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ABSTRACT (ell-released vesicles are natural carriers that circulate in
Theranosomes

body fluids and transport biological agents to distal cells. As nature uses

vesicles in cell communication to promote tumor progression, we propose \C . o2 e . ;

to harness their unique properties and exploit these biogenic carriers as \

Trojan horses to deliver therapeutic payloads to cancer cells. In a Magnetic
nanoparticles

theranostic approach, cell-released vesicles were engineered by a top-
down procedure from precursor cells, previously loaded with a photo-

7N

Photosensitizer

sensitizer and magnetic nanoparticles. The double exogenous cargo

0,0,

therapeutic and imaging functions. This new class of cell-derived smart nanovectors was named “theranosomes”. Theranosomes enabled efficient

provided vesicles with magnetic and optical responsiveness allowing

photodynamic tumor therapy in a murine cancer model in vivo. Moreover the distribution of this biogenic vector could be monitored by dual-mode imaging,

combining fluorescence and MRI. This study reports the first success in translating a cell communication mediator into a smart theranostic nanovector.
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andling organism barriers and self-
H defense is a major challenge in nano-

medicine.! Synthetic vectors such
as liposomes and polymeric nanoparticles
are increasingly developed for drug deliv-
ery, but their comprehensive adaptability
to a biological environment is still not
controlled.? Various drug formulation stra-
tegies aim to improve the biocompatibility
of drug delivery platforms, protect the ther-
apeutic payload from degradation, delay
uptake by the reticuloendothelial system,?
enhance the crossing of biological barriers,
and efficiently transfer the drug to the
target. However, apart from this man-made
approach, it was recently highlighted that
nature possesses its own internal delivery
system, which allows different biological
effectors to be transported from cell to cell.*
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Naturally occurring cell vesicles, released un-
der physiological conditions as well as in
response to a variety of stimuli, indeed
freely circulate in the organism.>® They are
nowadays regarded as biological conveyors
of cellular materials participating in distal
information transfer between cells.*” Their
implication in diverse pathophysiological
processes, most notably in inflammation
and cancer, is related to their unique ability
to propagate biological signals stemming
from parental cells and to target recipient
cells. Remarkably, the endogenous proper-
ties of cell-released vesicles, in terms of
membrane composition and structure, mor-
phology, size distribution, biophysical char-
acteristics, and internal payloads, make
them unique natural vectors for intercellular
communication. More explicitly, biogenic
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Scheme 1. Schematic representation of theranosome production from drug-loaded magnetic precursor cells and their
application for photodynamic therapy and dual-mode MRI and fluorescence imaging.

vectors present highly optimized functions in vivo,
such as natural stability in blood circulation, immuno-
tolerance,® natural targeting properties, and the capacity
to facilitate cell entry.® Moreover, most cell—material
interactions are mediated by the cell membrane. In this
regard, designing a therapeutic vector with cellular origin
may represent a challenging opportunity for drug deliv-
ery. Exosomes, the smallest subsets of cell-derived vesi-
cles, have been first engineered for gene or drug delivery.
Purified exosomes were electroporated in order to en-
capsulate short interfering (si)RNA for Alzheimer's disease
treatment.'® Moreover, exosomes loaded with curcumin
by hydrophobic interactions were tested in a septic shock
mouse model."" Here we propose an alternative
approach, following a top-down procedure, in which
cells serve as fabrication units to produce submicrom-
eter vesicles with specific exogenous cargoes. Our
strategy aimed at exploiting the inherent properties
of cellular vesicles in order to design a new generation
of multifunctional theranostic vectors. For this pur-
pose, the parent cells were first engineered to enclose
both iron oxide nanoparticles and a therapeutic drug.
Then they were stimulated to generate nanovesicles
laden with both payloads. These cellular carriers were
named “theranosomes” in regard to their combination
of therapeutic and imaging properties (Scheme 1).
Indeed iron oxide nanoparticles are responsive to
magnetic field, allowing multiple functionalities such
as magnetic manipulation, remote heating,'*'* and
tracking by magnetic resonance imaging (MRI)."*'®
Besides, the drug employed, a photosensitizer named
m-THPC, is clinically used and has been reported to be
one of the most active photosensitizers for photody-
namic therapy (PDT).'® In addition to singlet oxygen
production, photosensitizers emit fluorescence, which
enables both detection and imaging of the drug. Yet,
the therapeutic outcome of PDT is currently weakened
by suboptimal concentration at the tumor site and side
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effects related to unspecific intake in healthy tissue.
Additionally, direct administration of most photosen-
sitizers such as m-THPC suffers important limita-
tions related to high hydrophobicity and subsequent
concentration-dependent aggregation in aqueous media.
Here the cellular membrane of cell-shed vesicles is
expected to act as a support carrier for the hydropho-
bic m-THPC drug, while the magnetic nanoparticles
provide MR detectability and allow magnetic manip-
ulations of such natural therapeutic nanovectors. Our
study reports the first proof of principle of designing
cell-derived multifunctional nanovectors, named ther-
anosomes, with applicability in cancer therapy.

RESULTS

Theranosome Production with Magnetic and Therapeutic
Cargo. The first step in theranosome production in-
volved an initial loading of parent cells with magnetic
nanoparticles and photosensitizer. Human macro-
phages, derived from the monocytic THP1 cell line,
were incubated with 8 nm citrate-coated iron oxide
nanoparticles together with the m-THPC photosensiti-
zer in RPMI culture medium, at a concentration below
the onset of m-THPC aggregation. These nanoparticles
enter the cell by adsorptive endocytosis as previously
described.'”'® Cellular internalization of nanoparticles
and efficient uptake of the photosensitizer were quan-
tified, corresponding to 30 pg of iron and 18 fmol of
m-THPC per cell, respectively. To induce vesicle release,
the parent cells were subsequently cultured in serum-free
medium for two days. Membrane vesicles shed in the
extracellular medium were then sorted overnight on a
strong magnet, in order to select the vesicles loaded with
iron oxide nanoparticles (Supplementary Figure 1). Trans-
mission electron microscopy (TEM) confirmed the isola-
tion of membrane-bound vesicles, most of them con-
taining iron oxide nanoparticles in their internal compart-
ment. A mean vesicle size of 332 £+ 94 nm (n = 30) was
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Figure 1. Characterization of theranosomes: size, magnetophoretic mobility, constitution, and iron load. (a) On the left:
electron micrographs of theranosomes enclosing iron oxide nanoparticles in their core. On the right: histogram of
theranosome size distribution. (b) On the upper left: optical microscopy follow-up of the Brownian motion of theranosomes.
The arrow indicates the initial position of the theranosome, and the trajectories are graphically represented by inter-
connected dots, which indicate successive time points taken at intervals of 109 ms. On the left: random displacement of
theranosomes was recorded and their diffusion coefficient D was measured from the displacements (x(t),y(t)) in the
coordinates x and y at time t, using (Ax2(t) + Ay*(t)) = 4DAt, where brackets denote averaging over time. On the bottom:
histogram of theranosome hydrodynamic size distribution calculated from the Brownian motion. (c) On the left: time series
images (bright field and fluorescence) of theranosomes in the presence of a micromagnet. Red fluorescence emission from
theranosomes is due to the encapsulation of the fluorescent drug m-THPC, while green fluorescence emission is the signature
of the biological membrane. Theranosome detection in green (membrane) and red (photosensitizer) attests co-localization of
magnetic and drug payloads within cell-derived vesicles. On the right: histogram of theranosome iron load distribution.
Trajectories of theranosomes moving toward the micromagnet tip were recorded and analyzed in order to determine the
theranosome magnetophoretic mobility and iron load distribution.

derived from electron micrographs (Figure 1a). Be-
sides, the dynamical observation of the Brownian
motion of single vesicles (Figure 1b) and a dynamic
light scattering (DLS) experiment allowed deducing
amean hydrodynamic diameter of 610 4= 200 nm and
550 4+ 50 nm, respectively. Size distribution was not
changed by freezing/defrosting cycles. There was no
statistically significant difference in mean hydrodynamic
size determined by DLS after one, two, or three freezing/
defrosting cycles (p > 0.9).

SILVA ET AL.

The co-localization of the magnetic and photosen-
sitizer payloads within the biogenic vesicles was de-
monstrated through a micromagnetophoresis experi-
ment (Figure 1c). The vesicles that moved toward the
micromagnet and accumulated on it due to their
magnetic payload also showed red fluorescence stem-
ming from the photosensitizer, which was further
confirmed by fluorescence spectroscopy detection
(Supplementary Figure 2). In addition, the presence
of a cellular membrane was confirmed by the emission
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Figure 2. Vizualization and quantification of individual theranosomes by multispectral imaging flow cytometry. (a) Images
acquired in four different channels (bright field, dark field, FITC green fluorescence, and m-THPC red fluorescence) were
compared for specific detection of vesicles containing the red fluorescent photosensitizer: m-THPC (m-THPC+ events).
Calibration beads of 1 um diameter were used as a size standard on the bright field image. Beads are characterized by their
size, high circularity, and high intensity on the dark field images. In contrast, vesicles exhibit dim intensity on dark field
images, but intense red fluorescence. When incubated with annexin V—FITC, the red fluorescent vesicles become also green
fluorescent (m-THPC-+/annV+ positive events), which demonstrates the exposure of phosphatidylserine on theranosomes.
(b) To distinguish vesicles and impurities from 1 um beads, a biparametric dot plot of the dark field intensity versus the area on
the bright field image was constructed. Calibration beads are gated in the black window. Events with both large bright field
area and high dark field intensity correspond to aggregates of beads. In contrast, vesicles and buffer impurities are gated in
the brown window: they are characterized by low dark field intensity. Vesicles containing m-THPC (red points on the graph)
are specifically detected through their red fluorescence. The distribution of their apparent area on the bright image is larger
than that of the 1 um beads, but shifted toward lower areas. (c) The mean apparent area of m-THPC-loaded vesicles (before
and after incubation with annexin V) measured on the bright field images is significantly lower than that of the 1 um
calibration beads. In contrast, nonfluorescent events show an even smaller mean area. (d) Biparametric dot plot of m-THPC
fluorescence versus annexin V—FITC fluorescence in the absence (top) and in the presence of annexin V (bottom). 96 + 1.5% of
m-THPC positive vesicles show green fluorescence beyond the control when incubated with annexin V. For each sample,
about 10000 focused events were collected and quantified. Bar graph represents mean + SEM from three independent
preparations. ¥, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively.

of green fluorescence. Indeed, green-fluorescent mag-
netic vesicles were obtained from macrophages whose
membrane was previously stained with the membrane
green marker PKH67 (Supplementary Figure 3). The
monitoring of a single vesicle trajectory toward the
micromagnet allowed the measurement of a magnetic
mobility in the range of 1 to 8 um/s (mean mobility of
4.6 £ 1 um/s) and the estimation of the iron load dis-
tribution in the vesicle population (Figure 1c). On aver-
age, the observed vesicles contained an iron mass of
1 £ 0.22 fg with a width of the distribution of 36 + 8%.
After the isolation procedure, the concentration of m-THPC
was found to be 25 + 3.6 uM for an iron concentration
of 5 mM, from which a theranosome density of
3 x 108 per uL was estimated (Supplementary Figure 4).

Theranosomes Present the Hallmark of Cell Microvesicles.
Cell-released vesicles were also characterized using

SILVA ET AL.

multispectral imaging flow cytometry (Figure 2). This
technique combines the statistical power of high-
throughput flow cytometry with the analytical advan-
tages of confocal microscopy on each detected event.
Images of about 10000 theranosomes per sample
were collected in the bright field, dark field, and
green and red fluorescence channels, simultaneously.
Single vesicles containing m-THPC were readily
detected through their red fluorescence (Figure 2a)
and distinguished from 1 um calibration beads by their
lower side-scattered intensity (Figure 2b). In agree-
ment with size distribution assessed on TEM and
diffusion light scattering, the mean apparent area on
bright field images was about 2-fold lower for the
m-THPC-positive vesicles in comparison to the 1 um
beads (2.68 + 0.29 um? versus 5.88 + 0.02 um?,
p <0.01). Conversely, the m-THPC-loaded vesicles were
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larger than nonfluorescent events, which comprise
mostly buffer impurities (268 + 0.29 um? versus
1.04 £ 0.05 um?, p < 0.05) (Figure 2c). The presence
of negatively charged phosphatidylserine in the outer
membrane is a general hallmark of cell-shed vesicles
with size in the range of 0.1—1 um."? It actually reveals
the stress-induced redistribution of plasma membrane
constituents, which leads to vesicle release. Incubation
of theranosomes with annexin V—FITC shows that 96 &
1.5% of the red m-THPC-loaded vesicles became green
due to annexin V binding on phosphatidylserine
(Figure 2d). Together with TEM and magnetophoresis,
this confirms that the so-prepared theranosomes share
the morphological and membrane characteristic of
natural cell-released vesicles, while transporting
both the drug and magnetic nanoparticles. In addition,
theranosomes remained red fluorescent at least
6 months after production when stored at —20 °C or
2 months at 4 °C. This may indicate good shelf time,
minimal leakage of the drug, and theranosome integ-
rity preservation over months.

Theranosomes Transfer Therapeutic Cargo to Cancer Cells.
The transfer of dual cargo from theranosomes to
cancer cells was first assessed in vitro. TC-1 (murine
cervical cancer) and PC3 (human prostate cancer) cells
were treated with theranosomes dispersed in RPMI
culture medium overnight and subsequently observed
by TEM. Electron dense nanoparticles were observed
inside recipient cancer cells. Such electron dense
nanoparticles were similar to the ones enclosed within
theranosomes, indicating an efficient translocation of
iron oxide nanoparticles to TC-1 and PC3 cancer cells
(Figure 3a). The transfer of iron oxide nanoparticles
from theranosomes to TC-1, PC3, and also SKOV-3
(human ovarian cancer) cells was further confirmed
by Prussian blue staining (Supplementary Figure 5).
Theranosome internalization was then monitored by
confocal microscopy and flow cytometry (Figure 3).
Here theranosomes' green staining was systematically
achieved by the initial labeling of the membrane of the
precursor cells by PKH67 (Supplementary Figure 3).
Confocal images of TC-1 cells incubated with therano-
somes for 2 or 18 h are shown in Figure 3b. For both
conditions, diffuse red fluorescence emission from
m-THPC drug (left) was observed, while the mem-
brane green staining exhibited a spot-like localization
(middle). In order to statistically quantify the intracel-
lular theranosomes' delivery, multispectral imaging
flow cytometry was then carried out. TC-1 cells were
incubated for 18 h with PKH67-stained theranosomes
(condition m-THPC/PKH67 vesicles), theranosomes
(m-THPC vesicles), PKH67 vesicles nonloaded with m-THPC
(pkh67 vesicles), or vesicle-free culture medium
(negative control). For each condition, 10* cells were
imaged in the bright field, dark field, and blue, green,
and red fluorescence channels, simultaneously.
The condition corresponding to incubation with the

SILVA ET AL.

PKH67-stained theranosomes presented green fluores-
cence from the PKH67-stained membrane of therano-
somes as well as red fluorescence from the therano-
some drug payload (Figure 3c). Most events (84.3%)
were positive for both m-THPC and PKH67 (Figure 3d
and e), which indicates that m-THPC uptake took place
to a very significant extent and that it was mediated by
theranosomes. Conversely, only red or green fluores-
cence was observed for the incubation condition with
unlabeled theranosomes (m-THPC vesicles) or PKH67
vesicles, respectively, while no red or green fluores-
cence was detected after incubation with vesicle-free
culture medium (negative control) (Supplementary
Figure 7a and b). Similarly to confocal images, red
fluorescence was always observed widespread in the
cytoplasm, while green fluorescence was characterized
by focal spots. This further suggests m-THPC release
from theranosomes confined in endosomal/lysosomal
compartments.

In fact, m-THPC is a hydrophobic molecule able to
diffusely redistribute throughout the cytoplasm once
internalized. The characteristic diffuse pattern of m-THPC
intracellular localization in cells incubated with free
m-THPC in solution can be observed in Supplementary
Figure 6. The same cytoplasmic redistribution was
observed after theranosome uptake. The redistribu-
tion of m-THPC from the vesicles to the cytosol is of
particular importance for the treatment efficiency.
Actually, PDT generates toxic reactive oxygen species
whose lifespan is very short so that their action is highly
localized and would be impaired by an endosomal
localization for reaching the intracellular targets, for
instance mitochondria for m-THPC.'® Therefore, the
cytoplasmic redistribution of m-THPC vectorized by
theranosomes, in a pattern similar to that of m-THPC
free in solution, is indeed quite advantageous and
essential.

Drug uptake in TC-1, PC3, and SKOV-3 cells after
incubation of two hours with theranosomes or m-THPC
(both dispersed in RPMI) was compared (Figure 3f).
Theranosomes could efficiently transport the drug and
deliver it to three cancer cell types. A dose-dependent
uptake was observed. The kinetics of uptake of the
drug cargo was also quantitatively investigated in SKOV-3
cells by fluorescence spectroscopy (Supplementary
Figure 8).

Theranosomes were well tolerated in vitro, as de-
monstrated by the Alamar Blue viability test, assessing
metabolic activity (Supplementary Figure 9a). There
were no changes in cell morphology or adhesion
(Supplementary Figure 9b). The therapeutic effect
was examined after light exposure, which activated
the photosensitizer payload (Figure 3g). Theranosomes
presented a marked light toxicity in a concentration-
dependent manner, compared to the nonirradiated
control. In addition, theranosome-mediated delivery and
m-THPC treatment achieved comparable reduction of
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Figure 3. In vitro translocation of theranosome dual cargo into cancer recipient cells and theranosome-mediated therapeutic
effect. (a) Electron micrograph of TC-1 cancer cells after incubation with theranosomes. The endosomal internalization of iron
oxide nanoparticles is evidenced in the inset. (b) Confocal microscopy of TC-1 cancer cells after theranosome incubation.
The upper line represents a 2 h incubation condition, while the lower line illustrates a 18 h incubation condition: red fluorescence is
emitted from m-THPC, blue fluorescence from Dapi nucleus staining, and green fluorescence from theranosome membrane
staining with PKH67. Overlaps of m-THPC and Dapi (left); PKH67 and Dapi (middle); m-THPC, PKH67, and Dapi (right) are
presented. (c) ImageStream multispectral imaging flow cytometry of theranosome internalization in tumor TC-1 cells. TC-1
cells were incubated for 18 h with PKH67-stained theranosomes. Images were acquired in five different channels (bright field,
dark field, Dapi blue fluorescence, PKH67 green fluorescence, and m-THPC red fluorescence) and were compared for specific
detection of cells containing both the red fluorescent photosensitizer m-THPC (m-THPC-+ events) and the green fluorescent
PKH67 from theranosome membrane (PKH+ events). (d) Biparametric dot plot of m-THPC fluorescence versus PKH67 green
fluorescence of TC-1 cells 18 h after incubation with PKH67-stained theranosomes. (e) Percentage of cell events per gate
corresponding to cells positive to either both m-THPC and PKH67 (R3), m-THPC only (R5), PKH67 only (R6), or none (R7). The
different conditions correspond to PC-1 cells incubated with either theranosome vesicles loaded with m-THPC and stained
with PKH67 (m-THPC/PKH67 vesicles), theranosome vesicles loaded with m-THPC with no membrane staining (m-THPC
vesicles), vesicles stained with PKH67 but nonloaded with m-THPC (PKH67 vesicles), or vesicle-free culture medium (negative
control). (f) m-THPC uptake by TC-1, PC3, and SKOV-3 cells after theranosome or m-THPC incubation at 0.1 or 0.5 uM for 2 h
determined by fluorescence spectroscopy. (g) Metabolic activity assessed by Alamar Blue and normalized to nontreated
controls of TC-1, PC3, and SKOV-3 cells 48 h after theranosome or m-THPC incubation at 0.1 or 0.5 «M for 2 h, followed by light
exposure (1 =650 nm, 10 J/cm?, 100 mW/cm? for 100 s) 20 h later. All error bars reflect SD (n = 3). *, **, and *** indicate p < 0.05,
p < 0.01, and p < 0.001, respectively, versus untreated control (no incubation, no light exposure), designated as Control.
The groups that were irradiated are indicated by the designation 10 J/cm?.
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Figure 4. Theranosome dual-mode imaging in vitro and in vivo and theranosome-mediated therapeutic effect in vivo. (a)
Dual-mode imaging of theranosomes in vitro. Left: T2*-weighted MRI scan of agarose alone (control) and theranosomes
dispersed in agarose gel. Right: false-color image of fluorescence emission from RPMI culture medium (control) versus
theranosomes dispersed in RPMI. (b) Left: MRI scans of TC-1 tumors before and 48 h after PBS intratumoral injection (control
group). Right: MRI scans of tumors before and 48 h after theranosome intratumoral injection. (c) False-color images of
fluorescence emission from nude mice bearing TC-1 tumor before and after theranosome or m-THPC intratumoral injection,

as a function of time.

cell metabolic activity, which was consistent with drug
uptake data.

We first investigated theranosome detectability
in vitro by in vivo techniques of MRI and fluorescence
imaging (Figure 4a). Agarose phantoms containing
the vesicles presented marked hypointensity in a
T2*-weighted MRI sequence, which was ascribed to the
presence of magnetic nanoparticles. A dilution series
of theranosomes in agarose gel was prepared and
analyzed by MRI (Supplementary Figure 10). Consider-
ing that detection is achieved once T2 is approximately
shortened by half its intrinsic value T2° (without con-
trast agent), the MRI detection limit for therano-
somes was about 4 x 10° theranosomes/uL (Supple-
mentary Figure 10). Concerning fluorescence imaging,

SILVA ET AL.

theranosomes showed an intense red color emission
upon light excitation at 400 nm using an imaging setup
designed for in vivo fluorescence tracking, owing to the
presence of the fluorescent drug.

For the in vivo experiment, theranosomes or
m-THPC was injected intratumorally into NMRI nude
mice bearing solid subcutaneous TC-1 tumors. m-THPC
at 25 uM was solubilized in ethanol/polyethylene
glycol 400/water at a 2/3/5 volume ratio, while the-
ranosomes were in RPMI medium. The concentration
of m-THPC in theranosomes was also 25 uM, which
represents an iron concentration of 5 mM and a
theranosome density of 3 x 108 per uL. In the attempt
to assess the intratumoral distribution of the dual photo-
sensitizer/nanoparticle payload of theranosomes, MRI
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and fluorescence imaging were carried out. For both
techniques a high signal-to-noise ratio was obtained,
providing the tracking of the theranosome dual cargo
in vivo. On MRI scans (Figure 4b), a large zone of
hypointense intratumoral signal was observed within
the tumor after theranosome injection, confirming
intratumoral localization of theranosomes. Conversely,
such contrast changes in MR scans were not observed
in tumors of the control group. Fluorescence imaging
(Figure 4c) was used to track the intratumoral localiza-
tion of the drug after injection. For both theranosomes
and m-THPC alone, there was an important increase in
fluorescence signal 20 h after injection. This may be
due to m-THPC diffusion toward the tumor surface,
where the photosensitizer is more efficiently excited by
blue light. However, while extratumoral extravasation
was observed for the free drug, theranosomes gener-
ated a signal that was restrained to the tumor site. Drug
redistribution to the other organs was investigated 24
h after theranosome or m-THPC injection. No remark-
able fluorescence emission could be detected in the
liver, skin, lungs, spleen, kidneys, or heart, compared to
control (Supplementary Figure 11).
Theranosome-Mediated in Vivo Cancer Therapy. This study
also provided evidence of the therapeutic effect of
theranosomes, considering the reduction in tumor
growth during the seven days following the treatment
(Figure 5a). Mice intratumorally injected with RPMI and
laser irradiated; RPMI without laser irradiation; m-THPC
(100 uM) in RPMI (without PEG) and laser irradiated;
m-THPC (100 #M) in RPMI (without PEG) and without
laser irradiation presented a tumor growth similar to
laser-irradiated, non-injected control (Supplementary
Figure 12) and non-irradiated and non-injected mice
(Figure 5a). Theranosome treatment significantly re-
duced tumor growth compared to non-treated control
(p < 0.01) at day 7. At this time point, the study was
interrupted because control tumors attained the criti-
cal size imposed by the ethical committee. Therano-
some-mediated effect was more important than tumor
response to the m-THPC alone compared to control
(p < 0.05). Concerning the tumor growth curve for the
m-THPC group, it is interesting to point out that tumor
growth at day 2 surpasses those from theranosomes
and control groups. In fact, the tumor and its surround-
ings presented a notable swelling (Supplementary
Figure 13a). This is probably related to the cytotoxic
effect of the free drug that leaked in the extratumoral
space, as indicated by fluorescence imaging for free
m-THPC. The presence of drug in the outer periphery of
the tumor extended the zone affected by photodynamic
therapy while depleting the photodynamic effect at the
tumor site. This may contribute to m-THPC's inferior
therapeutic effect compared to theranosomes, which
are more restrained at the tumor site. An improved
therapeutic effect mediated by theranosome treatment
compared to free m-THPC was presented in Kaplan-Mier's
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Figure 5. In vivo theranosome-mediated therapeutic effect.
(a) Tumor growth curves (tumor volume is normalized to
day 0) for mice intratumorally injected with theranosomes
(25 uM m-THPC concentration) or m-THPC (25 élM) both
followed by light exposure (1 = 630 nm, 30 J/cm*, 77 mW/
cm? for 390 s) 20 h later, compared with untreated control.
All error bars reflect the SEM (n = 5). * and ** indicate p < 0.05
and p < 0.01, respectively, versus untreated control
(no injection of therapeutic agent, no light exposure) at day 7.
The m-THPC concentration of 25 uM in theranosomes
corresponds to an iron concentration of 5 mM and a
theranosome density of 3 x 10% per mL. (b) Histological
analysis of tumors. Hematoxylin—eosin (H & E) staining of
theranosome-treated tumor (2 days after irradiation) pre-
senting necrosis associated with immune cell infiltration at
100x magnification (first line) and control tumor (second
line). Hemorrhagic necrosis in theranosome-treated tumor
stained by H & E (third line on the left) and Perl's staining
(third line on the right) at 200 x magnification. Presence of
iron in theranosome-treated tumors visualized as brown
areas in H & E (fourth line on the left) and blue ones
after Perl's staining (fourth line on the right) both at
100x magnification.

plot (Supplementary Figure 13b): 0% of control tumors
and 40% of m-THPC tumors were under a 3-fold
growth, while this value was 80% for the theranosome-
treated group at day 7.
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Histological analysis (Figure 5b) of theranosome-
treated tumors after hematoxylin—eosin (H & E) stain-
ing revealed necrosis associated with immune cell
infiltration (Figure 5b, fist line, and Supplementary
Figure 14) compared to the control (Figure 5b, second
line, and Supplementary Figure 15) or hemorrhagic
necrosis (Figure 5b, third line and Supplementary
Figure 16). The presence of iron within the tumors
was observed as a brownish color in H & E staining
(Figure 5b, fourth line on the left) and confirmed with
Perl's staining (Figure 5b, fourth line on the right),
confirming MRI data. Blue spots characteristic of the
presence of iron were observed in the cytoplasm of
cells in the tumor site after mice were treated with
theranosomes (Supplementary Figure 17). No charac-
teristic blue staining was observed for the control
group (Supplementary Figure 8).

DISCUSSION

Theranosome therapeutic effect, as evidenced by
tumor growth curves and histological examination,
may rely on the vehicle intrinsic features, which are
in line with the active role of cell-derived vesicles in
cancer cell cross-talk. It is important to emphasize that
during the course of tumor survival and progression
malignant cells actively communicate through contin-
uous release of vesicles. These are transferred through-
out the cancer cell population and also to stromal cells
and endothelial cells. Cancer cells use vesicles to their
own advantage to induce the acquisition of aggressive
phenotype® and promote invasiveness,®' angiogen-
esis,®?? immune escape,>**> and drug resistance.?%?’
Some reports evidenced the receptiveness of cancer
cells to interact with vesicles released from nonmalig-
nant cells. For instance, vesicles released from fibro-
blasts were found to interact with cancer cells and
stimulate their migration.”® It was also observed that
platelet-derived vesicles were taken up by different
cancer cell lines, transferring the platelet-derived sur-
face receptors.?®*° Indeed, noncancer cell receptors
were identified in vesicles originated from cancer cells.
For instance, circulating vesicles from metastatic can-
cer patients coexpressed platelet-exclusive antigen
CD61 and the cancer cell marker MUC1.3' It has been
suggested that cancer cell ability to fuse with vesicles
derived from noncancer cells would represent a me-
chanism of camouflage.3? The acquisition of lipids and
membrane-specific proteins of nontransformed cells
could facilitate cancer cell escape from the immune
system.

Considering the importance of vesicle-mediated
communication for cancer cells, our approach crosses
the boundaries of material science and cell biology to
translate naturally occurring vesicles into intrinsically
biocompatible bioinspired theranostic nanovectors for
cancer therapy. Actually, ongoing efforts have focused
on combining therapy and imaging in a single
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synthetic platform,**3 that is, for instance, the case

of liposome—nanoparticle hybrids.>* In contrast, our
study explored, for the first time, how cell-released
conveyors could act against cancer cells by delivering
a theranostic cargo. We have proposed an unprece-
dented procedure to engineer biogenic cellular
nanovectors endowed with both dual-imaging and
therapeutic properties. The cellular membrane of ve-
sicles was used to carry a hydrophobic clinically ap-
proved photosensitizer, while magnetic nanoparticles
were in the inner core. As proof of principle, we
demonstrated that cancer cells are receptive to our
magnetic and photoresponsive biogenic therano-
somes both in vitro and in vivo. Their cargo was
successfully transferred to malignant cells and induced
tumor regression after light exposure. Image-guided
therapy was also achieved by combined MRI and
fluorescence imaging of the drug and magnetic pay-
loads of theranosomes. Indeed, this study established a
proof of principle of theranosome potential for ima-
ging and therapy. However, in order to go further and
gain insight in the translational potential of our ap-
proach, systemic administration must be addressed.
We expect that theranosomes will be able to circulate
in the organism without massive uptake by the RES. By
virtue of their unique constitution, they may not be
recognized as exogenous particles and their cell-like
shell may favor interaction with cells, especially cancer
cells, that present high receptiveness to cell-released
vesicles, as discussed above.

Considering some aspects, cell-released vesicles are
similar to liposomes. Their similarities and differences
are an important point to be considered. Liposomes
are spherical, closed structures, composed of curved
lipid bilayers, which enclose an aqueous medium in
their interior. The same applies to cell-released vesicles
except that vesicles also present proteins in their
membrane and other biomolecules in the inner aqu-
eous core that stem from the precursor cell. The size of
a liposome ranges from 20 nm up to several micro-
meters, while vesicle size ranges from 100 nm to 1 um.
Liposomes and cell-released vesicles can encapsulate
molecules with different solubilities. While hydropho-
bic molecules can localize in the membrane, hydro-
philic ones can be carried into the inner core. There
was a long road from when liposomes were first
synthesized in the 1960s until translation to clinics
succeeded.®®*” The structural similarities of the pre-
sented vesicles to liposomes seem to indicate that
these biogenic analogues may accomplish the same
achievements in the future. However, it should
be considered that differently from liposomes, cell
microvesicles may be recognized as self-structures.
They have in fact the intrinsic vocation to ferry endogenic
material and chaperone it to other cells. They are natural
effectors of intercellular communication, acting as natural
endogenous vectors.*” Translating cell microvesicles into
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carriers of an exogenous payload, as demonstrated herein,
opens up new perspectives. Nevertheless, the complexity
of vesicles related to their natural origin should be thor-
oughly addressed in order to control and appropriately
take advantage of the unique features of cell-released
vesicles for the design of a bioinspired biomimetic vector.

CONCLUSIONS

Herein, cell-released vesicles were engineered by a
top-down procedure from precursor cells in order to
enable loading with a photosensitizer and magnetic
nanoparticles. The double exogenous cargo provided
vesicles with magnetic and optical responsiveness,
allowing therapeutic and imaging functions. These
cell-derived smart nanovectors, named theranosomes,
were exploited as Trojan horses to deliver therapeutic
payloads to cancer cells. Theranosomes enabled effi-
cient photodynamic tumor therapy in a murine cancer

EXPERIMENTAL SECTION

Cell Culture. The human myelo-monocytic THP-1 cell line at a
density of 0.2 x 10°to 1 x 10° cells/mL was cultured in suspension
in RPMI 1640 medium supplemented with 10% (v/v) fetal bovine
serum, 100 U/mL penicillin—streptomycin, and 2 mM L-glutamine
at 37 °C in 5% CO,. In order to induce differentiation into
macrophages, THP-1 monocytes, at a cell density of 4 x 10° cells
in 5 mL of RPMI medium, were treated with phorbol ester (phorbol
12-myristate 13-acetate) at a concentration of 50 ng/mL during
7 days. The TC-1 cells were cultured in RPMI 1640 medium
supplemented with 10% (v/v) fetal bovine serum, 100 U/mL
penicillin—streptomycin, 1T mM sodium pyruvate, and 2 mM
L-glutamine at 37 °C in 5% CO,. The PC3 cells were cultured in
DMEM medium supplemented with 10% (v/v) fetal bovine serum,
100 U/mL penicillin—streptomycin, and 2 mM L-glutamine at 37 °C
in 5% CO,. The culture of SKOV-3 cells was performed with
McCoy's medium supplemented with 10% (v/v) fetal bovine
serum, 100 U/mL penicillin—streptomycin, and 2 mM L-glutamine
at 37 °Ciin 5% CO,.

Loading Precursor Cells with Magnetic Nanoparticles and m-THPC
Drug. The THP-1 macrophages were incubated with a suspen-
sion containing 10 4M 5,10,15,20-tetra(m-hydroxyphenyl)-
chlorin) (m-THPC), from Frontier Scientific, and citrate-coated
8 nm maghemite nanoparticles diluted at 5 mM iron concen-
tration dispersed in serum-free RPMI medium supplemented
with 5 mM sodium citrate. The THP-1 macrophages were
subjected to a 2 h incubation at 37 °C. Afterward, cells were
rinsed in serum-free RPMI medium and left for an overnight
chase at 37 °C in order to allow nanoparticle internalization by
cells. Additionally, to evidence the biogenic nature of the
emitted vesicles, the dually loaded precursor cells were fluor-
escently labeled with PKH67 green fluorescent cell linker ac-
cording to the manufacturer's instructions (Sigma) before
triggering vesiculation.

Vesicle Release by Precursor Cells and Purification. In order to
trigger vesicle release by dually loaded parent cells, cells were
stressed by culture in serum-depleted medium for 2 days. This
starvation stress results in the release of cell vesicles. Such
conditioned medium was centrifuged (1125g during 10 min)
to eliminate cells and large apoptotic bodies, and theranosomes
were purified by magnetic sorting due to their magnetic cargo.
The medium was placed in a 10 mL syringe and subjected to a
magnetic field gradient overnight (magnetic field gradient
of 55 T m™"). Theranosomes underwent magnetophoresis:
they migrated toward the edge of the magnet and accumulated
on the syringe wall. The residual medium was removed under
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model in vivo. Moreover, the distribution of this bio-
genic vector could be monitored by dual-mode ima-
ging, combining fluorescence and MRI. In perspective,
theranosome production, based on modified cells as
fabrication units, might be scaled up using bioreactors.
This confers a high versatility to our approach, enabling
a potential high-throughput production of therano-
somes. Additionally, the procedure could be applied
virtually to any cell type. Such vectors could be there-
fore provided with specific targeting properties, inher-
ited from precursor cells and immunotolerance, in the
case of self-derived vesicles. Nevertheless these key
advantages of the biogenic nature of theranosomes
have yet to be fully assessed. A better understanding of
the role of cellular vesicles in pathology, in conjunction
with advanced nanotechnology tools, may pave the
way toward a new generation of drug delivery systems
inspired by nature.

the magnetic field gradient, and the theranosome fraction was
recovered (Supplementary Figure 1).

Transmission Electron Microscopy. Electron microscopy observa-
tions of samples consisting of theranosomes and cancer cells
after theranosome incubation were carried out on a Zeiss EM
902 transmission electron microscope at 80 kV (platform
MIMA?2, INRA, Jouy-en-Josas, France). Samples were fixed in a
5% glutaraldehyde solution in 0.1 mol/L sodium cacodylate
buffer, gradually dehydrated in ethanol, and stained with 1%
osmium tetroxide and 1.5% potassium cyanoferrate. The sam-
ples were embedded in Epon and sectioned for analysis.

Hydrodynamic Size Determination from Brownian Motion. The
Brownian motion of theranosomes was used to calculate their
hydrodynamic size. Random displacement of theranosomes
was recorded and their diffusion coefficient D was measured
by computing the displacements in the coordinates x and y at
time t (x(t)y(t) and the mean square displacement (Ax*(t) +
Ayz(t)) =4DAt, where brackets denote averaging over time. The
slope (4D) on the graphs allows deriving the hydrodynamic
diameter (dhyaro) Of the tracked theranosome, following the
Stokes—Einstein equation for diffusion of spherical particles:
D = (kgT)/(37ndnyaro), Where kg is the Boltzmann constant,
138 x 1072 m? kg s 2 K", T the temperature in Kelvin, and
7 the water viscosity, 107> Pa-s.3® Size determination was
averaged over 28 independent theranosomes.

Micromagnetophoresis Experiment. The magnetophoretic velo-
city of theranosomes moving toward a micromagnet tip was
analyzed using a previously published experimental setup.3®
In brief, magnetophoresis was observed with a 60x objective
from an optical microscope (DMIRB Leica; Leica Microsystems,
Wetzlar, Germany) connected to a charge-coupled device
camera and a computer. Image J software was used to follow
the x,y-position of each individual nanocontainer through the
stack of successive frames (bright field and fluorescence)
captured at regular time intervals. Magnetophoretic trajectories
were used for determining theranosome iron load. In brief,
determination was performed by computing the velocity of
individual theranosomes moving toward the magnetic tips
measured in the region 100 um away from the tip surface
(in which the corresponding magnetic field gradient is By .q =
194 T/m). The magnetic moment M of the theranosomes in the
applied magnetic field of 0.2 T can be determined from the
magnetophoretic velocity v and the hydrodynamic diameter
dhyaro Values using the Stokes relation for the drag force,
373 dnydroV = MBgrag. This magnetic moment equals on average
M = (15 £ 0.3) x 10°"* A-m? Finally, considering the nano-
particles' magnetization at 0.2 T (2.6 X 10° A/m) and the
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nanoparticles density (4.9 x 108 g/m3), conversion between
magnetic moment and the mass of iron is M/pg = 7.7 x 10~ '*
A-m?/pg. The distribution of the iron load per theranosome was
calculated by three independent measurements, during which
70 theranosome magnetic mobilities were tracked.

Dynamic Light Scattering. The hydrodynamic size of the vesicle
suspension was investigated using a Zeta Sizer (Malvern
Instruments) equipped with a 4.0 mW He—Ne laser operating
at 633 nm and an Avalanche photodiode detector. The Contin
model was applied to obtain size data.

Multispectral Imaging Flow Cytometry. Vesicles images were
acquired with the ImageStream™ multispectral imaging flow
cytometer (Amnis Corporation, Seattle, WA, USA), collecting
about 20000 events per sample at 60x magnification and
operating in the standard mode with a core diameter of 6 um.
Lasers of 488 and 405 nm wavelength were used to excite FITC
and m-THPC dyes, respectively. The fluorescence images were
collected using the 480—560 and 660—745 nm spectral detec-
tion channels, respectively. For double-stained cells (FITC and
m-THPC), single-stained controls were used to compensate
fluorescence between channel images on a pixel-by-pixel basis.
Dark field images were acquired using a 785 nm laser. The
system used 1 um nonfluorescent speed beads (calibration
SpeedBeads, Amnis) that are continuously run through the flow
during the operation of the ImageStream*. Vesicles obtained
from cells labeled only with magnetic nanoparticles were used
as nonfluorescent control. To test the presence of phosphati-
dylserine on vesicles, 30 uL of sample was suspended in 30 uL of
binding buffer and incubated with 1.2 uL of annexin V—FITC
conjugate in the presence of calcium (5 mM CaCl,) at room
temperature for 10 min protected from light according to the
manufacturer's protocol (Sigma-Aldrich, Saint-Quentin Falla-
vier, France). Images were analyzed using IDEAS image-analysis
software (Amnis). Events within the focal plane were selected by
using a threshold on the RMS gradient feature on the bright
field images. Focused events represented about 50% of the
total number of events.

For imaging of the labeled cells, TC-1 cells were incubated
for 18 h with PKH67-stained theranosomes (condition m-THPC/
PKH67 vesicles), theranosomes (m-THPC vesicles), PKH67 vesi-
cles nonloaded with m-THPC (pkh67 vesicles), or vesicle-free
culture medium (negative control). For each condition, 10 cells
were imaged in the bright field and dark field as well as blue,
green, and red fluorescence channels in order to detect Dapi,
PKH67, and m-THPC, respectively. A biparametric dot plot of
m-THPC fluorescence versus PKH67 green fluorescence of TC-1
cells was set for each experimental group. According to the
fluorescence emission profile, events were distributed in gates
corresponding to cells positive to either both m-THPC and
PKH67 (R3), m-THPC only (R5), PKH67 only (R6), or none (R7).

Magnetic Resonance Imaging (MRI). The MRI was performed on a
4.7 T preclinical MRI scanner (BioSpec 47/40 USR, Bruker). High-
resolution MRI was performed with a cryogenic probe (Cryoprobe,
Bruker). The MRI phantom gels were prepared either with 0.3%
low-melting-point agarose alone or agarose spiked with ther-
anosomes. Scans were run under a fast imaging with steady-
state precession (FISP) protocol on free induction decay (FID)
mode. Images were acquired with the following parameters:
FOV of 15 mm x 6 mm; acquisition matrix of 150 x 300; voxel of
50 x 50 x 50 ﬂm3; echo time of 5 ms; repetition time of 20 ms;
flip angle of 25°; and pixel bandwidth of 166 Hz.

Fluorescence Imaging. Real-time fluorescence imaging was
performed with an Apogee ALTAU47 CCD camera, which is
based on planar reflection fluorescence. Tube samples or
animals were exposed to blue filtered light (400 £+ 25 nm).
Fluorescence emission was detected above 600 nm using a
high-pass filter. On the given color image, reflection of the
excitation light (blue) was not suppressed, but that did not alter
fluorescent light, which is far from excitation light. Images were
treated using Macbiophotonics ImageJ software.

Theranosome-Mediated Drug Uptake and Cytotoxicity Assessment.
The PC3, SKOV-3, and TC-1 cells were seeded in 24-well plates
and incubated overnight at 37 °C in a humidified 5% CO,
atmosphere. After PBS rinsing, the cells were incubated with
250 uL of theranosomes or m-THPC at 0.1 or 0.5 uM during
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30 min, 2 h, 6 h, or 24 h in the dark at 37 °C in a humidified 5%
CO, atmosphere. After that, cells were rinsed, and part of them
lysed using Triton X-100 solution (0.3% final concentration) for
quantification of drug uptake by fluorescence spectroscopy.
The other cell fraction was incubated for 24 h. Cells were
observed by an optical microscope (Leica, Germany), and their
metabolic activity was assessed by the Alamar Blue test
(Invitrogen), according to the supplier's instructions.

m-THPC Quantification. The concentration of m-THPC in sam-
ples of purified theranosomes or in cell lysates was determined
by fluorescence spectroscopy. An SLM Aminco Bowman Series 2
luminescence spectrometer was used, and the excitation wa-
velength was 410 nm. The drug concentration was obtained
from fluorescence emission data based on a standard concen-
tration curve of m-THPC. For m-THPC quantification in therano-
somes, Triton X-100 was added at 0.3% final concentration in
order to lyse theranosomes.

Iron Quantification. Iron quantification was carried out by
electron spin resonance spectrometry (Varian E102; Agilent
Technology, Massy, France) operating at 9.26 GHz. For the
analysis, 2 uL of theranosome suspension (25 uM of m-THPC)
was used. The iron concentration in the sample was calculated
from the electron spin resonance absorption.

Confocal Microscopy. The PKH67-stained (in green) therano-
somes were incubated with TC-1 cells seeded on glass lamellae.
After 2 or 18 h of incubation, treated cells and controls were
fixed in 4% paraformaldehyde solution and their nuclei were
stained by Dapi (Sigma) following the manufacturer's instruc-
tions. Cells were observed by an Olympus JX81/BX61 device/
Yokogawa CSU device spinning disk microscope (Andor Tech-
nology plc, Belfast, Northern Ireland), equipped with a 60x
Plan-ApoN oil objective lens (60x/1.42 oil, Olympus). The
PKH67 green was excited with an air-cooled ion laser at
488 nm, and fluorescence emission was collected with a filter
at 525 nm. For both m-THPC and Dapi, the excitation wave-
length was 405 nm, while fluorescence emission was collected
with filters at 685 and 445 nm, respectively.

In Vitro Photodynamic Therapy. The PC3, SKOV-3, and TC-1 cells
were seeded in 24-well plates and incubated overnight at 37 °C
in a humidified 5% CO, atmosphere. After PBS rinsing, the cells
were incubated with 250 ul of theranosomes or m-THPC at
0.1 or 0.5 uM for 2 h in the dark at 37 °Cin a humidified 5% CO,
atmosphere. After that, cells were rinsed and incubated for 24 h
before laser exposure. Wells were irradiated individually using a
650 nm diode laser featuring a fiber delivery system (BWT) at a
light fluence of 10 J/cm? (100 mW/cm? for 100 s). At this
wavelength, there is a lower attenuation of the excitation light
when compared to 400 nm. Cells were incubated for 24 h before
cytotoxic assessment by the Alamar Blue test (Invitrogen),
according to the supplier's instructions.

Animal Model and in Vivo Photodynamic Therapy. All animal ex-
periments were performed in agreement with institutional
animal use and care regulations after approval by the local
Ethics Committee (register number CEEA34.AAS.013.12). Nude
NMRI mice (8-week-old, female) were injected subcutaneously
on the rear of both flanks with 5 x 10° TC-1 cancer cells
suspended in PBS. When solid tumors reached about 130
mm?, the animals were randomized into three groups (n =5
tumors per group): m-THPC injected and light irradiated, ther-
anosome injected and light irradiated, and untreated control
group (no injection, no irradiation). Tumor size was estimated
by measuring its orthogonal diameter using a caliper. The tumor
volume (V) was calculated using V = Dd?*/2, where D is the
longest diameter and d is the diameter perpendicular to D. The
mean tumor size = SEM (standard error of the mean) for
theranosome, m-THPC, and control groups was 170.7 £ 52.60,
118.5 + 21.97, and 144.9 & 72.08 mm?3, respectively. There was
no statistically significant difference comparing the tumor size
between groups (p > 0.5). The m-THPC and theranosome groups
were injected intratumorally with 50 uL of theranosomes or
m-THPC (in a solution of ethanol/polyethylene glycol 400/water
at a 2/3/5 volume ratio) both at a 25 uM drug concentration.
After 20 h, animals from both groups were irradiated using a
DIOMED 630 PDT laser at a fluence of 30 J/cm? (77 mW/cm?
for 390 s, A = 630 nm). Tumors were also irradiated 24 h later.
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The day of the first irradiation was considered day 0. Tumor
volume for all mice was followed until day 7 and normalized to
the volume corresponding to day 0.

Histology. Tumor tissues were harvested from the mice 2 or
7 days after photodynamic therapy. Tissues were fixed in for-
malin, dehydrated in graded solutions of ethanol, and em-
bedded in paraffin. Thin sections of 5 um were stained with
H & E, and 7 um thick sections were stained with Perl's staining
and counterstained with Nuclear Fast Red.

Statistics. Data are presented as standard deviation from the
mean or as standard error of the mean (n =3 or n =5). Student's t
test was performed to determine a significant difference be-
tween the test and control groups using the Prism 3.0 version of
GraphPad software (USA). A minimum of 95% confidence level
was considered significant. *, **, and *** indicates p < 0.05,
p <0.01, and p < 0.001, respectively, versus control.
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