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ABSTRACT: As current chemo- and photodynamic cancer
therapies are associated with severe side effects due to a lack of
specificity and to systemic toxicity, innovative solutions in terms of
targeting and controlled functionality are in high demand. Here, we
present the development of a polymersome nanocarrier equipped
with targeting molecules and loaded with photosensitizers for
efficient uptake and light-activated cell killing. Polymersomes were
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self-assembled in the presence of photosensitizers from a mixture of nonfunctionalized and functionalized PDMS-b-PMOXA diblock
copolymers, the latter designed for coupling with targeting ligands. By encapsulation inside the polymersomes, the photosensitizer
Rose Bengal was protected, and its uptake into cells was mediated by the nanocarrier. Inhibitor of fibroblast activation protein a
(FAPi), a ligand for FAP, was attached to the polymersomes’ surface and improved their uptake in MCF-7 breast cancer cells
expressing relatively high levels of FAP on their surface. Once internalized by MCF-7, irradiation of Rose Bengal-loaded FAPi-
polymersomes generated reactive oxygen species at levels high enough to induce cell death. By combining photosensitizer
encapsulation and specific targeting, polymersomes represent ideal candidates as therapeutic nanocarriers in cancer treatment.

B INTRODUCTION

Chemotherapy, besides many benefits," still displays numerous
side effects, including systemic toxicity and the inhibition of
fast-growing cells and tissues such as hair follicles, gastro-
intestinal tract cells, and bone marrow.” One key factor in
causing side effects is the unspecific internalization by
noncancerous cells and tissues.” In this respect, the
encapsulation or entrapment of therapeutic compounds inside
nanocarriers is essential to avoid their intrinsic toxicity for cells
and tissues other than the tumor site. Because cancer cells
often become nonresponsive to chemotherapy, photodynamic
therapy (PDT) has emerged as an alternative and/or
complementary treatment modality for various malignant
neoplasia and tumors.”> In PDT, photosensitizers (PSs)
excited by light of an appropriate wavelength in the presence
of molecular oxygen produce reactive oxygen species (ROS) to
induce a tumor cell's death.’ As PSs themselves are often
cytotoxic, by encapsulating them inside nanocarriers, the side
effects associated with PDT are diminished, and at the same
time, the PS is protected from premature degradation.”*
Various nanoassemblies, including liposomes,”'” nanopar-
ticles,"' micelles,'* and polymers.omes,13 have been used as
delivery systems that shield and release PS. A significant
improvement was achieved by encapsulation of PS inside
oxygen permeable polymersomes, where irradiation led to
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enhanced ROS production without releasing the PS.” The
light-activated ROS production by per se nontoxic polymer-
somes was sufficient to induce cell death under PDT
conditions. However, the unspecific uptake of such nano-
carriers decreases their efficacy at the tumor site.

Targeting represents a key approach to improve the
localization of the nanocarriers at the desired site, resulting
in an increase of the PDT efficacy."*™"” For example, core—
shell polymeric nanoparticles with PS-conjugated hyaluronic
acid shell produced for targeted PDT showed excellent singlet
oxygen elevation in breast cancer cells and significant in vivo
antitumor activity.'* Nevertheless, to unlock the full potential
of PDT there is a need for targeting nanoplatforms that
promote the desired, specific cellular uptake. While targeting of
polymersomes after functionalization with antibodies,"”
peptides,'” small molecules,”® aptamers,”’ and carbohydrates”*
has been applied in different cancer models and inflammatory
tissues,”> there is still a large variety of PSs, cells, and
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conditions to be explored to increase the efficacy of PDT. Of
particular interest for targeting is the fibroblast activation
protein alpha (FAP), a type II transmembrane serine protease
expressed almost exclusively in pathological conditions such as
cancer. While the mechanisms underlying the pathological
functions of FAP are not fully established, its role in tumor
growth and progression throu%h remodeling of the extrac-
ellular matrix was evidenced.”* Besides cancer-associated
fibroblasts (CAFs),”> many cancer types express FAP at
different levels,*® and across most cancer types, elevated FAP is
associated with worse clinical outcomes.”’">° Therefore,
targeting FAP represents a key aspect in improving the uptake
of PSs. While it has been reported that inhibitors of FAP can
improve nanoparticle targeting to CAFs,” their potential to
increase the efficacy of PS-loaded nanocarriers and thus offer
efficient PDT solutions has not yet been explored.

Here, we present the generation of PS-loaded polymersomes
equipped with specific targeting molecules that can differ-
entially recognize and internalize into tumor cells with high
FAP expression levels. When irradiated, cells harboring a large
number of PS-loaded polymersomes increase the level of ROS
production to levels that cause cell death. As the targeting
molecule, we selected FAPi—a (4-quinolinoyl)glycyl-2-cyano-
pyrrolidine-based inhibitor of FAP, which was reported for the
specific inhibition of FAP at nanomolar concentrations and
demonstrated good biocompatibility in a human lung 3D
tissue model.’’ For the conjugation of FAPi, the covalent
strain-promoted azide to alkyne [3 + 2] cycloaddition
(SPAAC) was implemented, using a derivative of FAPi
functionalized with a 4-dibenzocyclooctyne (DIBO) unit
(DIBO-PEG;-FAPi). Polymersomes were self-assembled from
a mixture of —OH and azide-terminated poly(dimethyl-
siloxane)-block-poly(2-methyl-2-oxazoline) (PDMS-b-
PMOXA) diblock copolymers, the azide groups promoting
the SPAAC reaction with DIBO-PEG;-FAPi. To show the
efficacy of our approach, we used as a model Rose Bengal
(4,5,6,7-tetrachloro-2',4’,5’,7' -tetraiodofluorescein, RB), an
anionic water-soluble xanthene PS. While RB increases cellular
ROS upon activation with light in the visible range,”” it is
known to have very limited cellular uptake because of its
anionic character and low lipid solubility blocking cell
membrane penetration.”> In addition, the therapeutic
efficiency of RB is still limited, despite being encapsulated in
liposomes®* and polymersomes that allowed only unspecific
internalization.”*

We generated polymersomes encapsulating a fluorescent dye
(Atto633) and RB and subsequently decorated them with
DIBO-PEG;-FAPi. FAPi-functionalized polymersomes loaded
with Atto633 (FAPi-Pol-Atto633) served to optimize the
encapsulation efficiency of the payload and then evaluate the
internalization of the system in cells. The architecture of FAPi-
functionalized polymersomes was characterized by a combina-
tion of light scattering, nanoparticle tracking analysis (NTA),
and transmission electron microscopy (TEM), while absorp-
tion spectroscopy served to evaluate the cargo encapsulation
and polymersome stability. The uptake of FAPi-Pol-Atto633 in
cancer cell lines expressing different levels of FAP (MCF-7,
AS549, HepG2, and HeLa) was observed by confocal laser
scanning microscopy (CLSM), which in addition served to
analyze the role of FAPi in the escape of polymersomes from
the endosomes. Finally, the capability of RB-loaded FAPi-
polymersomes (FAPi-Pol-RB) to produce ROS under
irradiation with white light was evaluated by an ROS detection

755

assay and in terms of cell viability. We compared two cancer
cell lines with different FAP expression levels and determined
the ROS levels generated by FAPi-Pol-RB in order to establish
a correlation between targeting and cytotoxicity associated
with the functionality of the FAPi-Pol-RB. The correlation
between superior targeting and cytotoxicity suggests that
targeted polymersomes loaded with a photosensitizer represent
an ideal candidate to improve the efficiency of PDT.

B EXPERIMENTAL SECTION

Materials. Ethanol (>99.9%, #1117272500), acetone (>99.9%,
#650501), trypsin—EDTA solution (#T73924), bovine serum albumin
(#A2153), Rose Bengal (#330000), and Atto633 (#18620) were
purchased from Merck. Fetal calf serum (FCS, #2-01F10-1),
penicillin—streptomycin solution (Pen-Strep, #4-01F00-H), RPMI-
1640 with stable glutamine (#1—41FS0-I), and Dulbecco’s
phosphate-buffered saline (PBS) without Ca**/Mg** (#3-05F29-I)
were purchased from BioConcept. Dulbecco’s Modified Eagle
Medium (DMEM) high glucose (1x) with GlutaMAX (#61965-
026) was purchased from Gibco. The ROS detection assay kit was
purchased from Abcam (#ab287839). Calcein was purchased from
ThermoFisher (#C481). All other chemicals were purchased from
Merck at the highest available grade and used as received, unless
stated otherwise. Hydroxyl-functionalized PDMS,;-b-PMOXA,,-OH
(M, = 2850 g mol™") was synthesized and purified as previously
described.’® Terminally azide-functionalized PDMS-b-PMOXA was
synthesized following the method described by Meyer et al.’’ 'H
NMR (Figure S1) revealed the polymer block length to be PDMS,-b-
PMOXA,-PEG;-N; (M, = 3000 g mol ™).

Cell Culture. MCF-7, HepG2, A549, and HeLa cancer cell lines
were subcultured in DMEM supplemented with 10% FCS and Pen-
Strep (10000 units/mL of penicillin and 10000 ug/mL  of
streptomycin). AS49 cells were cultured in RPMI-1640 supplemented
with 10% FCS and Pen-Strep (10000 units/mL of penicillin and
10000 pg/mL of streptomycin). Cells were cultured at 37 °C in a
humidified atmosphere with 5% CO,. For passaging, cells were rinsed
with PBS, detached from the culture vessel surface by trypsinization
and diluted at appropriated concentrations.

Formation and Surface Modification of Polymersomes. For
self-assembly of polymersomes, a previously established thin film
rehydration method was followed with minor modifications.”” Briefly,
a volume of 25 uL of ethanol containing 2 mg of PDMS,s-b-
PMOXA,,OH and 0.5 mg of PDMS,,-b-PMOXA,-PEG,-N; was
transferred to a round-bottom flask. The dry thin polymer film was
obtained by evaporating ethanol under rotation. Polymersome self-
assembly was induced by adding 0.5 mL of Atto633 in PBS (100 yM)
or RB in PBS (1 mg/mL). The solution was stirred overnight at room
temperature (RT) and then extruded 15 times through a 100 nm pore
size polycarbonate membrane. Nonencapsulated Atto633/RB was
removed by size exclusion chromatography (SEC) on a Sepharose 4B
column, and purified polymersomes were stored at 4 °C until further
use.

For surface modification of polymersomes with FAPi, 10 uL of
DIBO-PEG;-FAPi (MW = 989.39 g mol™!)*! in dimethylformamide
(DMF) was added to 500 uL of polymersome suspension to a final
concentration of 8 #M under constant stirring. DIBO-PEG;-FAPi was
added very slowly under intensive stirring to the polymersome
suspension. The SPAAC reaction was performed overnight at RT.
Unbound FAPi derivative was removed by SEC (Superdex 200 10/
300 GL column), and samples were stored at 4 °C in PBS. For the
quantification of FAPi ligand functionalization, a SEC fraction
corresponding to nonconjugated ligand was collected and its
absorbance at A = 270 nm was measured using UV-transparent 96-
well plates (#655801, Greiner Bio-One) in a SpectraMax iD3 plate
reader. The concentration of unbound FAPi was calculated based on a
standard curve established with DIBO-PEG;-FAPi concentrations
ranging from 0.25 to S yM. The density of the surface conjugated
FAPi was deduced by the subtraction of unbound FAPi from the
initial concentration of DIBO-PEG;-FAPi used for the coupling.

https://doi.org/10.1021/acs.biomac.3c00943
Biomacromolecules 2024, 25, 754—766


https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.3c00943/suppl_file/bm3c00943_si_001.pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.3c00943?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

Dynamic Light Scattering. The hydrodynamic mean diameter
(z-average) of the Atto633-loaded polymersomes was measured by a
Zeta Sizer Nano ZSP (Malvern Instruments Ltd., UK) using a laser
wavelength of 633 nm and a detection angle of 173° at 25 °C. Each
sample was diluted 1:500—1:1000 in PBS to avoid multiple scattering.
The dynamic light scattering (DLS) measurements were performed in
triplicate.

The R, of the RB-loaded polymersomes (Pol-RB) and FAPi-Pol-
RB was measured with a light scattering spectrometer (LS
Instruments, Switzerland), equipped with a He—Ne (21 mW) laser
(1 = 632.8 nm) at scattering angles from 20° to 150° at 25 °C. The
samples were diluted 1:100—1:200 in PBS in order to reduce multiple
scattering.

Static Light Scattering. Static light scattering (SLS) measure-
ments were performed using a light scattering spectrometer (LS
Instruments, Switzerland), equipped with a He—Ne (21 mW) laser (4
= 632.8 nm) at scattering angles from 20° to 150° at 25 °C. The
samples were diluted 100—200 times in PBS in order to reduce
multiple scattering. The radius of gyration (Rg) was obtained from the
SLS data using Guinier plots, while the hydrodynamic radius (R;) was
obtained from DLS measured using the same instrument at scattering
angles from 20° to 150°.

Zeta Potential. The zeta potential of polymersomes suspended in
PBS was measured using a Zeta Sizer Nano ZSP (Malvern
Instruments Ltd., UK). Zeta potential data represent the mean of
three consecutive measurements. All measurements were performed
at 25 °C.

Nanoparticle Tracking Analysis. Nanoparticle tracking analysis
(NTA) was performed using a NanoSight NS 300 instrument
(NanoSight Ltd., Amesbury, UK). Polymersome dispersions were
diluted 4000-fold in PBS and injected into the flow cell at 100 uL
min~" using a 1 mL syringe. For each sample, three videos of 60 s
were captured at RT. The concentration of polymersomes in solution
was calculated by the NTA software (ver. 3.4, NanoSight) based on
polymersome movement.

Transmission Electron Microscopy. For transmission electron
microscopy (TEM), polymersome aliquots (S L) were adsorbed on
400-mesh square copper grids. Grids were negatively stained with 2%
uranyl acetate. Transmission electron micrographs were recorded
using a CM100 (Philips) instrument at an acceleration voltage of 80
kv.

Quantification of RB Concentration. The concentration of RB
in Pol-RB and FAPi-Pol-RB samples was determined by absorption
spectroscopy using a SpectraMax iD3 well plate reader. We used a
standard curve established from a serial dilution of RB in PBS (0—1
mg/mL). Triton X-100 was added to RB dilutions and RB
polymersome samples to a final concentration of 1%. Solubilized
samples were incubated at 95 °C for 15 min and transferred to an
ultrasonic bath for 5 min, and the absorbance intensity was measured
at A = 563 nm.

Purity and Stability Study of RB-Loaded Samples. To ensure
no free RB was present in the sample after SEC purification, purified
polymersomes were filtered through centrifugal regenerated cellulose
filters with 3000 Da MWCO (Microcon YM-3, Merck). The
centrifugation of 300 uL of sample (35 min, 10000g) resulted in
filtering out approximately half of the initial volume. A 100 L volume
of the concentrated polymersome suspension and the filtrate were
pipetted into a 96-well plate, and the absorbance at the spectrum of 4
= 450—650 nm was recorded. The absence of absorbance intensity in
the measured range indicated that no free RB was present in the
sample (detection limit of 0.5 ug/mL). To investigate polymersome
stability over time, samples stored at 4 °C were tested for the presence
of free RB after four months.

Protein Extraction. MCF-7, HepG2, Hela, and AS49 cells were
cultured in T-25 flask to approximately 80% confluency. Cells were
rinsed 3 times with ice-cold PBS and collected in 0.5 mL of RIPA
buffer (Merck Millipore) containing EDTA free Halt protease
inhibitor cocktail (no. 87785, ThermoFisher) using a rubber cell
scrapper. Cell lysates were transferred to 1.5 mL Eppendorf tubes and
extracted for 30 min at 4 °C with constant agitation. Extracts were
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centrifuged (16000g, 20 min at 4 °C) to pellet cellular debris.
Supernatants were removed, and their protein content was
determined using a Pierce bicinchoninic acid (BCA) protein assay
kit (no. 23225, ThermoFisher) according to the manual provided by
the manufacturer. Total cellular protein extracts were aliquoted and
stored at —80 °C until further use.

Western Blotting. 40 ug of total cellular protein extract was
transferred to 1.5 mL Eppendorf tubes. The proteins were
precipitated by adding four volumes of ice-cold acetone. The solution
was then incubated for one h at —20 °C. Subsequently, samples were
centrifuged (16000g, 20 min at 4 °C), the supernatants discarded, and
the pellets dried to remove residual supernatant. Pellets were
resuspended in Laemmli sodium dodecyl sulfate (SDS) sample buffer
(no. J61337, Alfa Aesar) and denatured at 95 °C for S min.
Equivalents of 40 ug of protein of each lysate were loaded onto any
kD mini-PROTEAN TGX precast protein gels (#4569035, Bio-Rad).
A PageRuler Plus prestained protein ladder, 10 to 250 kDa (no.
26619, ThermoFisher), was used as molecular mass standard. Samples
were resolved by SDS—electrophoresis and electrotransferred onto
Trans-Blot Turbo mini prewetted PVDF membranes (#1704156, Bio-
Rad). The membrane was blocked using 5% milk in PBS with 0.1%
Tween-20 (PBS-T) for 2 h at RT with gentle agitation. Then, the
membrane was cut horizontally at an approximate 55 kDa. The upper
part of the membrane was incubated with rabbit polyclonal IgG anti-
FAP (1:500 in PBS-T, 5% milk; #PA5-99313, ThermoFisher) and the
lower part with rabbit polyclonal IgG anti-GAPDH (1:5000 in PBS-T,
5% milk; #VPA00187, Bio-Rad). Both membranes were incubated
overnight at 4 °C with gentle agitation, washed 4 times with PBS-T,
and incubated with horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG (1:10000 in PBS-T, 5% milk; #AC2114, Azure) for 2
h at RT. Membranes were washed 4 times with PBS-T, incubated for
30 s in Radiance Q-HRP chemiluminescence substrate (#AC2101,
Azure), and imaged using a ChemiDoc MP imaging system. The
images were acquired using Image Lab software from Bio-Rad and
processed using Image Studio Lite software (ver. 5.2, LI-COR).

Cellular Uptake. Cells were plated on eight-well glass-bottom
chamber slides (Ibidi, Germany) at a density of 2.5 X 10* cells/well
(MCE-7), 3 X 10* cells/well (A549), 5 x 10° cells/well (HepG2),
and 2.6 X 10* cells/well (HeLa). After 24 h incubation at 37 °C,
culture medium was replaced with 200 L of fresh medium containing
Atto633-loaded polymersomes (Pol-Atto633) or FAPi-Pol-Atto633 at
equal concentrations (1.74 X 107 polymersomes/mL, determined by
NTA), and cells were incubated for another 24 h. Then, cells were
carefully washed 3 times with PBS to remove excess polymersomes,
fixed using 4% paraformaldehyde (PFA) in PBS, and cell nuclei were
stained using Hoechst 33342 (#H3570, ThermoFisher). CLSM was
performed on an CLSM 880, AxioObserver (Carl Zeiss), equipped
with a water immersion objective C-Apochromat 40X/1.2 W Korr
FCS M27. Samples were excited with a 405 nm diode laser collecting
the emitted fluorescence in the range of 415—470 nm and with a 633
nm HeNe laser collecting the emitted fluorescence in the range of
643—758 nm. Samples were scanned unidirectionally, at 2048 X 2048
pixels, with a bit depth of 16 bit. Images were processed using ZEN
Blue software (ver. 3.2, Carl Zeiss Microscopy GmbH). To quantify
the uptake efficiency, 106 ym X 106 ym images of cells after 24 h
uptake were analyzed. Arithmetic mean fluorescence (AMF) values of
Atto633 channel were divided by the number of cells within the
image. The AMF value obtained from untreated cells of each cell line
was first subtracted from all samples from the same cell line. Error
bars represent standard deviation of the mean of at least four images.
The AMF values were obtained using ZEN Blue software. The
statistical differences were calculated by two-way ANOVA compar-
ison followed by Tukey’s HSD (honestly significant difference).

Endosomal Escape Assay. The endosomal escape properties of
the FAPi-functionalized polymersomes were evaluated with a calcein
assay. MCF-7 cells were plated on 8-well chamber glass slide (#C8-
LSH-N, Cellvis) at 2.5 X 10* cells per well and cultured for 24 h.
Cells were placed on ice and incubated for 10 min. Then, the medium
was replaced with 200 yL of ice-cold fresh medium containing 250
UM calcein and Pol-Atto633 and FAPi-Pol-Atto633 at equal

https://doi.org/10.1021/acs.biomac.3c00943
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Figure 1. Characterization of FAP-targeting polymersomes. (a) Schematic representation of polymersome surface functionalization with DIBO-
PEG;-FAPi by SPAAC reaction and chemical structure of the Pol-Atto633-FAPi ligand (FAPi). ' (b) TEM images of Atto633-loaded
polymersomes without the targeting ligand (Pol-Atto633). (c) Size distribution of Pol-Atto633 measured by NTA. (d) Normalized FCS
autocorrelation curves of free Atto633 (black) and Pol-Atto633 (blue); dots represent experimental autocorrelation data, and solid lines are fitted
curves. (e) TEM images of FAPi-Pol-Atto633. (f) Size distribution of FAPi-Pol-Atto633 measured by NTA. (g) Normalized FCS autocorrelation
curves of free Atto633 (black) and FAPi-Pol-Atto633 (purple). Scale bars: 500 nm.

concentrations (1.74 X 107 polymersomes/mL). Cells were incubated
on ice for 30 min, transferred to the CO, incubator, and incubated for
2 h at 37 °C. Then, cells were washed 3 times with PBS, 200 uL of
phenol free DMEM was added to each well, and cells were imaged by
CLSM. Samples were excited with a 488 nm argon laser, and emitted
fluorescence was collected in the range of 498—543 nm. Samples were
scanned unidirectionally, with a resolution of 1024 X 1024 pixels and
bit depth of 16 bit. Images were processed using ZEN Blue software
(ver. 3.2, Carl Zeiss Microscopy GmbH).

Detection of Intracellular Reactive Oxygen Species. ROS
detection was performed using a ROS detection assay kit (Abcam,
#ab287839) according to the manufacturer’s instructions. Briefly,
MCE-7 cells were plated on eight-well glass-bottom chamber slides
(Tbidi, Germany) at 2.5 X 10* cells/well and cultured for 24 h.
Culture medium was replaced with fresh medium containing Pol-RB,
FAPi-Pol-RB, or free RB. The RB concentration was determined as
described above and adjusted so all the samples contained the same
RB concentration (1 pg/mL, 1.0S uM). For the control without PS,
Pol-Atto633 and FAPi-Pol-Atto633 were applied at vesicle concen-
trations corresponding to those of Pol-RB and FAPi-Pol-RB,
respectively. Cells were incubated for another 24 h to allow for
uptake and washed with 100 L of the ROS assay buffer. As positive
control, untreated cells were incubated for 1 h in ROS assay buffer
containing fert-butyl hydroperoxide (inducer, provided by the
manufacturer). Then, all cells were incubated with a ROS-label
solution containing 2’,7’-dichlorodihydrofluorescein diacetate (100
uL per well) at 37 °C for 45 min. Cells were washed with 100 uL of
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ROS assay buffer and irradiated for 30 min on ice with an LED lamp
(HepatoChem HCK1012-01-005 EvoluChem LED, 18 W, 6200K)
placed at a 10 cm distance. After irradiation, cells were imaged by
CLSM as described above.

MTS Cell Viability Assay. Cytotoxicity was evaluated using a
tetrazolium compound-based Cell Titer 96 AQueous One Solution
cell proliferation assay (#G3580, Promega) according to the
manufacturer’s instructions. Briefly, exponentially growing MCE-7
cells were plated on 96-well plates at 2.5 X 10° cells per well in 100 4L
of culture medium. Cells were incubated for 24 h, treated with
polymersome samples, and incubated for another 24 h. Then cells
were washed with PBS to remove excess polymersomes, and phenol-
free DMEM was added (100 uL/well). Plates were placed on ice 10
cm from the LED lamp and irradiated for 30 min. For the dark
control, cells were treated under the same conditions but kept on ice
for 30 min without irradiation. Subsequently, cells were cultured for
24 h, and then 20 uL of 3-(4,5-dimethylthiazol-2-yl)-S-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) reagent
was added to each well, and plates were returned to the incubator
for 2 h at 37 °C. The absorbance was measured at A = 490 nm using a
SpectraMax iD3 plate reader. The background signal of wells
containing only medium and MTS reagent (without cells) was
subtracted from each sample-treated well, and obtained values were
normalized to untreated control cells. Viability measurements were
performed in triplicate and repeated at least twice.
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Figure 2. Physicochemical characterization of RB-loaded polymersomes. (a, d) Schematic representation and TEM micrographs of RB-loaded
polymersomes without the targeting ligand (Pol-RB) (a) and functionalized with FAPi (FAPi-Pol-RB) (d). Scale bars: S00 nm. (b, e) Size
distribution of Pol-RB (b) and FAPi-Pol-RB (e) measured by NTA. (c, f) Absorption spectra of free RB (black), Pol-RB (red), and FAPi-Pol-RB

(blue).

B RESULTS AND DISCUSSION

Formation of FAPi-Decorated Polymersomes. To
generate polymersomes with surface-exposed functional groups
for conjugation to FAPi, we used a mixture of the hydroxyl-
terminated amphiphilic diblock copolymer PDMS,;-b-
PMOXA,-OH and terminally azide-functionalized PDMS,,-
b-PMOXA,-PEG;-N; at a mass ratio of 4:1. For the
polymersome formation we used the film rehydration method
as a straightforward approach allowing for minimal organic
solvent contamination. Because both of the used copolymers
comprise a similar number of monomers and thus have a
similar chain length, the azide functional groups are expected
to be accessible for conjugation to FAP, especially considering
the additional poly(ethylene glycol) (PEG) linker in the azide-
terminated PDMS-b-PMOXA polymer.*® To avoid locally high
DMEF concentrations that might affect polymersome formation,
DIBO-PEG;-FAPi was added to the polymersome suspension
very slowly with vigorous stirring. We generated two types of
assemblies by film rehydration: one encapsulating Atto633
fluorescent dye, Pol-Atto633 (2.0 X 10'* + 3.5 X 10" vesicles/
mL) (Figure 1b and Table S1), and the other encapsulating
RB, Pol-RB (9.1 X 10" + 2.0 X 10" vesicles/mL) (Figure 2a
and Table S1). The resulting supramolecular assemblies were
extruded 15 times through 100 nm size polycarbonate
membrane to reduce size dispersity and purified by gel
filtration chromatography to remove nonencapsulated dye or
RB. Then, the assemblies were characterized by a combination
of DLS, SLS, zeta potential measurements, NTA, and TEM.

The supramolecular assemblies containing Atto633 revealed
an average hydrodynamic radius of R, = 68 + 5 nm measured
by DLS and 55 + 3 nm measured by NTA (Figures S2 and I,
Tables S2 and S1). The difference in Ry, values obtained by
NTA and DLS (Tables S1 and S2) is inherent to the respective
methods.”” The spherical deflated morphology of the
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assemblies containing Atto633 revealed by TEM (Figure 1b)
is consistent with the formation of polymersomes.*’ No
aggregation of polymersomes was observed by LS, TEM, and
NTA. Pol-Atto633 exhibited a slightly negative zeta potential
(—4.0 £ 0.5 mV), in good agreement with the values obtained
for polymersomes assembled using mixtures of PDMS-b-
PMOXA copolymers (Table S2).*' We calculated an
encapsulation efficiency of Atto633 of 47% =+ 3%, assessed
by UV spectroscopy, which is in agreement with values
obtained for the encapsulation of small molecular weight
molecules inside polymersomes during the self-assembly
process.“z'43

We then coupled the fibroblast activation protein inhibitor
(FAPj; Figure la) to the azide-functional groups exposed at
the surface of polymersomes by click chemistry. We used a
DIBO-functionalized, poly(ethylene glycol)-linked FAPi mol-
ecule (DIBO-PEG;-FAPi)*" where the strained cyclooctyne
group allowed the conjugation of FAPi to the azide-terminated
copolymer by SPAAC reaction.”*** In addition, due to the
length of the PEG; linker, the FAPi will protrude from the
surface of the polymersome and thereby support targeting. An
increase in the R, value upon attachment of FAPi was
determined by DLS (Figure S2 and Table S2), in agreement
with NTA analysis of FAPi-Pol-Atto633, which indicated a size
of 58 + S nm after FAPi attachment (Figure 1f). This slight
increase in size compared to that of Pol-Atto633 (Figure lc)
gave evidence for the successful ligand attachment (Figure 1f
and Table S1). We used TEM to visualize FAPi-Pol-Atto633
and compared them with Pol-Atto633. The targeting moiety
neither changed the polymersome morphology nor induced
aggregation of the polymersomes, which are important aspects
for further application (Figure 1b,e). Zeta potential values of
polymersomes decreased slightly after their functionalization
with DIBO-PEG,-FAPi (—62 + 0.5 mV) (Table S2). A
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Figure 3. Cellular uptake of polymersomes with and without targeting ligand in different cancer cell lines. (a) Western blot analysis of FAP protein
expression in MCF-7, AS49, HepG2, and HeLa cell extracts (40 pg of total protein loaded per lane). GAPDH was used as loading control. (b)
CLSM images of polymersome-treated MCF-7, HeLa, HepG2, and AS49 cells. Top: nonfunctionalized polymersomes; bottom: FAPi-
functionalized polymersomes. Merged fluorescence images of polymersomes loaded with Atto633 (yellow) and Hoechst 33342 stained nuclei
(blue) are shown. Scale bars: 20 ym. (c) Quantification of Pol-Atto633 and FAPi-pol-Atto633 uptake in different cell lines after 24 h incubation.
Graph shows arithmetic mean fluorescence (AMF) values of the Atto633 channel of each image divided by the number of cells within the image.
Error bars represent standard deviation of the mean of at least four images. The statistical differences were calculated by two-way ANOVA
comparison followed by Tukey’s HSD (honestly significant difference); ns: p > 0.05; #s#: p < 0.001.

lowered zeta potential value upon attachment of this ligand has
been reported for bismuth ferrite harmonic nanoparticles®' and
is another indication of the presence of the FAPi on the
polymersome surface. The absorbance intensity of DIBO-
PEG;-FAPi in UV, with its peak at 270 nm, allowed us to
estimate the functionalization efficiency (Figure S3). After
FAPi functionalization, the SEC fraction corresponding to
nonconjugated ligand was collected. Based on a linear
calibration curve of absorbance (4 = 270 nm) vs concentration
of DIBO-PEG;-FAPi (Figure S3b) and the polymersome
concentration obtained by NTA, we calculated 696 + 11 FAPi
molecules to be conjugated per polymersome, corresponding
to a surface density of 1.6/100 nm* FAPi/polymersomes. We
then analyzed the encapsulation of Atto633 inside polymer-
somes with and without FAPi by fluorescence correlation
spectroscopy (FCS). Compared with the diffusion time of free
Atto633 in solution (7p = 82 + 18 us), both Atto633-loaded
polymersomes and Atto633-loaded FAPi-polymersomes were
characterized by significantly higher diffusion times (7 = 7.5 +
1.4 ms and 7, = 7.7 &= 1.2 ms, respectively). The comparable
diffusion times indicated that the attachment of FAPi did not
lead to aggregation (Figure 1d,g), in agreement with the TEM
data (Figure 1b,e). In addition, FAPi attachment did not
rupture the membrane of dye-loaded polymersomes as a
minimal fraction of free dye (<0.1%) was obtained from the fit
of the autocorrelation curve. The very small fraction of free dye
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in solutions of Atto633-loaded polymersomes (<1%) and
FAPi-Pol-Atto633 (<0.1%) indicates that the purification
efficiently removed nonencapsulated dye from Atto633-loaded
polymersomes.

Formation of FAPi-Decorated Polymersomes Loaded
with RB. To obtain the RB-loaded polymersomes, we
performed film rehydration of the mixture of nonfunctionalized
and functionalized copolymers in the presence of RB under
similar conditions as for Atto633 encapsulation (Figure 2).

By using DLS we measured Ry, = 60 = 2 nm, and the radius
of gyration (R,) was obtained by SLS (R, = 62 + 3 nm). The
value of the shape factor R;,/ Rg of 1.03 indicates a vesicle-like
morphology typical for polymersomes (Table S3 and Figure
S4). The encapsulation of the PS, as a small molecular weight
molecule, did not affect the self-assembly of polymer-
somes.””*” Similarly, after ligand attachment, the slight
increase of R, (to 67 + 4 nm) indicates persistent vesicle-
like morphology (Table S3 and Figure SS). These data
corroborate that 2% DMF final concentration is well tolerated
by the polymersomes, and their membrane integrity is
maintained under the conditions used for FAPi coupling.
NTA measurements of Pol-RB indicated a size of 54 + 4 nm
(Figure 2b and Table S1), similar to that of Atto633-loaded
polymersomes (Figure 1c), while after FAPi modification, the
increase Ry, to 58 + 7 nm reflects the successful attachment of
the targeting ligands on the polymersome surface (Figure 2e
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Figure 4. 3D reconstruction of intracellular location of Pol-FAPi in MCF-7 cells. (Top) z-stack images of cells captured with a 0.5 ym z-depth
interval. Images present merged fluorescence of Hoechst 33342 stained cell nuclei (blue) and Atto633-loaded Pol-FAPi (yellow). Scale bars: 20
um. (Bottom) 3D projection of confocal sections. Left: raw fluorescence of cell nuclei stained with Hoechst 33342 (blue), cell membrane stained
with WGA-Alexa Fluor 488 (yellow), and FAPi-Pol-Atto633 (red). Right: fluorescence of polymersomes cell nuclei and cell membranes

reconstructed and rendered using IMARIS.

and Table S1). TEM revealed that the spherical morphology of
polymersomes was not altered by RB encapsulation and that
FAPi attachment did not affect then architecture of Pol-RB,
exactly as was the case for encapsulation of Atto633 (Figure
2a,d).

Encapsulation of RB was evaluated by absorbance spectros-
copy. The RB absorbance spectrum was reported to shift
toward longer wavelengths upon encapsulation in DMPC
liposomes and chitosan nanoparicles.”**® The absorption
spectra for RB-loaded polymersome, both without and with
FAPi, displayed a maximum absorbance at A, = 565 nm,
which represented a red-shift of 16 nm compared to that of the
free PS (Ao = 549 nm) (Figure 2c,f). This red-shift indicated
the encapsulation of RB inside polymersomes during their
formation process. In addition, we measured the absorbance
spectra of the FAPi-Pol-RB after filtering the solution through
centrifugal regenerated cellulose filter of 3000 Da MWCO.
The lack of absorbance intensity in the range 450—650 nm
demonstrated that there was no free RB present after the
purification procedure. We evaluated the encapsulation
efficiency of RB inside polymersomes by measuring the
absorbance intensity associated with RB after addition of a
nonionic detergent (Triton X-100) at increased temperature
for 15 min, which was expected to induce polymersome
rupture and concomitant release of RB. Although A, of RB
was red-shifted after encapsulation inside polymersomes, both
free RB and RB-loaded polymersomes kept at 95 °C in the
presence of 1% Triton X-100 display the same absorbance
spectra (Any) (Figure S6), indicating the release of RB upon
the rupture of the polymersome membrane. The RB
concentrations have been calculated based on a standard
curve of free RB dilutions (incubated with detergent at 95 °C)
using the absorbance intensity values at 4 = 563 nm (Figure
S6). The encapsulation efficiency of RB into polymersomes
was calculated to be 31 + 2%. However, we cannot exclude the
presence of a very small fraction of RB at the external interface
of polymersomes with the environment.
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Stability of RB-Loaded Polymersomes. A key factor for
further bioapplication was to determine the stability over time
of Pol-RB and FAPi-Pol-RB. We measured their absorbance
spectra after 4 months of storage at 4 °C and compared them
to that of free RB (Figure S7). The absence of dye release
indicated high stability of polymersomes and lack of undesired
cargo release over extended time periods independent of the
presence of the targeting ligand.

Cellular Uptake of FAPi-Pol-Atto633. We studied the
uptake of polymersomes with FAPi targeting ligand exposed at
their surface in relation to FAP expression in MCF-7, A549,
HepG2, and HeLa cancer cell lines (Figure 3). Comparison of
their FAP protein expression levels by Western blot (Figures
3a and S8) revealed different levels of FAP protein in these cell
lines, with MCF-7 expressing the highest amounts of FAP. To
investigate the targeting effect of FAPi exposed at the surface
of polymersomes on cellular uptake, we treated the different
cell lines with Pol-Atto633 without and with FAPi attached.

The use of Atto633-loaded polymersomes allowed us to
study their uptake by CLSM (Figure 3b). CLSM images of
cells incubated for 24 h with Pol-Atto633 and FAPi-Pol-
Atto633, respectively, indicate different internalization efficien-
cies depending on the carcinoma cell line. A weak fluorescent
signal was detected in all four cell lines after incubation with
polymersomes without the targeting ligand, indicating a minor
unspecific uptake.*” While no apparent difference between the
uptake of FAPi-Pol-Atto633 and Pol-Atto633 was observed for
HeLa cells, measuring the mean fluorescence intensity revealed
a slightly enhanced uptake for FAPi-Pol-Atto633 compared
with Pol-Atto633 in HepG2 and AS49 cells (Figure 3c). The
marginal targeting effect observed in these three cell lines can
be explained by their relatively low levels of FAP expression
(Figure 3a). On the contrary, in MCF-7 cells that express large
amounts of FAP, a significantly enhanced uptake was obtained
for FAPi-conjugated polymersomes compared to polymer-
somes without FAPi (Figure 3b,c). This data indicate that an
increased uptake is mediated by the FAPi targeting ligand and
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Figure S. Endosomal escape assay. CLSM images of MCF-7 cells incubated with polymersome suspensions in the presence of calcein: (a) PBS, (b)
Pol-Atto633 and (c) FAPi-Pol-Atto633. Images present transmission light channel merged with fluorescence light of calcein (green). Scale bars: 20
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Figure 6. Reactive oxygen species detection. CLSM images of MCF-7 cells after 24 h uptake of the polymersomes indicated were incubated for 45
min with H,DCFDA probe with (left panel) and without (right panel) subsequent irradiation. Images show transmitted light channel merged with
fluorescence of the ROS detection agent (DCF, red). As a negative control, untreated cells were incubated only with the H,DCFDA probe
(untreated). As a positive control, cells lacking polymersomes were exposed to tert-butyl hydroperoxide (inducer) which induces ROS production
and subsequently incubated with H,DCFDA probe. Scale bars: 50 um.

thus dependent on the FAP levels of the corresponding cell tion of z-stacks indicates that FAPi-Pol-Atto633 was located
line. To ensure that FAPi-Pol-Atto633 were internalized by the throughout the cytoplasm (Figure 4). Interaction of the
cells rather than merely interacting with FAP on the cell surface-exposed FAPi with FAP mediated efficient polymer-

surface, we captured a z-stack of optical sections through some binding to the cell membrane and eventually led to
MCE-7 cells that were treated with the polymersomes for 24 h cellular uptake by energy-dependent pathways.”® As the size of
(Figure 4). The detection of FAPi-Pol-Atto633 fluorescence in polymersomes plays important role in their cellular uptake, the
several sections along the z-axis supports the intracellular polydispersity resulting from film rehydration could possibly
localization of polymersomes. Additionally, the 3D reconstruc- influence the results of subsequent experiments.”’ However,
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Figure 7. MTS cell viability assay. MCF-7 and HeLa cells were treated with polymersomes with and without RB/FAPi targeting ligand or with free
RB for 24 h and then washed 3 times with PBS and either kept in the dark (a) or irradiated on ice with white light for 30 min (b). All RB-
containing samples were adjusted to have equal RB concentration (2 yg/mL, measured by absorbance at 4 = 563 nm), and the polymersomes
without RB were adjusted to the vesicle concentration of the corresponding RB-loaded polymersome samples (measured by NTA). The statistical
differences were calculated by two-way ANOVA comparison followed by Tukey’s HSD (honestly significant difference); ns: p > 0.05; sk p <

0.001. All statistically significant differences are shown.

FAPi-Pol-Atto633 was prepared by functionalization of Pol-
Atto633, such that both systems were obtained from the same
polymersomes and should display a similar size distribution.
Therefore, the polydispersity only marginally contributes to
differences in the rate of the uptake.

An important point in achieving high therapeutic efficiency
is the ability of the nanocarriers to escape endosomes and to
avoid possible degradation in the lysosomes.”””> As the
targeting of FAPi-polymersomes was significant in MCEF-7
cells, we selected this cell line to follow their endosomal
escape. The endosomal escape property of FAPi-Pol-Atto633
was examined by incubating cells with polymersomes together
with membrane-impermeable fluorescent dye calcein. In cells
with intact endosomes, calcein fluorescence is confined to the
endosomal compartments. The release of calcein to the
cytosol, accompanied by an equal distribution of fluorescence
throughout the cell, is a marker for the rupture of endosomal
membranes. When polymersomes taken up via endocytosis
disrupt the endosomal membranes, their release to the
cytoplasm is indicated by widespread calcein fluorescence
(Figure S).

Following uptake, FAPi-Pol-Atto633 induced a pronounced
cytoplasmic fluorescence compared to that of Pol-Atto633 and
control MCF-7 cells incubated only with calcein in PBS. The
high fluorescence intensity, when FAPi-Pol-Atto633 was
internalized by MCF-7 cells, indicates an efficient release of
FAPi-Pol-Atto633 from the endosomal compartment. The
apparent absence of endosomal escape in cells treated with
Pol-Atto633 at corresponding concentrations is related to a
low cellular unspecific uptake of polymersomes without the
FAPi targeting ligand.

Functionality of RB-Loaded FAPi-Polymersomes.
After demonstrating the role of FAPi in polymersome
targeting, uptake, and endosomal release, we set out to test
the ability of RB-loaded FAPi-polymersomes to produce
singlet oxygen in situ upon irradiation with visible light. Except
for hydrogen peroxide (H,0,), the membranes of PMOXA-b-
PDMS-b-PMOXA polymersomes are permeable to oxygen
species.””* Thus, irradiation of the PS will produce ROS in
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situ that will be released to the environment and gradually
induce cell death.”® On the contrary, when RB-polymersomes
(without or with FAPi) are not light-activated, the PS is not
producing ROS. We studied ROS production in MCF-7 cells
that had been prior incubated with RB-loaded polymersomes
(FAPi-Pol-RB and Pol-RB) for 24 h. The cells were then
washed with PBS to remove noninternalized polymersomes
and a cell-permeant 2’,7’-dichlorodihydrofluorescein diacetate
(H,DCFDA) probe was added. This probe converts to highly
fluorescent 2’,7’-dichlorofluorescein (DCF) upon cleavage by
intracellular esterases and oxidation by ROS. Subsequently, the
cells were directly analyzed by CLSM and compared to cells
that had been irradiated for 30 min with white light to activate
RB (Figure 6).

CLSM micrographs of MCEF-7 cells with FAPi-Pol-RB
showed strong DCF fluorescence after irradiation, indicating
enhanced ROS production by the RB loaded inside of the
polymersomes. In contrast, RB-loaded polymersomes without
FAPi were not taken up to a degree sufficient for ROS
production to be detected. No induction of ROS production
was observed for untreated control cells (Figure 6) and for
irradiated cells treated with polymersomes without PS (Figure
$9). Comparison of CLSM micrographs of MCF-7 cells
treated with free RB and with FAPi-Pol-RB (at comparable RB
concentrations) indicated that higher ROS levels were
produced upon irradiation when RB was encapsulated inside
polymersomes (Figures 6 and S9). The significant increase in
ROS production upon irradiation when RB is encapsulated
inside FAPi-polymersomes is correlated to the increase of the
PS uptake mediated by FAPi-Pol. Without irradiation, RB had
no effect on the ROS levels in MCF-7 cells. Irradiated cells
seem to display a more rounded morphology than non-
irradiated cells which might result from the combined effect of
irradiation and the incubation of cells in serum-free ROS assay
buffer (Figure 6).

As enhanced ROS production is known to activate cell death
signaling pathways,56 we tested whether the cellular uptake of
RB-loaded polymersomes (without and with FAPi) followed
by irradiation with white light affects the viability of cells
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expressing relatively high (MCF-7) and low (HeLa) amounts
of FAP (Figure 7). We used an MTS assay to determine the
viability of cells treated with RB-loaded polymersomes
(without and with FAPi) and subsequent irradiation (Figure
7b) and compared it with the values obtained without
irradiation (Figure 7a). Cells treated with equivalent amounts
of free RB (2 pug/mL) without and after irradiation in similar
conditions and cells incubated with PBS or polymersomes
lacking RB served as controls.

In the absence of irradiation (Figure 7a), MCF-7 and HeLa
cells treated with RB-loaded polymersomes (without and with
FAPi) or with free RB were equally viable to untreated cells at
the RB concentrations used (2 pg/mL). Also, the uptake of
polymersomes without RB had no effect on viability. This is a
key aspect because it indicates that the RB-loaded and FAPi-
polymersomes are not cytotoxic without irradiation. Upon
irradiation (Figure 7b), cells treated with free RB showed a
significant decrease of viability in both cell lines, confirming
that at the concentrations used, the PS was generating enough
singlet oxygen under illumination to induce cell death. Light-
activated cytotoxicity induced by free RB is similar to
cytotoxicity studies conducted on Chinese hamster ovary
cells’’ and human fibroblasts™ using similar RB concen-
trations. Likewise, irradiation of MCEF-7 cells incubated for 24
h with RB-loaded FAPi-polymersomes resulted in significantly
reduced cell viability, while the cytotoxicity of Pol-RB was
rather low under the same conditions. The strong light-
activated cell killing caused by FAPi-Pol-RB is due to the FAP
targeting, which led to high amounts of encapsulated RB inside
cells. Consistent with this notion, HeLa cells treated with
FAPi-Pol-RB showed only a small decrease in viability
compared to untreated HeLa cells. This can be attributed to
the lower FAP expression, resulting in less efficient targeting of
FAPi-Pol-RB and subsequently, lower uptake. The FAP level
dependent difference in uptake of FAPi-Pol-RB between HeLa
and MCEF-7 cells was also reflected by a significantly higher
level of light-activated killing of the latter. Notably, in MCE-7
cells, the cytotoxicity of free RB is higher than that of FAPi-
Pol-RB. Therefore, the encapsulation of the PS inside FAPi-
polymersomes plays a dual role: it reduces unspecific toxicity
and specifically locates it to desired sites for a better control of
its therapeutic function. As the maximum of absorption of RB
loaded into FAPi-polymersomes is at 4 = 565 nm, the light
penetration depth seems to be a limiting factor for their use in
the treatment of deep-seated tumors. The penetration depth of
light at this wavelength is around 4 mm, sufficient to penetrate
the epidermis and to reach the dermis, making our system
suitable for testing on skin cancer models.*” Furthermore, the
encapsulation of various water-soluble molecules can be readily
achieved by the polymersome formation method used.
Therefore, RB can be easily replaced by PSs absorbing in the
near-infrared region which allows for the treatment of deeply
located cancer sites.”’

B CONCLUSION

Here we present a polymersome platform that unites targeting
properties with the cytoplasmic delivery of light-activated
cancer photosensitizers. We used PDMS-b-PMOXA-based
polymersomes exposing azide groups on their surface to
couple an inhibitor of FAP via straightforward click chemistry.
The attachment of FAPi affected neither the self-assembly
process of polymersome formation nor the encapsulation of
the payload. Cancer cell lines expressing different levels of FAP
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showed that the FAPi-mediated uptake of polymersomes is
enhanced according to the amount of FAP exposed on the
surface of the cells. In addition, FAPi-functionalized polymer-
somes efficiently escaped the endosomal compartment. The
suitability of FAPi-polymersomes to transport the payload to
the desired site of action was supported by loading the
polymersomes with a photosensitizer. Delivery of encapsulated
RB to the cytoplasm resulted in enhanced ROS levels upon
light irradiation. Moreover, under the effect of light, the
photosensitizer-loaded polymersomes showed remarkable
cytotoxicity, which was dependent on targeting FAP and
uptake efficiency. The activation of the PS inside polymer-
somes without release to the environment is essential for future
therapeutic applications as it minimizes potential side effects of
the drug. In addition, inside polymersomes, RB’s photo-
dynamic action was protected from inhibition, e.g., by .-Trp,*!
and from inactivation when traveling through the endocytic
pathway.

Taken together, PS-loaded polymersomes targeting FAP by
the surface-attached FAPi offer several properties sought after
in PDT including specific on-site and on-demand cell killing.
Besides, FAPi-polymersomes loaded with a fluorescent dye
suggest that this platform could also be used as diagnostic
probe or further developed by co-loading a contrast agent with
PS for theranostic applications. As FAP is highly upregulated in
a wide variety of cancers, and its overexpression promotes
tumor development and metastasis, we believe that our FAP
targeting polymersome-based delivery system has the potential
to become an excellent tool in cancer treatment.
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