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Amphiphilic Single-Chain Polymer Nanoparticles as
Imaging and Far-Red Photokilling Agents for Photodynamic
Therapy in Zebrafish Embryo Xenografts

Davide Arena, Christophe Nguyen, Lamiaa M. A. Ali, Ester Verde-Sesto, Amaia Iturrospe,

Arantxa Arbe, Umit lsci, Zeynel Sahin, Fabienne Dumoulin,* Magali Gary-Bobo,*

and José A. Pomposo*

This work introduces rationally designed, improved amphiphilic single-chain
polymer nanoparticles (SCNPs) for imaging and photodynamic therapy (PDT)
in zebrafish embryo xenografts. SCNPs are ultrasmall polymeric nanoparticles
with sizes similar to proteins, making them ideal for biomedical applications.
Amphiphilic SCNPs result from the self-assembly in water of isolated
synthetic polymeric chains through intrachain hydrophobic interactions,
mimicking natural biomacromolecules and, specially, proteins (in size and
when loaded with drugs, metal ions or fluorophores also in function). These
ultrasmall, soft nanoparticles have various applications, including catalysis,
sensing, and nanomedicine. Initial in vitro experiments with
nonfunctionalized, amphiphilic SCNPs loaded with a photosensitizing Zn
phthalocyanine with four nonperipheral isobutylthio substituents, ZnPc,
showed promise for PDT. Herein, the preparation of improved, amphiphilic
SCNPs containing ZnPc as highly efficient photosensitizer encapsulated
within the nanoparticle and surrounded by anthracene units is disclosed. The
amount of anthracene groups and ZnPc molecules within each single-chain
nanoparticle controls the imaging and PDT properties of these nanocarriers.
Critically, this work opens the way to improved PDT applications based on
amphiphilic SCNPs as a first step toward ideal, long-term artificial
photo-oxidases (APO).

1. Introduction

Cancer is one of the most widespread dis-
eases in the world, with an estimated 10 mil-
lion deaths in 2022.[' In recent years, in
addition to the conventional medical treat-
ment options of chemotherapy, radiother-
apy and surgery and for which there are
not negligible side effects,!?) much research
has focused on the improving overall can-
cer treatment outcomes. Thus, the search
for new therapeutic options such as targeted
therapies, immunotherapy, hormonal ther-
apy, gene therapy, stem cell therapy, and
CAR T cells is underway.l*!

Among  these  different  tracks,
nanomedicine is a promising break-
through in the modern era of medicine
and has given new hope for the future
of cancer treatment. Active ingredients
are encapsulated, adsorbed, trapped or
bound to mnanocarriers. Nanoparticles
(NP) formed in this way have shown that
they can improve the administration of
anti-cancer agents, particularly through
selective targeting, reduced systemic
toxicity and thus improved therapeutic

D. Arena, E. Verde-Sesto, A. lturrospe, A. Arbe, |. A. Pomposo

Centro de Fisica de Materiales (CSIC, UPV/EHU) and Materials Physics
Center MPC

Paseo Manuel Lardizabal 5, Donostia 20018, Spain

E-mail: josetxo.pomposo@ehu.eus

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adhm.202401683

© 2024 The Author(s). Advanced Healthcare Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/adhm.202401683

Adv. Healthcare Mater. 2024, 13, 2401683 2401683 (1 Of12)

C. Nguyen, L. M. A. Ali, M. Gary-Bobo
Institut des Biomolécules Max Mousseron
Université de Montpellier

CNRS

ENSCM

Montpellier 34293, France

E-mail: magali.gary-bobo@inserm.fr

L. M. A.Ali

Department of Biochemistry

Medical Research Institute

University of Alexandria

Alexandria21561, Egypt

E.Verde-Sesto, J. A. Pomposo
IKERBASQUE - Basque Foundation for Science
Plaza de Euskadi 5, Bilbao 48009, Spain

© 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advhealthmat.de
mailto:josetxo.pomposo@ehu.eus
https://doi.org/10.1002/adhm.202401683
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:magali.gary-bobo@inserm.fr
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadhm.202401683&domain=pdf&date_stamp=2024-07-07

ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

results.[*3] For the nano-formulation there’s a wide range of
materials possibilities: liposomes, micelles, dendrimers, carbon
nanostructures, nanoparticles, nanowires, etc. Thus in 1995,
Doxil became the first liposomal nano-drug who received clini-
cal agreement for a number of cancer treatments,[®! then Abrax-
ane was approved by FDA as an albumin NP for the delivery of
paclitaxel in breast cancer,l’] and they were successfully used in
clinical practice.

Polymeric nanocarriers have emerged as a powerful tool for
the delivery of tumor-targeting chemotherapeutics, allowing high
entrapment efficiency, improved physiological stability, ease of
surface functionalization, and manufacturing feasibility accord-
ing to good manufacturing practices.!®! Polymer NPs contain the
drug either in the polymer matrix or at the core of the parti-
cles and they can be loaded with hydrophobic and hydrophilic
molecules, small and large molecules, proteins, and nucleic
acids.[>1% Research in polymer science has tended to focus on
the development of biocompatible and biodegradable polymers
to avoid induced toxicity and enhance the delivery efficacy of treat-
ments. So, commonly used polymers for the preparation of NP
are natural polymers such as collagen, alginate, chitosan, gelatin,
and albumin.['"12] but there is also many NP including synthetic
polymers.

The improvement of tumor delivery efficiency thanks to
nanomedicine, could also be connected to a controlled activation
leading to a drug release or a cancer cell death mechanism. The
stimulus could be light such as in photodynamic therapy (PDT),
which is now considered as a potential treatment for solid tu-
mors used as an alternative or complement to conventional radio-
therapy and chemotherapy.['*!*] PDT is a noninvasive treatment
based on the interaction between molecules called photosensi-
tizers (PS), light stimulus at a specific wavelength adapted to the
properties of the PS and molecular oxygen. The concomitance
of these 3 factors will trigger the formation of reactive oxygen
species (ROS) which are able to induce the tumor cell death via
apoptosis or necrosis.I'>! PDT will be even more effective if the
PS can be delivered as close as possible to the cancer cells,['®! so
NPs as carriers of PS can achieve efficient delivery of PS to tumor
tissues through optimized passive targeting and ligand-modified
active targeting.!'’~1%]

Different types of PS are developed by researchers, most
of them are structural derivatives of cyclic tetrapyrroles who
exhibit low or no toxicity due to their natural similarity to
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endogenous structures occurring in the human body (chloro-
phyll, heme, vitamin B12, coenzyme F430).2%22] Among them,
phthalocyanines.?*] are promising PS for PDT but their inherent
tendency to aggregate generally leads to a reduction or even ex-
tinction of photoactivity. To overcome this problem and achieve
the desired photodynamic therapeutic effect of phthalocyanines,
encapsulation in NP seems to be an interesting solution, and ob-
viously there are different types of encapsulation. For instance,
phthalocyanine derivatives can be encapsulated into classical
polymeric NPs.?*l (100 nm in diameter) or they can also en-
ter in the composition of periodic mesoporous organosilica NP
(250 nm in diameter), obtained by sol-gel condensation of a tri-
ethoxysilyl metallated phthalocyanine precursor.[?]

Single-chain nanoparticles (SCNPs) are a well-defined class
of ultrasmall polymeric NP with a size corresponding to that
of proteins (2-20 nm in diameter), making them suitable for
biomedical applications.[?®) SCNPs result through the folding of
isolated synthetic polymeric chains via intrachain interactions.!?’]
The folding of SCNPs mimics the behavior of natural biomacro-
molecules and is highly desirable for a variety of applications
ranging from catalysis and sensing to nanomedicine.[?-3% For
instance, very recently, some of us reported the construction of
artificial photosynthases (APS) as enzyme-mimetic SCNPs with
manifold visible-light photocatalytic activity for challenging “in
water” organic reactions.?!l Initial experiments with nonfunc-
tionalized amphiphilic SCNPs loaded with a photosensitizing
Zn phthalocyanine with four nonperipheral isobutylthio sub-
stituents, ZnPc, showed promising results for PDT as revealed by
in vitro experiments.!*?] Herein, we report the preparation of im-
proved, amphiphilic SCNPs containing ZnPc as highly efficient
PS encapsulated within the nanoparticle and surrounded by an-
thracene units as highly efficient agents for imaging and PDT
in zebrafish embryo xenografts. This could be a first step toward
ideal, long-term artificial photo-oxidases (APO) (Figure 1).

2. Results and Discussion

2.1. Preparation of Amphiphilic SCNPs Containing ZnPc
Molecules and Anthracene Units

Figure 2A shows the self-folding in water of an amphiphilic
polymer precursor P, composed of hydrophobic anthracene
methacrylate (AnMA) and hydrophilic oligo(ethylene glycol
monomethyl ether) methacrylate (OEGMA) units. The formation
of noncovalent, reversible, and self-assembled SCNPs is possi-
ble in water for amphiphilic copolymeric precursors in the ap-
propriate range of molecular weights, hydrophilic/hydrophobic
monomer ratio and dilution regimes.[*3341 We synthesized three
well-defined poly(OEGMA-r-AnMA) random copolymers con-
taining 31, 16 and 8 mol% of anthracene units that we denoted as
P,, P, and P, respectively (see Figures S1-S13 in the Supporting
Information). In order to observe the formation of single-chain
nanoparticles, solutions of P, P,, and P; in water, all at a poly-
mer concentration of 5 mg mL~!, were prepared by dissolving
10 mg of each copolymer in 2 mL of deionized water. The result-
ing solutions were left stirring in the dark and at room temper-
ature (r.t.) for 24 h. After this time, the samples were analyzed
via dynamic light scattering (DLS). The reversible self-folding of
P, to SCNP, in aqueous media was confirmed via comparison
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Figure 1. A) Idealized picture of an Artificial Photo-Oxidase (APO). B) Rational design of amphiphilic SCNPs containing a photosensitizing Zn phthalo-
cyanine with four nonperipheral isobutylthio substituents (ZnPc) surrounded by anthracene (P, = amphiphilic polymer precursor containing a defined
amount of anthracene units; APO,-ZnPc, = SCNP prepared from P, containing a defined amount of ZnPc encapsulated within the nanoparticle).

of the DLS size distributions of solutions of P, in tetrahydrofu-
ran (THF) and the resulting SCNP, in water, both at a polymer
concentration of 5 mg mL™'. A reduction of the hydrodynamic
diameter (D) of P;, P,, and P; was observed when transferred
to water indicating more compact structures of SCNP,;, SCNP,
and SCNP, with respect to those of P;, P,, and P, in THF (see
Figure 2B). Concomitantly, the slight bathochromic shift of the
UV-visible absorbance in the range between 300 and 400 nm
(see Figure 2C and Figures S14-S16, Supporting Information), as
well as the pronounced decrease in fluorescence intensity, broad-
ening of the emission band and its red-shifting (see Figure 2D)
are indicative of self-aggregation, similar to that reported for an-
thracene solid-state phenomena such as excimer formation.3’!
Additional evidence of anthracene self-aggregation was obtained
by 'H nuclear magnetic resonance (NMR) spectroscopy show-
ing changes in the chemical shifts of the aromatic and benzylic
protons of SCNP,, SCNP,, and SCNP, (Figure S1, Supporting
Information).

Having demonstrated the self-folding ability of P, in water to
give SCNP,, we envisioned the construction of improved, am-
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phiphilic SCNPs containing a photosensitizing Zn phthalocya-
nine with four nonperipheral isobutylthio substituents, ZnPc
(Figure S17, Supporting Information), encapsulated within
SCNP, as highly efficient photosensitizer (PS) surrounded
by anthracene units as highly efficient nanocarriers for PDT
applications.3®] Moreover, we surmised that the presence of
ZnPc would endow the resulting SCNPs with useful imaging
properties. For the preparation, we selected an overall P, con-
centration in solution of 5 mg mL~'. Under these conditions,
P,, P,, and P, allowed the preparation of different single-chain
nanoparticles charged with the photoactive ZnPc at three differ-
ent loadings that we denote as APO,-ZnPy,, APO,-ZnP,;, and
APO,;-ZnP,,, corresponding to overall ZnPc concentrations in
solution of 60, 25, and 10 x 10~° M respectively. As a general pro-
cedure for encapsulation of the ZnPc (see Figure 3A), 25 mg of
the copolymer nanocarrier were weighted in an amber glass vial
and diluted with 100 pL of inhibitor-free THF. After stirring at
r.t. for 1 h, n pL of ZnPc stock solution (1 g L~! in inhibitor-free
THF) was added to the solution, with n selected depending on
the desired final concentration of ZnPc. The resulting solution
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Figure 2. A) Depiction of the self-folding of an anthracene-containing amphiphilic precursor, P, which presents typical anthracene photoluminescence
(PL) when in open-chain conformation in THF (good solvent for both AnMA and OEGMA), to the self-assembled SCNP in water (selective solvent for
OEGMA) in which the anthracene PL is lost due to self-aggregation. B) DLS size distributions of copolymers P; (anthracene content: 31 mol%), P,
(16 mol%) and P3 (8 mol%) showed as superimposed populations measured in THF and water (in the latter case as SCNP;, SCNP, and SCNP;,
respectively) [copolymer] = 5 mg mL~". C) UV-Vis absorbance spectra of Py, P, and P; in THF and SCNP;, SCNP, and SCNP; in water, [copoly-
mer] = 0.2 mg mL~" (see Figures S14-S16 in the Supporting Information for [copolymer] = 0.1 mg mL~"). D) PL emission spectra of Py, P,, and P,
in THF and SCNP;, SCNP, and SCNP; in water, [copolymer] = 0.2 mg mL~". Insets show naked-eye reduction of anthracene photoluminescence after

self-assembly in water.
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Figure 3. A) Schematic illustration of the synthetic procedure followed for the formation of self-assembled APO,-ZnPc,. B) Small-angle X-ray scattering
(SAXS) results (R, is the radius of gyration, v is the scaling exponent) revealing the compaction of P, switching solvents from THF to water (SCNP,),
followed by an erﬁargement of the radius of gyration (R,) upon ZnPc incorporation within the nanoparticle to give APO,-ZnPcgy. C) Idealized picture
showing the tuning of the aggregation state of the ZnPc encapsulated within the core of the SCNP depending on the anthracene content in the precursor.
D) On the left, UV-Vis spectra of APO;-ZnPcgg, APO,-ZnPcgy and APO;-ZnPcg, in water ([copolymer] = 1 mg mL~"). On the right, PL emission spectra

of the same solutions, recorded after oxygen displacement by argon bubbling.

was left stirring at r.t. and in the dark for 72 h to ensure com-
plete evaporation of the organic solvent. After this time, 5 mL of
deionized water was added to the resulting polymeric film and
the final mixture was left under gentle agitation at r.t. and in the
dark for 24 h. The resulting clear and transparent solutions of
APO,-ZnPc, were analyzed via small-angle X-ray scattering (see
Figure 3B) and stored in a dark place at 4 °C. Considering the
strong hydrophobicity of the phthalocyanine used in this work,
we assumed that the total absence of any precipitate in solution
(confirmed by the absence of aggregates in DLS experiments) is

Adv. Healthcare Mater. 2024, 13, 2401683 2401683 (5 of 12)

a good indication of a quantitative encapsulation of ZnPc within
the hydrophobic core of the SCNP. A further confirmation was
obtained by the comparison of the radius of gyration (R,) of the
single-chain nanoparticles in water prior- and post-encapsulation
of the ZnPc (Figure 3B). After encapsulation, the values of R,
were always higher with respect to the neat (ZnPc free) nanocar-
riers, which we attribute to the increased steric hindrance in the
core of the nanoparticles, due to the encapsulated ZnPc. TEM
revealed the globular morphology of the APO,-ZnPc, in the dry
state (Figure S18, Supporting Information). Very good synthesis
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reproducibility of APO,-ZnPc, was observed from batch to batch
(Figure S19, Supporting Information).

We hypothesized that changes in the anthracene content in the
SCNPs could have significant effects in its photophysical prop-
erties (see Figure 3C). As illustrated in Figure 3D, by measur-
ing the UV-Vis absorbance of the APO,-ZnPc, we observed a
clear correlation between the molar fraction of anthracene units
in the nanocarrier and the aggregation degree of the encap-
sulated phthalocyanine PS. As shown in Figure 3D-left by the
comparison of the absorption in the far-red region of APO,-
ZnPcy, APO,-ZnPcy and APO;-ZnPc,, the extent of either
broadening or quenching of Q-band transitions increases upon
decreasing the anthracene molar fraction in the nanocarrier.
Analogously, a pronounced quenching (A = 650 nm) of the
ZnPc emission in the far red is observed upon decreasing the
anthracene content from 31 mol% (APO,-ZnPcy) to 8 mol%
(APO;-ZnPcy)) (see Figure 3D-right and Figure S20, Support-
ing Information). Consequently, this novel class of amphiphilic
SCNPs not only enables the facile encapsulation of the far-
red absorbing ZnPc, but also allows the tunability of the de-
gree of aggregation within the hydrophobic core of the nanocar-
rier.

2.2. In Vitro Imaging and PDT with Amphiphilic SCNPs
Containing ZnPc Molecules and Anthracene Units

To determine the therapeutic potential of the APO,-ZnPc,
we first assessed their intrinsic toxicity by means of per-
forming cytotoxicity experiments against human breast ade-
nocarcinoma (MDA-MB-231) cells. In a typical experiment,
the cytotoxicity against MDA-MB-231 cells was estimated af-
ter having incubated the cells with the APO,-ZnPc, at fixed
concentrations for 72 h using the 3-(4,5-dimethyltriazol-2-
yl)=2,5-diphenyltetrazolium bromide (MTT) test.’”] Figure 4
shows that no significant cytotoxic activity was observed when
MDA-MB-231 cells were incubated in presence of APO,-
ZnPc, at a nanoparticle concentration of up to 100 ug mL~L.
The good biocompatibility observed for this novel class of
nanocarriers is, after all, in agreement with what reported
for other PEGylated nanoparticles employed in nanomedicine
applications.[*®]

Next, we explored the cellular uptake of APO,-ZnPc, by MDA-
MB-231 cells. For these experiments, we selected the SCNPs
with the higher ZnPc content, APO,-ZnPc,, as the internaliza-
tion was visualized by fluorescence microscopy exploiting the in-
trinsic fluorescence (A% ,, = 630 nm) of the encapsulated ph-
thalocyanine. As shown in Figure 5A, long-wavelength emitted
photoluminescence (PL) of the photosensitizer ZnPc was ob-
served for all the three SCNP-based nanosystems. Notably, the
fluorescence intensity relations measured in aqueous solutions
of APO,-ZnPc, (Figure 2D), specifically APO,-ZnPcg, > APO,-
ZnPcy, ~ APO,-ZnPcy,, was qualitatively maintained also upon
internalization in MDA-MB-231 cells. Conversely, when MDA-
MB-231 cells were incubated with nonencapsulated ZnPc un-
der the same experimental conditions, no substantial internal-
ization was observed. Consequently, encapsulation of the highly
hydrophobic and self-aggregating ZnPc within the APO is essen-
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tial for ensuring good bioavailability. Figure 5B shows that APO,-
ZnPc, was efficiently internalized by MDA-MB-231 cancer cells.

Then, the PDT effect in cancer cells was investigated at two
different irradiation wavelengths in the far-red region of the
visible spectrum of light, namely at 4,™* = 630 nm and
Aex™™ = 730 nm. MDA-MB-231 cells were incubated for 24 h
with the APO,-ZnPc, at an optimal concentration of 100 ugmL™",
since performing the same experiments at lower SCNPs con-
tents (25 ug mL™!) resulted in a less remarkable effect. Notably,
all the samples showed PDT-effect when a 630 nm light source
was employed for irradiation (Figure 6A). All APO,-ZnPc,, man-
ifested high cell photokilling ability, with the specific PDT ef-
fect of APO,-ZnPc, being tremendous. Interestingly, significant
PDT-effect was observed when shifting to the longer irradiation
wavelength (730 nm) (Figure 6B). To further test the suitability
of APO,-ZnPc,, nanoparticles as effective PDT agents, we per-
formed the same experiments exposing the 96-well plate at room
light for 3 h, and no cytotoxicity was observed (see Figure S21 in
the Supporting Information). These results indicate that the con-
finement of the ZnPc within the core of the APO,-ZnPc, yields
nanoaggregates with a PDT activity which is selective for long-
wavelength and intense radiations, a highly desirable quality for
perspective application in more complex systems.

We confirmed that the cell-killing activity of APO,-ZnPc, is
due to a PDT mechanism by demonstrating the in vitro ROS pro-
duction during light excitation. Hence, cells were incubated with
the nonfluorescent reactant 2’,7’-dichlorodihydrofluorescein di-
acetate (DCFH-DA) for 45 min. In the presence of ROS, the
molecule is straightforwardly oxidized to its fluorescent form
27,7 -dichlorofluorescein (DCF), whose characteristic intense
green luminescence was detected by fluorescence microscopy.*!
The results shown in Figure 6C illustrate that, when incu-
bated for 24 h in presence of 100 pg mL™" of APO,-ZnPc,,
light excitation at a maximum wavelength of 630 nm in-
duced green fluorescence inside the tumor cells. This result
qualitatively demonstrates intracellular ROS production and
confirms that the cell death follows a PDT-like mechanistic
pathway.

2.3. Amphiphilic SCNPs Containing ZnPc Molecules and
Anthracene Units as Imaging and Far-Red Photokilling Agents for
PDT in Zebrafish Embryo Xenografts

With the biomedical potential of APO,-ZnPc, for PDT assessed,
we wanted to further demonstrate their employability by per-
forming both fluorescence imaging and PDT experiments in
zebrafish embryos as integrated models for human tumor.[*!
(Figure 7A). First, we assessed the APO,-ZnPc, capability to in-
duce long-wavelength fluorescence in zebrafish larvae. Specif-
ically, we injected 72 h post fertilization (hpf) zebrafish em-
bryos with APO,-ZnPc, from the three different copolymer pre-
cursors P;, P,, and P, at their highest ZnPc-loading (APO,-
ZnPcg), which were administrated through intravenous (IV) in-
jection (Figure 7B). After letting circulate the nanoparticles in
the organisms’ bloodstreams for 4 h, we captured the photolu-
minescence by fluorescence microscopy using a maximum ex-
citation wavelength of 630 nm. As shown in Figure 7C, the
APO,-ZnPc, easily and homogeneously distributed in the vas-
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Figure 4. Dark cytotoxicity experiments of APO,-ZnPc, against human breast adenocarcinoma MDA-MB-231 cells, which were incubated 72 h with
increasing concentrations of APO,-ZnPc,. Values are means = standard deviations of 3 experiments.

cular system of the subjects, indicating both a good biodistri-
bution behavior and appropriate properties of the amphiphilic
SCNPs also in the chemically complex zebrafish larvae’s vascu-
lar system. Interestingly, analogous PL intensity patterns (APO; -
ZnPcy, > APO,-ZnPcy, ~ APO;-ZnPc,), already observed for
in vitro experiments, were observed also upon injection in the
embryos. Encouraged by all the above-mentioned results, we fi-
nally carried out PDT experiments on zebrafish larvae Xenografts
to further evaluate the potential of this novel class of ultra-
small nanoparticles for PDT cancer treatment. For this, we
first seeded MDA-MB-231 cells expressing the fluorescent pro-
tein Luciferase (RFP) with the nanoparticles which shown the
best in vitro results, namely APO,-ZnPc, solutions, at a poly-
mer concentration of 100 ug mL™! for an incubation time of
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24 h. After APO,-ZnPc, internalization, culture media were
rinsed and concentrated up to reach a cell concentration suit-
able for intra-yolk injection (see Experimental Section for the
detailed procedure). 72 hpf zebrafish embryos were then in-
jected with APO,-ZnPcy,-loaded (or not loaded) MDA-MB-231
Luc RFP cells via injection in the yolk, ensuring an injection
of about 200400 cells per subject. After a period of 24 h for
tumor implantation, fluorescence microscopy images of all the
tumors were recorded exploiting the RFP-responding lumines-
cence of the Luciferase expressed by the tumor cells and the
subjects were (or not) subsequently exposed to light irradiation
(A% hax = 630 nm) for a total duration of 10 min. using the
same microscope. 24 h after the irradiation, images of the tu-
mors were captured again and under the same optical condi-
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Figure 5. A) Fluorescence microscopy images recorded on MDA-MB-231 breast cancer cells treated either (or not) with APO,-ZnPcgq at 100 ug mL™!
or with nonencapsulated ZnPc (1.2 x 107® m). The fluorescence of APO,-ZnPcq, is revealed using an excitation wavelength of 630 nm. B) Confocal
microscopy images of MDA-MB-231 breast cancer cells incubated with APO,-ZnPcg,, 100 ug mL~". Cell membranes and nuclei stained with Cell Mask

(green) and Hoechst (blue), respectively.

tions, allowing to follow the evolution of the extent of the tu-
moral mass in each specific and different experimental condi-
tion (Figure 7D). The resulting graphical representation, which
was built with six individual subjects for each condition is il-
lustrated in Figure 7E, and suggest that APO,-ZnPcy, shows a
promising photokilling effect against human cancer cells in ze-
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brafish larvae xenografts. While in either nontreated or treated
but not irradiated subjects the tumor fluorescence showed a neat
increase with respect to initial conditions, in the case of irradi-
ated and treated ones an encouraging diminishment of tumor
size was found of 36% decrease in comparison to non irradiated
embryos.
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Figure 6. PDT-effect studies of APO,-ZnPc, incubated in MDA-MB-231 cells using an irradiation wavelength of 630 nm A) or 730 nm B). Values are
means + standard deviations of 3 experiments. *, p-value < 0.05, significantly different between non-IRR and IRR. C) Detection of intracellular ROS in
MDA-MB-231 cells incubated for 24 h with 100 ug mL~" of APO,-ZnPcgy and 20 X 10~ M DCFDA for 45 min and irradiated with a 630 nm light source.

Green fluorescence was observed under GFP filter (4., = 480 nm).

exc

3. Conclusion

In conclusion, highly efficient nanocarriers for photodynamic
therapy (PDT) result through the encapsulation of a photosen-
sitizing Zn phthalocyanine with four nonperipheral isobutylthio
substituents, ZnPc, within amphiphilic single-chain nanopar-
ticles (SCNPs) containing hydrophobic anthracene pendants.
The imaging and PDT properties of the resulting APO,-ZnPc,
nanocarriers are readily tunable by adjusting both the amount of
anthracene units and ZnPc molecules within each single-chain
nanoparticle. All APO,-ZnPc, showed excellent biocompatibility
as revealed by dark cytotoxicity experiments as well as potent PDT
properties inside human breast adenocarcinoma (MDA-MB-231)
cells when irradiated at 630 or 730 nm. In particular, APO,-
ZnPc, shows a promising photokilling effect against human tu-
mor cells in zebrafish larvae xenografts. This work is a first step
toward the long-term development of innovative artificial photo-
oxidases for biomedical applications.

4. Experimental Section

Materials: Unless otherwise noted, all reagents and solvents were
used as received from vendors. Oligo(ethylene glycol monomethyl ether)
methacrylate (OEGMA, average molecular weight = 300 Da) (>99%)
was purchased from TCl Europe N.V. and was filtered over basic alu-
mina before use. n-Hexane (96%), was purchased from Scharlab. Tetrahy-
drofuran (THF) (>99%, + 0.025% BHT as stabilizer), ethanol (EtOH)
(>99%) and methanol (MeOH) (>99%) were purchased from Fisher
Scientific. Inhibitor-free THF was obtained by filtration of THF (Fisher
Scientific) over basic alumina. 1,4-Dioxane (>99%), 9-anthracenylmethyl
methacrylate (>99%), 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid
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(CPADB) and dimethyl sulfoxide (98%) were purchased from Sigma-
Aldrich. Azobisisobutyronitrile (AIBN) (98%) was purchased from Fluka
and recrystallized from MeOH prior use. Basic alumina (0.063-0.2 mm)
was purchased from Merck. Deuterated chloroform (CDCl;, 99.8%
D, + 0.03% tretramethylsilane) for "TH NMR analysis was purchased from
Eurisotop. Deionized water was obtained from a Thermoscientific Barn-
stead TIl System.

Synthesis of the Photosensitizer ZnPc: The preparation of the nonpe-
ripheral tetrakis (isobutylthio) Zn phthalocyanine, ZnPc, was carried out
as reported elsewhere.[3?] (its chemical structure is depicted in Figure S17
in the Supporting Information).

Preparation of the Amphiphilic Copolymers.  Synthesis of P;:
177 mg (0.64 mmol) of 9-anthracenylmethyl methacrylate (AnMA),
450 mg (1.5 mmol) of oligo(ethylene glycol monomethyl ether)
methacrylate (OEGMA), 151 mg (54 pmol) of 4-cyano-4-
(phenylcarbonothioylthio) pentanoic acid (CPADB), 0.34 mg (2.1 umol)
of azobisisobutyronitrile (AIBN) and 1.07 mL of 1,4-dioxane were added
to a dark, oven-dried vial, equipped of a magnetic stir bar. After purging
the mixture with an argon flow for 10 min., the vial was sealed with a
rubber septum, and the reaction was left stirring at 70 °C and under
inert atmosphere for 19 h. After this time, the crude was purified via
four consecutive precipitations in n-hexane. After drying under dynamic
vacuum for 24 h, the obtained product was analyzed via size exclusion
chromatography (SEC) and NMR. M,, (kDa) = 184.5, © = 1.39, AnMA
(mol%) = 31. TH NMR (400 MHz, CDCl;): & (ppm) = 8.44-7.42 (m,
9H, HAY, 5.98 (b.s., 2H, HeCioCH,), 4.08-3.99 (m, 2H, CH,CH,0),
3.62-3.50, (m, (OCH,CH,),), 3.34 (s, 3H, OCH,), 1.74 (m, CH,CCH;),
1-0.83 (m, CH,CCH;).

Synthesis of P,: 98 mg (0.35 mmol) of AnMA, 600 mg (2 mmol) of
OEGMA, 1.65 mg (5.9 umol) of CPADB, 0.39 mg (2.4 umol) of AIBN and
1.07 ml of 1,4-dioxane were added to a dark, oven-dried vial, equipped
of a magnetic stir bar. After purging the mixture with an argon flow for
10 minutes, the vial was sealed with a rubber septum, and the reaction
was left stirring at 70 °C and under inert atmosphere for 19 h. After
this time, the crude was purified via four consecutive precipitations in n-
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Figure 7. A) Scheme of the PDT experiment of xenograft zebrafish embryos tumor model. B) Scheme of the APO,-ZnPcgy-induced fluorescence in the
zebrafish. C) Experimental results of APO,-ZnPcgy-induced fluorescence in zebrafish. D) Fluorescence microscopy imaging of four representative cases,
one for each experimental condition explored, of the PDT effect of APO,-ZnPcg in zebrafish embryos (t, = image captured before tumor irradiation,
tr = image captured 24 h after irradiation (or not). E) PDT effect of APO,-ZnPcgy on human tumors (MDA-MB-23 1) xenografted on zebrafish embryos

and irradiated (or not) 10 min at 630 nm, n = 6 embryos per condition.

hexane. After drying under dynamic vacuum for 24 h, the obtained prod-
uct was analyzed via SEC and NMR. M,, (kDa) = 157.1, © = 1.20, AnMA
(mol%) = 16. TH NMR (400 MHz, CDCl;): & (ppm) = 8.5-7.51 (m, 9H,
HA"), 6.02 (b.s., 2H, HyC1oCH,), 4.07 (m, 2H, CH,CH,0), 4.00-3.53, (m,
(OCH,CH,),), 3.36 (s, 3H, OCH3), 1.88 (m, CH,CCHj), 1.01-0.84 (m,
CH,CCH;).

Synthesis of P3: 49 mg (0.175 mmol) of AnMA, 600 mg (2 mmol) of
OEGMA, 3.3 mg (11.8 umol) of CPADB, 0.78 mg (4.8 umol) of AIBN and
1.07 mL of 1,4-dioxane were added to a dark, oven-dried vial, equipped of a
magnetic stir bar. After purging the mixture with an argon flow for 10 min.,
the vial was sealed with a rubber septum, and the reaction was left stirring
at 70 °C and under inert atmosphere for 19 h. After this time, the crude
was purified via four consecutive precipitations in n-hexane. After drying
under dynamic vacuum for 24 h, the obtained product was analyzed via
SEC and NMR. M,, (kDa) = 132.7, D = 1.23,% AnMA (mol%) = 8%. H
NMR (400 MHz, CDCl;): & (ppm) = 8.53-7.52 (m, 9H, HA"), 6.03 (b.s.,
2H, HgC1CH,), 4.08 (m, 2H, CH,CH,0), 3.74-3.54, (m, (OCH,CH,),),
3.37 (s, 3H, OCHj), 1.85 (m, CH,CCH;), 1.26-0.88 (m, CH,CCHs).

Preparation of APO,-ZnPc,:  As a general procedure for encapsulation
of ZnPc, 25 mg of P, was weighted in an amber glass vial and diluted with
100 pL of inhibitor-free THF. After stirring at room temperature for Th, nuL
of a ZnPc stock solution (1 g L™ in inhibitor-free THF) was added to the
solution, with n selected depending on the desired final y um concentration
of ZnPc. The resulting solution was left stirring at r.t. and in the dark for
72 h to ensure complete evaporation of the organic solvent. After this time,
5 mL of deionized water was added to the resulting polymeric film, and
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the final mixture was left under gentle agitation at r.t. and in the dark for
24 h. The resulting clear and transparent APO,-ZnPc, solutions were an-
alyzed via DLS and UV-vis spectrometry, and finally stored in a dark place
at4°C.

Cell Culture Conditions for In Vitro Experiments: Human breast ade-
nocarcinoma MDA-MB-231, the standard cell line or this expressing lu-
ciferase and red fluorescent protein (MDA-MB-231 Luc RFP) were pur-
chased from ATCC (American Type Culture Collection, Manassas, VA).
Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), in-
corporating 10% Fetal Bovine Serum and antibiotic (FBS) (2% penicillin—
streptomycin). MDA-MB-231 Luc RFP cells were maintained in the previ-
ously mentioned cell culture medium copositions in addition to 5 ug mL™"
blasticidin as a selection antibiotic. The cell growth was performed in hu-
midified atmosphere at 37 °C under 5% CO,. DMEM, FBS and antibiotics
were purchased from Gibco.

Cell Viability Assay/In Vitro Dark Cytotoxicity: In a typical cell viability
experiment, 22000 cells per well were seeded in a 96-well plate in 200 pL
of their respective culture medium. 24 h after cell growth, the cells were
then treated with different concentrations of APO,-ZnPc, (0 < [APO,-
ZnPc,] <100 pg mL™") and, after 3 days, a colorimetric MTT assay of living
cells was performed as follows. Cells were incubated with 0.5 mg mL™!
of 3-(4,5-dimethylthyazol-2-yl)—2,5-diphenyltetrazoliumbromide (MTT).
Three hours after, MTT/medium solution was removed and the precipi-
tated dark-purple crystals were dissolved in ethanol/DMSO (1:1, v/v) so-
lution with gentle, round shaking for 20 min. The absorbance was read at
540 nm. The percentage of living cells was calculated based on a direct cor-
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relation between the optical density (OD) and the number of living cells in
the plate and was expressed as the ratio between the OD of treated cells
and OD of control cells.

In Vitro Phototoxicity Assay: In vitro phototoxicity assays were per-
formed with MDA-MB-231 cells seeded into 96-well plates at a concen-
tration of ~#2 x 10 cells per well in 200 uL of culture medium and allowed
to grow for 24 h. The cells were then incubated for 24 h in the presence
or absence of the photosensitizer employed for the particular experiment
([APO,-ZnPc,] = 100 ug mL~"). After incubation, cells were submitted, or
not, to light excitation (A<, =630 nm, 1.45 ) cm=2 or A%, . =730 nm,
1.45 ) cm~2) for 10 min, using Cy5 and Cy7 light cubes, respectively) of
EVOS5000 (ThermoFisher) microscope. Then, 48 h after irradiation, cell
death was quantified by MTT assay as in the above-mentioned conditions.

Reactive Oxygen Species (ROS) Production: The day after being seeded
in a 96-well plate in 200 pL of their respective culture medium, MDA-
MB-231 cells were incubated with 100 ug mL~" of APO,-ZnPcg for 24 h
and submitted, or not, to light excitation (4%, ., = 650 nm, 10 min,
1.45 ) cm~2). However, 45 min before excitation, cells were incubated with
20 x 107® m of 2,7'-dichlorofluorescin diacetate (DCFDA / H,DCFDA
— Cellular ROS Assay Kit-ab1138571). After excitation, cells were rinsed
with culture media and fluorescence emission of 2’,7’-dichlorofluorescein
(DCF) (4%*¢ = 480 nm) was collected using the camera of standard fluo-
rescence microscope.

In Vitro APO,-ZnPcg Fluorescence Imaging: The day prior to the exper-
iment, MDA-MB-231 cells were seeded onto bottom glass dishes (World
Precision Instrument, Stevenage, UK) at a density of ~100 cells cm™2, Ad-
herent cells were then washed once and incubated in 1 mL cell medium
with or without APO,-ZnPcg at a concentration of 100 ug mL™" for 24 h.
Before visualization, cells were gently rinsed with cell media. Cells were
then scanned via fluorescence microscopy excitating with Cy5 light cube
of EVOS5000 microscope

Danio Rerio Embryos Handling for in Zebrafish Experiments:  Wild-type
AB zebrafish strain was purchased from Zebrafish International Resource
Center (ZIRC) as embryos and were raised to adulthood in circulating
aquarium system inside environmentally controlled room (28 °C, 80% hu-
midity, 14 h light/10 h dark cycle), in the lab’s facilities of Molecular mech-
anisms in neurodegenerative dementia (MMDN), Inserm U1198, Mont-
pellier University, Montpellier. Only fish directly from ZIRC or their F1 off-
spring were used as egg producers to avoid inbreeding effects. Embryos
were obtained from pairs of adult fish by natural spawning and raised at
28.5 °C in tank water. At 7 h post fertilization (hpf), embryos were exam-
ined under the microscope, and only embryos that developed normally
and reached gastrula stage were selected for the study

Injection, Irradiation, and Imaging of MDA-MB-231 in Zebrafish Embryos:
The MDA-MB-231 cells expressing Luc RFP were seeded in two 25 cm?
flasks and incubated for 24 h. In one of the two flasks, the cells were treated
with 100 ug mL~" of APO,-ZnPcg solution. After 24 h incubation, the cells
were trypsinized, centrifuged, and then resuspended in a sufficient volume
of Phosphate-Buffered Saline (PBS) containing 2% Fetal Bovine Serum to
have a cell concentration of 2 x 107 cells mL~". The two cell populations,
with and without APO,-ZnPcg, were kept on ice until injection. The em-
bryos at 24 hpf were divided into three groups: control group (without any
injection), treatment with MDA-MB-231 Luc RFP cells alone, and treat-
ment with MDA-MB-231 Luc RFP cells loaded with APO,-ZnPcg,. The em-
bryos were then anesthetized with tricaine solution at 17 mg mL~" for 10
min prior to injection. Each embryo was placed in an agar mold for the
microinjection of MDA-MB-231 cells expressing Luc RFP. Needles made
of borosilicate glass with an internal diameter of 0.78 mm were loaded
with 4 pL of the desired cell suspension. The cells were then injected into
the embryos’ yolk. Each embryo received 2—4 pulses of 10 nL cell suspen-
sion of 2 x 107 cells mL™" to get 200-400 injected cells per embryo. The
embryos were then placed in a 12 well plate (1 embryo per well in 400 pL
of water), incubated at 30 °C and observed regularly after injection. One
day later, the embryos were imaged and then submitted (or not) to light
irradiation using RFP light cube of EVOS 5000 microscope. The wells were
irradiated by 1 session of 10 min. of duration each. After 24 h, the effect
of irradiation on the injected MDA-MB-231 cells was assessed by imaging
the embryos with the same microscope. Final image analysis and visual-
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ization were performed using Imagej-win32 software to adjust brightness
and to remove out-of-focus background fluorescence.

Zebrafish Fluorescence Imaging: Zebrafish larvae of 24 hpf were man-
ually dechorionated and then let develop for further 42 h in the above-
mentioned conditions. The 72 hpf embryos were then anesthetized with
tricaine solution at 17 mg mL™" for 10 min prior to injection. The APO,-
ZnPcg solutions at the concentration of 4.35 mg mL™", previously added
of 10% penicillin—streptomycin, were directly injected via intra-venous in-
jections. Each embryo received a total injected volume of %10 nL nanopar-
ticle solution. Four hours later, the embryos were imaged using the Cy5
light cube of EVOS5000 microscope.

Statistical Analysis:  Significance was carried out using Student t-test
to compare the pared groups of data (“irradiated” vs “nonirradiated”). A
p-value < 0.05 was considered statistically significant.

Supporting Information
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