor exhibited a relevant
fluorine signal when the animals received PERFECTA-EVs™S©
compared to control mice (82 vs 31% of the tumor area with a
detectable SNR > 3, respectively).

In mice treated with PERFECTA emulsion, the fluorine
signal was mainly observed in adipose tissues. The
accumulation of the fluorine signal in the bone marrow of
mice treated with PERFECTA-EVs™S®* could be related to the
nature of the parental cells used to derive the EVs, ie.,
precisely stem cells derived from bone marrow. In this regard,
targeting of bone marrow could be expected as it has been
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demonstrated by us and others that EVs retain a fingerprint
identity from the cells of origin.7 To support these results, ex
vivo quantification of the fluorine content in extracted organs
from those mice after 1 week of administration of both
PERFECTA formulations was performed using '*F-NMR
(Figure SC). The isolated organs from mice injected with
PERFECTA-EVs**® and PERFECTA emulsions were har-
vested to analyze the content of the fluorinated probe. The
harvested organs were homogenized before performing '’F-
NMR measurements. No fluorine signal from PERFECTA was
found in the homogenized pancreas, kidneys, or lungs for both
groups of treated mice. On the other hand, a significant signal
of PERFECTA was visualized in the liver samples of all mice,
while a small °F signal could be observed in the spleen. As
observed by '"F-MRI, a clear signal was also measured in
tumor samples extracted from mice treated with PERFECTA-
EVs™S% whereas no signal was detected in the tumor samples
from mice treated with the PERFECTA emulsion. The
histopathological analysis of all of the studied organs was
carried out on H&E-stained sections. Figure S8 includes
representative H&E images of the tumor mass, spleen, liver,
and pancreas from control mice and from PERFECTA-EV and
emulsion-treated mice at 1 week after treatment. The tumors
were histopathologically similar in all of the three cases, despite
the intrinsic, unavoidable variation among animals. Some
multifocal areas of lymphoplasmacytic infiltration of uncertain
interpretation were observed in the peripancreatic fat at 1 week
after treatment in both emulsion- and PERFECTA-EV-treated
mice. However, in the liver and spleen where most of the
PERFECTA signals were seen for treated mice, no
morphological alterations that could be attributed to the
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presence of either EVs or emulsion were observed when
compared to control mice.

B CONCLUSIONS

Extensive studies performed on EVs have undisputedly
established their importance as signal carriers for the
intercellular transfer of lipids, proteins, and nucleic acids.**
Furthermore, high biocompatibility and preferential migration
to selected sites highlight their potential use as promising tools
for the detection and treatment of various diseases.”” ™" The
development of novel EV hybrids and tracking protocols would
help to accurately and effectively deliver therapeutic and
diagnostic agents while providing key information about EV
accumulation and distribution in vivo.””' Herein, we set up an
innovative approach to image exogenous EVs by '"F-MRI
using fluorinated EVs. To produce fluorinated EVs, with intact
membranes, their parental cells were incubated with a
biocompatible emulsion of the superfluorinated probe
PERFECTA, already shown to be internalized by different
types of cells.””® In this way, fluorinated EVs were generated
using their natural biogenesis pathway, with no further
manipulation. The robustness of the proposed labeling
protocol is supported by the fact that labeled EVs could be
obtained from different cell lines without significantly altering
their viability. Preservation of EV morphology and membrane
properties has been shown through multiple measurements
comparing PERFECTA-EVs to parental unlabeled EVs. On
one side, PERFECTA-EVs maintained excellent F-NMR
characteristics typical of the source emulsion showing a single
peak, optimal relaxation times, and stability over time. On the
other side, thanks to their intact membranes, they kept the
targeting properties exhibited by parental EVs: PERFECTA-
EVMS¢ accumulation in neoplastic areas was confirmed by in
vivo "’F-MRI and ex vivo '’F-NMR, giving an unequivocal ’F
signal in the tumor region. Overall, incubation of the target
cells with a biocompatible PERFECTA emulsion is a
straightforward procedure to obtain PERFECTA-EVs that
could be tracked in vivo by '’F-MRI. With a highly specific and
quantitative MRI signal with no endogenous background, '’F-
MRI is a superior tool for imaging '°F-labeled EVs and can be
used to better understand the mechanisms governing the
mobility and tropism of EVs. This noninvasive strategy can, in
principle, be applied to any type of cell, thus producing a series
of parental fluorinated EVs, which could be followed in vivo by
F-MRI. Given the increasing number of EV-based new
therapies, PERFECTA-EVs have a strong potential for
monitoring the effects of these novel therapeutics, providing
real-time information on the status of a particular disease as
well as its response to a certain treatment.”> >

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.2c20566.

Additional results including characterization, cytotox-
icity, cellular internalization of PERFECTA emulsions,
characterization of PERFECTA-EV®'¢F1% stability tests,
and H&E images (PDF)

8982

B AUTHOR INFORMATION

Corresponding Authors

Jesas Santamaria — Instituto de Nanociencia y Materiales de
Aragén (INMA), CSIC-Universidad de Zaragoza, S0009
Zaragoza, Spain; Department of Chemical Engineering and
Environmental Technologies, University of Zaragoza, 50009
Zaragoza, Spain; Networking Research Center on
Bioengineering Biomaterials and Nanomedicine (CIBER-
BBN), 28029 Madrid, Spain; © orcid.org/0000-0002-
8701-9745; Email: jesus.santamaria@unizar.es

Francesca Baldelli Bombelli — Laboratory of Supramolecular
and Bio-Nanomaterials (SupraBioNano Lab), Department
of Chemistry, Materials and Chemical Engineering, “Giulio
Natta”, Politecnico di Milano, 20131 Milan, Italy;

orcid.org/0000-0001-8138-9246;
Email: francesca.baldelli@polimi.it

Authors

Maria Sancho-Albero — Instituto de Nanociencia y Materiales
de Aragén (INMA), CSIC-Universidad de Zaragoza, 50009
Zaragoza, Spain; Department of Chemical Engineering and
Environmental Technologies, University of Zaragoza, 50009
Zaragoza, Spain; Networking Research Center on
Bioengineering Biomaterials and Nanomedicine (CIBER-
BBN), 28029 Madrid, Spain; Present Address: M.S.A.:
Department of Molecular Biochemistry and
Pharmacology, Instituto di Ricerche Farmacologiche
Mario Negri IRCCS, 20156 Milan, Italy

Nazeeha Ayaz — Laboratory of Supramolecular and Bio-
Nanomaterials (SupraBioNano Lab), Department of
Chemistry, Materials and Chemical Engineering, “Giulio
Natta”, Politecnico di Milano, 20131 Milan, Italy

Victor Sebastian — Instituto de Nanociencia y Materiales de
Aragén (INMA), CSIC-Universidad de Zaragoza, S0009
Zaragoza, Spain; Department of Chemical Engineering and
Environmental Technologies, University of Zaragoza, 50009
Zaragoza, Spain; Networking Research Center on
Bioengineering Biomaterials and Nanomedicine (CIBER-
BBN), 28029 Madrid, Spain; ® orcid.org/0000-0002-
6873-5244

Cristina Chirizzi — Laboratory of Supramolecular and Bio-
Nanomaterials (SupraBioNano Lab), Department of
Chemistry, Materials and Chemical Engineering, “Giulio
Natta”, Politecnico di Milano, 20131 Milan, Italy;
Experimental Neurology (INSPE) and Experimental
Imaging Center (CIS), Neuroscience Division, IRCCS
Ospedale San Raffaele, 20132 Milan, Italy; © orcid.org/
0000-0002-8636-466X

Miguel Encinas-Gimenez — Instituto de Nanociencia y
Materiales de Aragén (INMA), CSIC-Universidad de
Zaragoza, 50009 Zaragoza, Spain; Department of Chemical
Engineering and Environmental Technologies, University of
Zaragoza, 50009 Zaragoza, Spain; Networking Research
Center on Bioengineering Biomaterials and Nanomedicine
(CIBER-BBN), 28029 Madrid, Spain

Giulia Neri — Laboratory of Supramolecular and Bio-
Nanomaterials (SupraBioNano Lab), Department of
Chemistry, Materials and Chemical Engineering, “Giulio
Natta”, Politecnico di Milano, 20131 Milan, Italy; Present
Address: G.N.: Department of Chemical, Biological,
Pharmaceutical and Environmental Sciences, University of
Messina, 98166 Messina, Italy.

https://doi.org/10.1021/acsami.2c20566
ACS Appl. Mater. Interfaces 2023, 15, 8974—8985


https://pubs.acs.org/doi/10.1021/acsami.2c20566?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c20566/suppl_file/am2c20566_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesu%CC%81s+Santamari%CC%81a"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8701-9745
https://orcid.org/0000-0002-8701-9745
mailto:jesus.santamaria@unizar.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+Baldelli+Bombelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8138-9246
https://orcid.org/0000-0001-8138-9246
mailto:francesca.baldelli@polimi.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mari%CC%81a+Sancho-Albero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nazeeha+Ayaz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+Sebastian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6873-5244
https://orcid.org/0000-0002-6873-5244
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cristina+Chirizzi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8636-466X
https://orcid.org/0000-0002-8636-466X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miguel+Encinas-Gimenez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giulia+Neri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linda+Chaabane"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c20566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Linda Chaabane — Experimental Neurology (INSPE) and
Experimental Imaging Center (CIS), Neuroscience Division,
IRCCS Ospedale San Raffaele, 20132 Milan, Italy

Lluis Lujan — Department of Animal Pathology and Instituto
Universitario de Investigacion Mixto Agroalimentario de
Aragén (IA2), University of Zaragoza, S0009 Zaragoza,
Spain

Pilar Martin-Duque — Networking Research Center on
Bioengineering Biomaterials and Nanomedicine (CIBER-
BBN), 28029 Madrid, Spain; Instituto Aragonés de Ciencias
de la Salud (IACS) /IIS Aragén, Zaragoza S009, Spain;
Fundacién Araid, 50018 Zaragoza, Spain; Present
Address: P. M.-D.: Surgery Department, School of
Medicine, University of Zaragoza, 50009 Zaragoza,
Spain.; orcid.0rg/0000-0003—2890—7846

Pierangelo Metrangolo — Laboratory of Supramolecular and
Bio-Nanomaterials (SupraBioNano Lab), Department of
Chemistry, Materials and Chemical Engineering, “Giulio
Natta”, Politecnico di Milano, 20131 Milan, Italy;

orcid.org/0000-0002-7945-099X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.2c20566

Author Contributions
$SM.S.-A. and N.A. contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

M.S.-A. thanks the Spanish Government for the FPU PhD
research fellowship (reference 15/03419) and the AIRC-
Foundation for cancer research for a Postdoctoral fellowship in
Italy. P.M.-D. also thanks the Instituto de Salud Carlos III
(P119/01007). The authors gratefully acknowledge financial
support from the ERC Advance Grant CADENCE (grant no-
ERC-2016-ADG-762684). V.S. acknowledges the financial
support from Fundacién Ramén Areces (XX Concurso
nacional-Ciencias de la Vida y de la Materia) and Beca
Leonardo a Investigadores y Creadores Culturales 2021 de la
Fundacién BBVA. V.S. also acknowledges the ICTS ELECMI
(LMA-UNIZAR). N.A,, F.B.B., and P.M. acknowledge
financial support from Regione Lombardia (NEWMED
project, ID: 1175999, POR FESR 2014 2020). F.B.B. and
P.M. are also thankful for the projects Hydrogex funded by
Cariplo Foundation (grant no. 2018-1720) and NiFTy funded
by MUR (PRIN2017, no. 2017MYBTXC). The authors would
also like to thank Prof. Jesus Ruiz-Cabello and Dr. Daniel
Padro from CICbioMAGUNE for the ""F-MRI analysis and
Scientific Services of the Aragon Institute of Health Sciences,
specifically to the Microscopy, Pathology and Animal Facilities
Services and their specialists. Dr Marina Cretich from “Istituto
di Scienze e Tecnologie Chimiche” (SCITEC-CNR) in Milan,
Italy, is acknowledged for the use of NTA Instrument. CIBER-
BBN is an initiative funded by the VI National R&D&i Plan
2008—2011 financed by the Instituto de Salud Carlos III with
the assistance of the European Regional Development Fund.
CIBER-BBN (initiative funded by the VI National R&D&i
Plan 2008—2011, Iniciativa Ingenio 2010, Consolider Program,
CIBER Actions and financed by the Instituto de Salud Carlos
III with assistance from the European Regional Development
Fund) and Nanbiosis ICTS are gratefully acknowledged.
“CIBER-BBN is an initiative funded by the VI National

8983

R&D&i Plan 2008—2011 financed by the Instituto de Salud
Carlos III with the assistance of the European Regional
Development Fund”.

B ABBREVIATIONS

EVs, extracellular vesicles

NPs, nanoparticles

NMR, nuclear magnetic resonance

MRI, magnetic resonance imaging

MSCs, mesenchymal stem cells

TEM, transmission electron microscopy

DLS, dynamic light scattering

NTA, nanoparticle tracking analysis

EVs™SC, MSC-derived EVs

EVsBI6FI0 B16-F10-derived EVs

PERFECTA-EVsMSC) MSC-derived EVs with PERFECTA
PERFECTA-EVSBI¢FI B16-F10-derived EVs with PER-
FECTA

B REFERENCES

(1) van Niel, G.; D’Angelo, G.; Raposo, G. Shedding Light on the
Cell Biology of Extracellular Vesicles. Nat. Rev. Mol. Cell Biol. 2018,
19, 213-228.

(2) Ludwig, A.-K.; Giebel, B. Exosomes: Small Vesicles Participating
in Intercellular Communication. Int. . Biochem. Cell Biol. 2012, 44,
11-18.

(3) Kalluri, R;; LeBleu, V. S. The Biology, Function, and Biomedical
Applications of Exosomes. Science 2020, 367, No. eaau6977.

(4) Sancho-Albero, M.; Rubio-Ruiz, B.; Perez-Lopez, A. M,
Sebastian, V.; Martin-Duque, P.; Arruebo, M.; Santamaria, J;
Unciti-Broceta, A. Cancer-Derived Exosomes Loaded with Ultrathin
Palladium Nanosheets for Targeted Bioorthogonal Catalysis. Nat.
Catal. 2019, 2, 864—872.

(5) Wiklander, O. P. B;; Nordin, J. Z.; O’Loughlin, A.; Gustafsson,
Y,; Corso, G,; Mager, L; Vader, P,; Lee, Y,; Sork, H; Seow, Y,;
Heldring, N.; Alvarez-Erviti, L; Smith, C. I. E; Le Blanc, K;
Macchiarini, P.; Jungebluth, P.; Wood, M. J. A.; El Andaloussi, E.
Extracellular Vesicle in vivo Biodistribution is Determined by Cell
Source, Route of Administration and Targeting. J. Extracell. Vesicles
2015, 4, No. 26316.

(6) Qiao, L.; Hu, S.; Huang, K; Su, T.; Li, Z.; Vandergriff, A.; Cores,
J.; Dinh, P.-U.; Allen, T.; Shen, D.; Liang, H.; Li, Y.; Cheng, K. Tumor
Cell-Derived Exosomes Home to their Cells of Origin and Can be
Used as Trojan Horses to Deliver Cancer Drugs. Theranostics 2020,
10, 3474—3487.

(7) Sancho-Albero, M.; Navascués, N.; Mendoza, G.; Sebastian, V.;
Arruebo, M.; et al. Exosome Origin Determines Cell Targeting and
the Transfer of Therapeutic Nanoparticles Towards Target Cells. J.
Nanobiotechnol. 2019, 17, No. 16.

(8) Chuo, S. T.Y; Chien, J. C-Y,; Lai, C. P.-K. Imaging
Extracellular Vesicles: Current and Emerging Methods. J. Biomed.
Sci. 2018, 25, No. 91.

(9) Verweij, F. J; Balaj, L; Boulanger, C. M.; Carter, D. R. F,;
Compeer, E. B.; D’Angelo, G.; El Andaloussi, S.; Goetz, J. G.; Gross, J.
C.; Hyenne, V.; Kramer-Albers, E.-M.; Lai, C. P.; Loyer, X.; Marki, A.;
Momma, S.; Nolte-t Hoen, E. N. M,; Pegtel, D. M.; Peinado, H.;
Raposo, G.; Rilla, K; Tahara, H.,; Thery, C;; Royen, M. E. V,;
Vandenbroucke, R. E.; Wehman, A. M,; Witwer, K; Wu, Z;
Wubbolts, R.; van Niel, G. The Power of Imaging to Understand
Extracellular Vesicle Biology In Vivo. Nat. Methods 2021, 18, 1013—
1026.

(10) Yi, Y. W,; Lee, J. H.; Kim, S.-Y.; Pack, C.-G.; Ha, D. H.; Park, S.
R; Yuon, J.; Cho, B. S. Advances in Analysis of Biodistribution of
Exosomes by Molecular Imaging. Int. . Mol. Sci. 2020, 21, No. 66S.

(11) Lazaro-Ibanez, E.; Faruqu, F. N.; Saleh, A. F.; Silva, A. M,;
Wang, J. T.-W,; Rak, J; Al-Jamal, K. Selection of Fluorescent,
Bioluminescent, and Radioactive Tracers to Accurately Reflect

https://doi.org/10.1021/acsami.2c20566
ACS Appl. Mater. Interfaces 2023, 15, 8974—8985


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Llui%CC%81s+Luja%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pilar+Martin-Duque"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2890-7846
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pierangelo+Metrangolo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7945-099X
https://orcid.org/0000-0002-7945-099X
https://pubs.acs.org/doi/10.1021/acsami.2c20566?ref=pdf
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1016/j.biocel.2011.10.005
https://doi.org/10.1016/j.biocel.2011.10.005
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1038/s41929-019-0333-4
https://doi.org/10.1038/s41929-019-0333-4
https://doi.org/10.3402/jev.v4.26316
https://doi.org/10.3402/jev.v4.26316
https://doi.org/10.7150/thno.39434
https://doi.org/10.7150/thno.39434
https://doi.org/10.7150/thno.39434
https://doi.org/10.1186/s12951-018-0437-z
https://doi.org/10.1186/s12951-018-0437-z
https://doi.org/10.1186/s12929-018-0494-5
https://doi.org/10.1186/s12929-018-0494-5
https://doi.org/10.1038/s41592-021-01206-3
https://doi.org/10.1038/s41592-021-01206-3
https://doi.org/10.3390/ijms21020665
https://doi.org/10.3390/ijms21020665
https://doi.org/10.1021/acsnano.0c09873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c09873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c20566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

Extracellular Vesicle Biodistribution in Vivo. ACS Nano 2021, 15,
3212-3227.

(12) Betzer, O.; Perets, N.; Angel, A.; Motiei, M.; Sadan, T.; Yadid,
G.; Offen, D.; Popovtzer, R. In Vivo Neuroimaging of Exosomes
Using Gold Nanoparticles. ACS Nano 2017, 11, 10883—10893.

(13) Jing, B.; Qian, R;; Gai, Y.; Lan, X;; An, R. Multimodality PET/
CT and NIRF Imaging for Image-Guided Surgery of Colon Cancer
with Exosomes Based Nanoprobe. J. Nucl. Med. 2019, 60, No. 662.

(14) Lai, C. P,; Kim, E. Y,; Badr, C. E.; Weissleder, R.; Mempel, T.
R.; Tannous, B. A.; Breakefield, X. O. Visualization and Tracking of
Tumour Extracellular Vesicle Delivery and RNA Translation Using
Multiplexed Reporters. Nat. Commun. 2015, 6, No. 7029.

(15) Jirak, D.; Galisova, A.; Kolouchova, K.; Babuka, D.; Hruby, M.
Fluorine Polymer Probes for Magnetic Resonance Imaging: Quo
Vadis? Magn. Reson. Mater. Phys., Biol. Med. 2019, 32, 173—185.

(16) Jia, G; Han, Y;; An, Y.; Ding, Y.; He, C.; Wang, X,; Tang, Q.
NRP-1 Targeted and Cargo-Loaded Exosomes Facilitate Simulta-
neous Imaging and Therapy of Glioma In Vitro and In Vivo.
Biomaterials 2018, 178, 302—316.

(17) Han, Z.; Liu, S; Pei, Y.; Ding, Z.; Li, Y.; Wang, X.; Zhan, D,;
Xia, S.; Driedonks, T.; Witwer, K. W.; Weiss, R. G.; van Zijl, P. C. M;
Bulte, J. W. M,; Cheng, L.; Liu, G. Highly Efficient Magnetic Labelling
allows MRI Tracking of the Homing of Stem Cell-derived
Extracellular Vesicles Following Systemic Delivery. J. Extracell. Vesicles
2021, 10, No. e12054.

(18) Zhuang, M.; Chen, X.; Du, D.; Shi, J.; Deng, M.; Long, Q.; Yin,
X.; Wang, Y.; Rao, L. SPION Decorated Exosome Delivery of TNF-a
to Cancer Cell Membranes Through Magnetism. Nanoscale 2020, 12,
173—188.

(19) Hu, L; Wickline, S. A; Hood, J. L. Magnetic Resonance
Imaging of Melanoma Exosomes in Lymph Nodes. Magn. Reson. Med.
2018, 74, 266—271.

(20) Hood, J. L.; Scott, M. J.; Wickline, S. A. Maximizing Exosome
Colloidal Stability Following Electroporation. Anal. Biochem. 2014,
448, 41—49.

(21) Kanda, T.; Fukusato, T.; Matsuda, M.; Toyoda, K,; Oba, H,;
Kotoku, J.; Haruyama, T.; Kitajima, K.; Furui, S. Gadolinium-Based
Contrast Agent Accumulates in the Brain Even in Subjects without
Severe Renal Dysfunction: Evaluation of Autopsy Brain Specimens
with Inductively Coupled Plasma Mass Spectroscopy. Radiology 2015,
276, 228—232.

(22) Tirotta, L; Dichiarante, V.; Pigliacelli C.; Cavallo, G;
Terraneo, G.; Bombelli, F. B.; Metrangolo, P.; Resnati, G. (19)F
Magnetic Resonance Imaging (MRI): From Design of Materials to
Clinical Applications. Chem. Rev. 2015, 115, 1106—1129.

(23) Srinivas, M.; Cruz, L. ].; Bonetto, F.; Heerschap, A.; Figdor, C.
G.; de Vries, I. J. M. Customizable, Multi-Functional Fluorocarbon
Nanoparticles for Quantitative In Vivo Imaging Using 19F MRI and
Optical Imaging. Biomaterials 2010, 31, 7070—7077.

(24) Ahrens, E. T.; Zhong, J.; et al. In Vivo MRI Cell Tracking Using
Perfluorocarbon Probes and Fluorine-19 Detection. NMR Biomed.
2013, 26, 860—871.

(25) Nienhaus, F.; Colley, D.; Jahn, A; Pfeiler, S.; Flocke, V.;
Temme, S.; Kelm, M.; Gerdes, N.; Flogel, U.; Bonner, F. Phagocytosis
of a PFOB-Nanoemulsion for 19F Magnetic Resonance Imaging: First
Results in Monocytes of Patients with Stable Coronary Artery Disease
and ST-Elevation Myocardial Infarction. Molecules 2019, 24,
No. 2058.

(26) Tirotta, 1; Mastropietro, A.; Cordiglieri, C.; Gazzera, L.; Baggi,
F.; Baselli, G.; Bruzzone, M. G.; Zucca, L; Cavallo, G.; Terraneo, G.;
Bombelli, F. B.; Metrangolo, P.; Resnati, G. A Superfluorinated
Molecular Probe for Highly Sensitive In Vivo(19)F-MRL J. Am.
Chem. Soc. 2014, 136, 8524—8527.

(27) Chirizzi, C.; Battista, D.; De; Tirotta, I; Metrangolo, P.; et al.
Multispectral MRI with Dual Fluorinated Probes to Track
Mononuclear Cell Activity in Mice. Radiology 2019, 291, 351-357.

(28) Jamgotchian, L.; Vaillant, S.; Selingue, E.; Doerflinger, A;
Belime, A,; Vandamme, M,; Pinna, G, Ling, W. L.; Gravel, E;
Meriaux, S.; Doris, E. Tumor-Targeted Superfluorinated Micellar

8984

Probe for Sensitive In Vivo 19F-MRI. Nanoscale 2021, 13, 2373—
2377.

(29) Ayaz, N.; Dichiarante, V.; Pigliacelli, C.; Repossi, J.; Gazzera,
L.; Boreggio, M.; Maiolo, M,; Chirizzi, C.; Bergamaschi, G;
Chaabane, L.; Fasoli, E.; Metrangolo, P.; Bombelli, F. B. Hydro-
phobin-Coated Solid Fluorinated Nanoparticles for 19F-MRI. Adv.
Mater. Interfaces 2021, 9, No. 2101677.

(30) Fink, C.; Gaudet, J. M.; Fox, M. S.; Bhatt, S.; Viswanathan, S.;
Smith, M.; Chin, J.; Foster, P. J.; Dekaban, G. A. 19F-
Perfluorocarbon-Labeled Human Peripheral Blood Mononuclear
Cells Can be Detected In Vivo Using Clinical MRI Parameters in a
Therapeutic Cell Setting. Sci. Rep. 2018, 8, No. 590.

(31) Gomez, L.; Sebastian, V.; Irusta, S.; Ibarra, A.; Arruebo, M.;
Santamaria, J. Scaled-Up Production of Plasmonic Nanoparticles
Using Microfluidics: From Metal Precursors to Functionalized and
Sterilized Nanoparticles. Lab Chip 2014, 14, 325—332.

(32) Yang, Z.; Shi, J.; Xie, J.; Wang, Y.; Sun, J,; Liu, T.; Zhao, Y,;
Zhao, X.; Wang, X.; Ma, Y.; Malkoc, V.; Chiang, C.; Deng, W.; Chen,
Y,; Fu, Y.; Kwak, K. J; Fan, Y,; Kang, C.; Yin, C.; Rhee, J.; Bertani, P.;
Otero, J.; Lu, W,; Yun, K;; Lee, A. S,; Jiang, W.; Teng, L.; Kim, B. Y.
S; Lee, L. J. Large-Scale Generation of Functional mRNA-
Encapsulating Exosomes via Cellular Nanoporation. Nat. Biomed.
Eng. 2020, 4, 69—83.

(33) Kidd, S.; Spaeth, E.; Dembinski, J. L.; Dietrich, M.; Watson, K ;
Klopp, A.; Battula, V. L.; Weil, M.; Andreeff, M.; Marini, F. C. Direct
Evidence of Mesenchymal Stem Cell Tropism For Tumor and
Wounding Microenvironments Using In Vivo Bioluminescent
Imaging. Stem Cells 2009, 27, 2614—2623.

(34) Belmar-Lopez, C.; Mendoza, G.; Oberg, D.; Burnet, J.; Simon,
C.; Cervello, I; Iglesias, M.; Ramirez, J. C.,; Lopez-Larrubia, P,;
Quintanilla, M.; Martin-Duque, P. Tissue-Derived Mesenchymal
Stromal Cells Used as Vehicles for Anti-Tumor Therapy Exert
Different In Vivo Effects on Migration Capacity and Tumor Growth.
BMC Med. 2013, 11, No. 139.

(35) Encabo-Berzosa, M. M.; Gimeno, M.; Lujan, L.; Sancho-Albero,
M.; Gomez, L.; Sebastian, V.; Quintanilla, M.; Arruebo, M.;
Santamaria, J.; Martin-Duque, P. Selective Delivery of Photothermal
Nanoparticles to Tumors Using Mesenchymal Stem Cells as Trojan
Horses. RSC Adv. 2016, 6, 58723—58732.

(36) Sancho-Albero, M.; Encinas-Gimenez, M.; Sebastian, V.; Perez,
E.; Lujan, L.; Santamaria, J.; Martin-Duque, P. Transfer of
Photothermal Nanoparticles Using Stem Cell Derived Small
Extracellular Vesicles for In Vivo Treatment of Primary and
Multinodular Tumours. J. Extracell. Vesicles 2022, 11, No. e12193.

(37) Mathieu, M.; Martin-Jaular, L.; Lavieu, G.; Théry, C.
Specificities of Secretion and Uptake of Exosomes and Other
Extracellular Vesicles For Cell-To-Cell Communication. Nat. Cell
Biol. 2019, 21, 9—17.

(38) Kamerkar, S.; LeBleu, V. S.; Sugimoto, H.; Yang, S.; Ruivo, C.
F.; Melo, S. A,; Lee, J. J.; Kalluri, R. Exosomes Facilitate Therapeutic
Targeting of Oncogenic KRAS in Pancreatic Cancer. Nature 2017,
546, 498—503.

(39) Tanaka, R; Yuge, K.; Kawai, J.; Alawadhi, H. Artificial Peaks in
Energy Dispersive X-Ray Spectra: Sum Peaks, Escape Peaks, and
Diffraction Peaks. X-Ray Spectrom. 2017, 46, S—11.

(40) Tian, S.; Wang, C.; Wang, B. Incorporating Pathway
Information into Feature Selection towards Better Performed Gene
Signatures. BioMed Res. Int. 2019, 2019, No. 2497509.

(41) Jiang, X.; Wang, J.; Deng, X.; Xiong, F.; Ge, J.; Xiang, B.; Wu,
X.; Ma, J.; Zhou, M,; Li, X;; Li, Y.; Li, G.; Xiong, W.; Guo, C.; Zeng,
Z. Role of the Tumor Microenvironment in PD-L1/PD-1-Mediated
Tumor Immune Escape. Mol. Cancer 2019, 18, No. 10.

(42) Zhao, L; Ma, X; Yu, J. Exosomes and Organ-Specific
Metastasis. Mol. Ther.—Methods Clin. Dev. 2021, 22, 133—147.

(43) Wang, K.; Peng, H.; Thurecht, K. J.; Puttick, S.; Whittaker, A.
K. pH-Responsive Star Polymer Nanoparticles: Potential 19F MRI
Contrast Agents For Tumour-Selective Imaging. Polym. Chem. 2013,
4, 4480—4489.

https://doi.org/10.1021/acsami.2c20566
ACS Appl. Mater. Interfaces 2023, 15, 8974—8985


https://doi.org/10.1021/acsnano.0c09873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b04495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b04495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms8029
https://doi.org/10.1038/ncomms8029
https://doi.org/10.1038/ncomms8029
https://doi.org/10.1007/s10334-018-0724-6
https://doi.org/10.1007/s10334-018-0724-6
https://doi.org/10.1016/j.biomaterials.2018.06.029
https://doi.org/10.1016/j.biomaterials.2018.06.029
https://doi.org/10.1002/jev2.12054
https://doi.org/10.1002/jev2.12054
https://doi.org/10.1002/jev2.12054
https://doi.org/10.1039/C9NR05865F
https://doi.org/10.1039/C9NR05865F
https://doi.org/10.1002/mrm.25376
https://doi.org/10.1002/mrm.25376
https://doi.org/10.1016/j.ab.2013.12.001
https://doi.org/10.1016/j.ab.2013.12.001
https://doi.org/10.1148/radiol.2015142690
https://doi.org/10.1148/radiol.2015142690
https://doi.org/10.1148/radiol.2015142690
https://doi.org/10.1148/radiol.2015142690
https://doi.org/10.1021/cr500286d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500286d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500286d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.biomaterials.2010.05.069
https://doi.org/10.1016/j.biomaterials.2010.05.069
https://doi.org/10.1016/j.biomaterials.2010.05.069
https://doi.org/10.1002/nbm.2948
https://doi.org/10.1002/nbm.2948
https://doi.org/10.3390/molecules24112058
https://doi.org/10.3390/molecules24112058
https://doi.org/10.3390/molecules24112058
https://doi.org/10.3390/molecules24112058
https://doi.org/10.1021/ja503270n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja503270n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1148/radiol.2019181073
https://doi.org/10.1148/radiol.2019181073
https://doi.org/10.1039/D0NR08200G
https://doi.org/10.1039/D0NR08200G
https://doi.org/10.1002/admi.202101677
https://doi.org/10.1002/admi.202101677
https://doi.org/10.1038/s41598-017-19031-0
https://doi.org/10.1038/s41598-017-19031-0
https://doi.org/10.1038/s41598-017-19031-0
https://doi.org/10.1038/s41598-017-19031-0
https://doi.org/10.1039/C3LC50999K
https://doi.org/10.1039/C3LC50999K
https://doi.org/10.1039/C3LC50999K
https://doi.org/10.1038/s41551-019-0485-1
https://doi.org/10.1038/s41551-019-0485-1
https://doi.org/10.1002/stem.187
https://doi.org/10.1002/stem.187
https://doi.org/10.1002/stem.187
https://doi.org/10.1002/stem.187
https://doi.org/10.1186/1741-7015-11-139
https://doi.org/10.1186/1741-7015-11-139
https://doi.org/10.1186/1741-7015-11-139
https://doi.org/10.1039/C6RA10058A
https://doi.org/10.1039/C6RA10058A
https://doi.org/10.1039/C6RA10058A
https://doi.org/10.1002/jev2.12193
https://doi.org/10.1002/jev2.12193
https://doi.org/10.1002/jev2.12193
https://doi.org/10.1002/jev2.12193
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1038/nature22341
https://doi.org/10.1038/nature22341
https://doi.org/10.1002/xrs.2697
https://doi.org/10.1002/xrs.2697
https://doi.org/10.1002/xrs.2697
https://doi.org/10.1155/2019/2497509
https://doi.org/10.1155/2019/2497509
https://doi.org/10.1155/2019/2497509
https://doi.org/10.1186/s12943-018-0928-4
https://doi.org/10.1186/s12943-018-0928-4
https://doi.org/10.1016/j.omtm.2021.05.016
https://doi.org/10.1016/j.omtm.2021.05.016
https://doi.org/10.1039/c3py00654a
https://doi.org/10.1039/c3py00654a
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c20566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(44) Farooqi, A. A; Desai, N. N.; Qureshi, M. Z.; Librelotto, D. R.
N.; Gasparri, M. L.; Bishayee, A.; Nabavi, S. M.; Curti, V.; Daglia, M.
Exosome Biogenesis, Bioactivities and Functions as New Delivery
Systems of Natural Compounds. Biotechnol. Adv. 2018, 36, 328—334.

(45) Johnsen, K. B.; Gudbergsson, J. M.; Skov, M. N.; Pilgaard, L.;
Moos, T.; Duroux, M. A Comprehensive Overview of Exosomes as
Drug Delivery Vehicles - Endogenous Nanocarriers For Targeted
Cancer Therapy. Biochim. Biophys. Acta, Rev. Cancer 1846, 75—87.

(46) Suetsugu, A.; Honma, K.; Saji, S.; Moriwaki, H.; Ochiya, T.;
Hoffman, R. M. Imaging Exosome Transfer From Breast Cancer Cells
to Stroma at Metastatic Sites in Orthotopic Nude-Mouse Models.
Adv. Drug Delivery Rev. 2013, 65, 383—390.

(47) Robbins, P. D.; Morelli, A. E. Regulation of Immune Responses
by Extracellular Vesicles. Nat. Rev. Immunol. 2014, 14, 195—208.

(48) Baharlooi, H.; Azimi, M.; Salehi, Z.; Izad, M. Mesenchymal
Stem Cell-Derived Exosomes: A Promising Therapeutic Ace Card to
Address Autoimmune Diseases. Int. J. Stem Cells 2020, 13, 13—23.

(49) Perets, N.; Betzer, O.; Shapira, R;; Brenstein, S.; Angel, A;
Sadan, T.; Ashery, U,; Popovtzer, R; Offen, D. Golden Exosomes
Selectively Target Brain Pathologies in Neurodegenerative and
Neurodevelopmental Disorders. Nano Lett. 2019, 19, 3422—3431.

(50) Xitong, D.; Xiaorong, Z. Targeted Therapeutic Delivery Using
Engineered Exosomes and Its Applications in Cardiovascular
Diseases. Gene 2016, 575, 377—384.

(51) del Mar Encabo-Berzosa, M.; Sancho-Albero, M.; Crespo, A.;
Andreu, V.; Sebastian, V.; Irusta, S.; Arruebo, M.; Martin-Duque, P.;
Santamaria, J. The Effect of PEGylated Hollow Gold Nanoparticles
on Stem Cell Migration: Potential Application in Tissue Regener-
ation. Nanoscale 2017, 9, 9848—9858.

(52) Melo, S. A.; Luecke, L. B.; Kahlert, C.; Fernandez, A. F.;
Gammon, S. T.; Kaye, J.; LeBleu, V. S;; Mittendorf, E. A,; Weitz, J.;
Rahbari, N.; Reissfelder, C.; Pilarsky, C.; Fraga, M. F.; Piwnica-
Worms, D.; Kalluri, R. Glypican-1 Identifies Cancer Exosomes and
Detects Early Pancreatic Cancer. Nature 2015, 523, 177—182.

(53) Colao, L. L; Corteling, R.; Bracewell, D.; Wall, I. Manufacturing
Exosomes: A Promising Therapeutic Platform. Trends Mol. Med.
2018, 24, 242—256.

(54) Liu, S.; Chen, X;; Bao, L; Liu, T.; Yuan, P,; Yang, X,; Qiy, X,;
Gooding, J. J.; Bai, Y.; Xiao, J; Pu, F; Jin, Y. Treatment of Infarcted
Heart Tissue Via the Capture and Local Delivery of Circulating
Exosomes Through Antibody-Conjugated Magnetic Nanoparticles.
Nat. Biomed. Eng. 2020, 4, 1063—1075.

8985

https://doi.org/10.1021/acsami.2c20566
ACS Appl. Mater. Interfaces 2023, 15, 8974—8985


https://doi.org/10.1016/j.biotechadv.2017.12.010
https://doi.org/10.1016/j.biotechadv.2017.12.010
https://doi.org/10.1016/j.bbcan.2014.04.005
https://doi.org/10.1016/j.bbcan.2014.04.005
https://doi.org/10.1016/j.bbcan.2014.04.005
https://doi.org/10.1016/j.addr.2012.08.007
https://doi.org/10.1016/j.addr.2012.08.007
https://doi.org/10.1038/nri3622
https://doi.org/10.1038/nri3622
https://doi.org/10.15283/ijsc19108
https://doi.org/10.15283/ijsc19108
https://doi.org/10.15283/ijsc19108
https://doi.org/10.1021/acs.nanolett.8b04148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b04148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b04148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.gene.2015.08.067
https://doi.org/10.1016/j.gene.2015.08.067
https://doi.org/10.1016/j.gene.2015.08.067
https://doi.org/10.1039/C7NR01853C
https://doi.org/10.1039/C7NR01853C
https://doi.org/10.1039/C7NR01853C
https://doi.org/10.1038/nature14581
https://doi.org/10.1038/nature14581
https://doi.org/10.1016/j.molmed.2018.01.006
https://doi.org/10.1016/j.molmed.2018.01.006
https://doi.org/10.1038/s41551-020-00637-1
https://doi.org/10.1038/s41551-020-00637-1
https://doi.org/10.1038/s41551-020-00637-1
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c20566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

