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ARTICLE INFO ABSTRACT

Targeted and effective drug transport is becoming an attractive option in cancer therapy since it can improve
drug efficacy and reduce drugs’ side effects in normal tissues. In addition to using specific surface ligand mo-
lecules, the selective drug delivery can be accomplished via enhanced permeability and retention effect.
Therefore, in our studies, we entrapped zinc (II) phthalocyanine (ZnPc) - a second generation photosensitizer —
in folate-functionalized micelles of the biocompatible, FDA-approved for biomedical application diblock copo-
lymer methoxypoly(ethylene oxide)-b-poly(L-lactide) (mPEG-b-PLLA) and its derivative with folate (FA) at-
tached to the end of PEG chain (FA-PEG-b-PLLA). Dynamic light scattering (DLS) measurements confirmed the
micellar size to be < 150 nm in diameter, a low polydispersity index, and good colloid stability of the studied
nanocarriers, while atomic force microscopy (AFM) was used to study their morphology. The application po-
tential of the resulting micelles was evaluated in cyto- and photocytotoxicity studies in conjunction with in-
tracellular distribution and accumulation imaging of the photosensitizer delivered to ovarian carcinoma (SKOV-
3) and metastatic melanoma (Me45) cell lines. Reactive oxygen species generation study was performed after
photodynamic reaction, and cellular cytoskeleton reorganization was visualized after undergoing a photo-
dynamic reaction. The results demonstrated that the functionalized polymeric micelles are promising nano-
carriers for photodynamic therapy procedures and can be used in anticancer drug delivery.
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1. Introduction

Supramolecular assemblies fabricated from block copolymers, in-
cluding their functionalized derivatives, have been receiving intensive
attention as possible candidates for biomedical applications [1]. The
most interesting aspect of polymeric micelles and other nanocarriers,
especially in anticancer treatment, is that they can be modified with
different biologically active functionalities [2,3]. These can be either
covalently attached to the block copolymer chain [4] or incorporated

through specific interactions [5]. This provides targeting of the active
type, where ligands (including vitamins, aptamers, lectins, carbohy-
drates, affibodies, antibodies, and antibody fragments) are attached to
the nanocarrier’s surface for a selective drug or contrast agents delivery
to specific cells [6]. This is in contrast to passive targeting, where it is
the EPR (i.e. enhanced permeability and retention) effect that facilitates
the accumulation of the drug in the tumor tissue region. Ligand-tar-
geted therapies involve the application of the selected ligand that binds
specifically to the receptor which is primarily overexpressed on cancer

Abbreviations: ZnPc, zinc (II) phthalocyanine; Ln, lanthanides; FA, folic acid; DDS, drug delivery systems; PM, polymeric micelle; DLS, dynamic light scattering;
ROS, reactive oxygen species; AFM, atomic force microscopy; RES, reticuloendothelial system; TEM, transmission electron microscopy; PLA, polylactide; PCL,
polycaprolactone; EE, endosomal environment; PGA, polyglycolide; PEG, polyethylene glycol; FR, folate receptor; PS, photosensitizer; SDS-PAGE, sodium dodecyl
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cells. This ligand, bounded to a therapeutic drug or its nanocarrier, can
be used to deliver specifically the nonselective drug into a cancer cell
[7]. Drug delivery systems contribute to an broadening of the ther-
apeutic window range by increasing the delivery to the target tissue as
well as the target to non-target tissue ratio. As a result, this leads to a
reduction in the “minimum effective dose” of the drug and thus si-
multaneously lowers the concomitant drug toxicity, providing an im-
proved therapeutic efficacy at equivalent concentrations in plasma [8].
Polymeric micelles possessing exceptional properties, such as an ap-
propriate size (20-200 nm), high drug loading capacity, stability, long
circulation in blood, selective accumulation in solid tumor, and the
ability to escape from the reticuloendothelial system (RES) and renal
exclusion, seem to be the most sophisticated nanosystems for clinical
approaches and relevant research focusing on the enhanced transport of
hydrophobic drugs, photosensitizers, and DNA, including functionali-
zation by various cell-specific ligands [2,9,10].

Amphiphilic block copolymers with hydrophobic segment derived
from aliphatic polyesters of hydroxyalkanoic acids, e.g. polylactide
(PLA), polycaprolactone (PCL), and polyglycolide (PGA), are con-
sidered as biocompatible and biodegradable by hydrolytic enzymes
under physiological conditions as well as by products approved by the
FDA for clinical use [11]. Furthermore, the polymeric micelles prepared
from the self-assembled poly(ethylene oxide) and poly(L-lactide) block
copolymer exhibit architectures of the core-shell type, in which the
biodegradable poly(L-lactide) segments can associate to form a core,
making it possible to entrap hydrophobic drugs, and the polyethylene
glycol (PEG) chains form a hydrophilic shell, enabling the nanocarrier
to exhibit the “stealth effect” during its circulation in blood [12].

It is alleged that the folate receptor (FR) constitutes an extremely
selective tumor marker overexpressed in more than 90% of ovarian
carcinomas. Relatively increased expression of the FR was noticed in
several types of human cancers (e.g. melanoma and ovarian cancer).
Interestingly, the receptor is generally not present in most normal tis-
sues, excluding choroid plexus and placenta, and has low levels in
lungs, thyroid, and kidney [8]. Folic acid (FA), as the targeting ligand,
is very beneficial regarding its storage stability, low toxicity and im-
munogenicity, low molecular weight (M, of 441 Da), biocompatibility,
high affinity for the FR (Kq = 10710 M), and low cost [13]. The FA-
based complexes have provided more effective intracellular delivery of
cytostatics or macromolecules which in the schemes are counting on
cell membrane markers [14]. For a variety of specific organs and cells,
the FA-promoted drug delivery can potentially minimize side effects
while maximizing therapeutic efficacy. Thus, because of numerous FA
advantages, researchers have been extensively developing this molecule
as a cancer oriented agent [13].

The application of functionalized micelles in photodynamic therapy
(PDT) could significantly increase the photosensitizer affinity to specific
types of cancer cells. It is well known that the photodynamic procedure
joins three intrinsically nontoxic factors, i.e. a photosensitizer (PS),
light of proper wavelength, and oxygen, in the targeted tissue to pro-
duce cytotoxic reactive oxygen species (ROS), in particular singlet
oxygen (*0,), to cause programmed cell death and necrosis. The ROS
designation includes free radicals, e.g. atoms or molecules, which can
exist independently and possess one or more unpaired electrons. For
this group we can include also superoxide radical (0O, -), hydroperoxyl
radical (HO5"), hydroxyl radical (HO’), peroxyl radical (ROO"), and
alkoxyl radical (RO"), but also non-radicals, namely hydrogen peroxide
(H,0,), singlet oxygen (*0,), and hypochlorous acid (HOCI). In typical
cellular processes the reactive oxygen species, continuously generated
in small amounts, may cause oxidative stress by means of oxidation of
cellular membrane lipids, enzymes, tissue proteins, DNA, and carbo-
hydrates, causing — at a certain point — irreversible cellular damage
[15]. The fact that oxidative stress has been implicated in the etiology
of several diseases and in aging is of major importance. On the other
hand, it needs to be pointed out that the precise localization of the
intentionally generated ROS is a crucial factor for achieving a
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therapeutic outcome. By allocated delivery of the photosensitizer,
which may be accomplished by targeted drug delivery systems im-
plementation, and light irradiation photodynamic treatment can mini-
mize further damage to normal tissues in regards to other systemic
modalities of the PDT treatment. Consequently, the photodynamic
therapy has been established to treat cancer and other malignancies in
recent years [16].

A very promising group of photosensitizers are metallophthalocya-
nines. This is because of their chemical stability, intense light absorp-
tion within the “therapeutic window” (600-800nm), and extremely
high ability to generate the singlet oxygen oy [17]. Metallophtha-
locyanines, especially zinc (II) phthalocyanine and its derivatives, once
illuminated with visible or infrared light, effectively generate highly
ROS, which can bring about the cancer cells and tumor vasculature
death [18]. Most of the recent research in this area deals with the de-
velopment of chemical conjugation with peptides, ligands, antibodies,
etc. or with the encapsulation of photosensitizers, comprising so-called
third generation PDT agents that can be activated with a longer light
wavelength, inducing stronger photosensitivity and, more importantly,
providing enhanced tumor specificity [19].

Generally, zinc (II) phthalocyanine and its derivatives, both hy-
drophobic and hydrophilic/amphiphilic, show tendency to form dimers
and aggregates, due to their planar structure and high aromaticity.
Moreover the mentioned compounds may lose their photoactivity due
to specific interactions with solvent molecules (hydrogen bonding to
central ions or peripheral nitrogen atoms, electrostatic forces or m—t
stacking). Numerous bulky peripheral groups (as tert-butyl or sulfonic
acid) may suppress aggregation but still such microheterogenous solu-
tions, of such modified phthalocyanines have limited stability and are
susceptible to unwanted photoprocesses as photobleaching. Even
synthesis of zinc (II) phthalocyanine derivatives with precisely con-
trolled amphiphilicity is not sufficiently active to retard aggregation to
a sufficient extent, especially in aqueous systems [20]. Moreover, zinc
(II) phthalocyane possess unique possibility to occur in a stable and
photoactive sandwich structure with all solvent coordination sites
freely available, so called a-ZnPc form, e.g. when solubilized within
PMs hydrophobic core [21]. The mentioned phenomena were carefully
investigated in our previous paper [22]. Thus, zinc (II) phthalocyanine
— one of the simplest, but very tricky metallophthalocyanie — was
chosen as a photosensitizer for our studies.

The present contribution continues and develops our earlier studies
on the fabrication of new drug delivery systems (DDS), such as nano-
capsules, nanospheres, and polymeric micelles (PMs), which are well
suited for the hydrophobic photosensitizers encapsulation, their pho-
tophysical and colloidal characterization, as well as biological evalua-
tion [19,23-25]. The main aim of the present study was to enhance the
targeted delivery and the photodynamic action of zinc (II) phthalo-
cyanine (denoted as ZnPc) — a second-generation photosensitizer — in
multidrug resistant ovarian (SKOV-3) and human metastatic malignant
melanoma (Me45) cells by implementation of biodegradable and bio-
compatible folate-functionalized polymeric micelles. The present study
involves the evaluation of ROS generation during PDT (Scheme 1),
cellular internalization of nanocarriers, and cytoskeletal analysis of
reorganization after PDT.

It should be emphasized here that currently studied polymeric mi-
celles, one of the most promising group of nanocarriers, can be fabri-
cated with methods showing low energy consumption as well as a po-
tential for upstream optimization for large-scale production. PMs are
known as very impressive targeted DDS and well-defined nanocarriers
of precisely defined architecture since they comprise self-assembling
structures that are easy-to-fabricate. Especially micelles of diblock co-
polymer methoxypoly(ethylene oxide)-b-poly(L-lactide) (mPEG-b-
PLLA), functionalized with folic acid modified block copolymer (FA-
PEG-b-PLLA), are characterized by highly active external surface and
many interesting features, such as micellar pseudophases that provide a
suitable solubilization for hydrophobic payloads [3,20]. The strongly
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Scheme 1. The schematic representation of functionalized micelles composition and action.

hydrophobic ZnPc, solubilized in the studied FA-PEG-b-PLLA / mPEG-
b-PLLA micelles, is protected against aggregation and deactivation, and
possesses a significantly reduced vulnerability to photobleaching and
an enhanced ability to generate ROS [23]. Additionally, FA-PEG-b-
PLLA synthesis may be carried out in mild conditions by utilizing
convenient, one-step reactions and simple purification techniques. Si-
milarly, preparation of ZnPc-loaded folic acid modified polymeric mi-
celles via dialysis method constitutes a simple and reproducible syn-
thetic route. The studied FA-PEG-b-PLLA / mPEG-b-PLLA micelles with
active payload provide both passive (EPR effect and prolonged systemic
circulation due to “stealth” properties of PEG chains) and active (con-
jugation with ligand - folic acid) targeting [3].

2. Experimental
2.1. Chemicals

Block copolymer of methoxy poly(ethylene oxide), poly(L-lactide)
(mPEG45-PLLA70, MW = 7000), and folate — poly(ethylene glycol) —
carboxylic acid (FA-PEG—COOH, MW = 3000) were obtained from
Akina, Inc. (West Lafayette, IN, USA). Zinc(II) phtalocyanine (ZnPc,
97%), poly(L-lactide) (PLLA, MW 5000), 9,10-anthracenediyl-bis
(methylene)dimalonic acid sodium salt, trypsin-EDTA, Triton X-100
and DPX, as well as human serum albumin (HSA) were supplied from
Sigma-Aldrich (St. Louis, MO, USA). TBA and DTNB (5,5-dithiobis -
nitrobenzoic acid 3,3’-6) were obtained from Fluka (Germany).
Trichloric acid (TCA), carboxy-H,DCFDA, and dialysis bags (cut-off:
3.5 kDa) were purchased from Roth (Carl Roth, Germany). Fluorescence
mounting medium for microscopic slides preparation was received from
Dako (Denmark). All solvents applied in the present study were of
analytical grade and were obtained from POCh (Gliwice, Poland).
Water used for all experiments was doubly distilled.
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2.2. Synthesis of folic acid modified poly(ethylene oxide) and poly(L-
lactide) diblock copolymer

Folic acid functionalized block copolymer of poly(ethylene oxide)
and poly(L-lactide) (FA-PEG-b-PLLA) was synthesized by esterification
of pegylated folic acid with terminal carboxylic acid group (FA-PEG-
COOH) and poly(L-lactide) (PLLA) in Steglich conditions [26,27]. FA-
PEG-COOH (0.1 g, 0.0333 mmol), PLLA (0.1667 g, 0.0333 mmol), N,N-
dicyclohexylcarboimide (DCC, 0.0076g, 0.037 mmol), and N,N-di-
methylpyridine (catalyst) in DMSO (10 mL) were stirred for 48 h. By-
product (N,N-dicycloahexylurea) was filtered off and the desired pro-
duct was obtained by dialysis (MWCO 8000, 72h, 3 x5 L of distilled
water), followed by freeze drying (0.1665, 63% yield).

2.3. Structural identification and characterization of folic acid modified
poly(ethylene oxide) and poly(L-lactide) diblock copolymer by FTIR and 'H
NMR spectroscopies

FTIR spectra of the obtained product as well as of the two major
substrates (FA-PEG—COOH and PLLA) were recorded on a Fourier
transform, Bruker VERTEX 70V vacuum spectrometer (Rheinstetten,
Germany). The measured samples were positioned on the diamond
crystal of the ATR accessory. The results are shown in Fig. 1a. 'H NMR
spectra for FA-PEG-b-PLLA, FA-PEG —COOH, and PLLA were recorded
on Bruker AMX600 instrument in DMSO-dg, containing TMS as an in-
ternal reference. The obtained spectra were processed using TopSpin
software and are shown in Fig. 1b.

2.4. Preparation of functionalized polymeric micelles — empty and with zinc
(II) phthalocyanine

mPEG-b-PLLA / FA-PEG-b-PLLA micelles encapsulated with ZnPc
were obtained using a modified dialysis method accordingly to Lv et al.
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Table 1

Characteristics of the obtained ZnPc-loaded mPEG-b-PLLA / FA-PEG-b-PLLA
micelles: cargo concentration, loading content, size and its distribution (de-
noted as polydispersity index, PdI).

System Mole fraction of Cznpe [(ME/  Cznpe LC [%] PdI Dy [nm]
FA-PEG-b-PLLA ml] [uM]
T=0
1 0% 0.0172 29.7 0.86 0.285 126.9
2 1% 0.0138 24.0 0.69 0.188 67.31
3 5% 0.0265 45.8 1.33 0.268 61.91
4 10% 0.0213 36.9 1.06 0.264 56.54
5 100% 0.0172 29.7 0.86 0.154 68.18
T = 40 days
1 0% 0.0170 29.7 0.86 0.288 127.9
2 1% 0.0140 24.1 0.69 0.187 68.87
3 5% 0.0260 45.6 1.32 0.279 63.85
4 10% 0.0210 36.8 1.06 0.266 57.09
5 100% 0.0170 29.6 0.86 0.150 67.68
T = 180 days
1 0% 0.0172 29.7 0.86 0.280 123.4
2 1% 0.0135 23.9 0.69 0.188 66.83
3 5% 0.0271 46.0 1.34 0.258 62.94
4 10% 0.0213 36.9 1.06 0.269 59.11
5 100% 0.0177 29.9 0.86 0.164 64.33

[27]. With regards to the loaded PMs, zinc phthalocyanine was firstly
dissolved in DMSO with a concentration of 0.2 mg/mL. Then, an ap-
propriate volume of ZnPc stock solution in DMSO was added to 20 mg
of block copolymers FA-PEG-b-PLLA and mPEG-b-PLLA mixture. Fi-
nally, the obtained mixtures were filtered and added dropwise to 10 mL
of water. Organic co-solvent was removed from the mixtures by dialysis
(MWCO 3500, 72h, 3x5 L of distilled water).

2.5. Characterization of polymeric micelles

2.5.1. Dynamic light scattering (DLS)

The size and distribution magnitudes of the studied, freshly pre-
pared polymeric micelles, and of those stored in the dark for 40 and 180
days, were estimated by DLS measurements at 25°C by means of a
Zetasizer Nano Series from Malvern Instruments with the 173° detec-
tion angle in optically homogeneous polystyrene cells. The DLS (Nano)
program was utilized for the data evaluation. The acquired values of
hydrodynamic diameter (Dy) and polydispersity index (PdI) are listed
in Table 1, where PdI comprises a dimensionless degree of broadness of
the particle size distribution [22].

2.5.2. Atomic Force Microscopy (AFM)

A Veeco NanoScope Dimension V AFM with an RT ESP Veeco tube
scanner made possible the evaluation of the polymeric micelles’ mor-
phology. The scanning speed was 0.5Hz, and a low-resonance-fre-
quency pyramidal silicon cantilever resonating at 250-331 kHz was
employed (at a constant force of 20-80 N/m). The amplitude of the
resonance was set manually to the lowest possible value for stable
imaging within the contamination layer present on the surface. The
PMs were allowed to adsorb on a cover glass surface for 12 h by dipping
them in the suspension before observation. Then the substrate surplus
was rinsed from the surfaces by double distilled water for at least 1 min
and the cover glass was dried at RT (room temperature) [23]. The
obtained image as well as DLS graphs are shown in Fig. 2.

2.5.3. UV-vis spectroscopy in drug loading content determination

ZnPc content in mPEG-b-PLLA / FA-PEG-b-PLLA micelles was
spectrophotometrically measured following the procedure in Lamch
et al. [23]. Consequently, a sample of the PMs solution was diluted with
an equal volume of water and then with five volumes of THF. Fur-
thermore, the obtained solutions were measured using a U-2900 UV-vis
spectrophotometer (Hitachi, Japan), and the maximal absorbance was
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detected at about 666 nm. To get the calibration curve, free ZnPc
samples were prepared in 5:1 (v/v) THF:water mixture. The percent
loading content (LC%) of ZnPc was estimated using the below given
formula:

weight of ZnPc in micelles

%loading content = 100%

weight of micelles

@

2.5.4. Proton nuclear magnetic resonance ( 1H NMR)

Functionalized polymeric micelles, loaded with ZnPc, were eval-
uated by '"H NMR to examine core-shell architecture, as well as to in-
vestigate the location of hydrophobic cargo in the polymeric micelles
core and of folic acid within their corona. NMR spectra were recorded
on a Bruker AMX600 instrument in deuterated DMSO (for block co-
polymer FA-PEG-b-PLLA) and D50 (for folic acid functionalized poly-
meric micelles). Before 'H NMR measurements, functionalized poly-
meric micelles (loaded with ZnPc), prepared according to the
procedures described in Section 1.4, were freeze dried from aqueous
systems and dispersed in D,0. The obtained "H NMR spectra for FA-
PEG-b-PLLA block copolymer (dissolved in DMSO-dg) and functiona-
lized polymeric micelles (in D;0), processed using TopSpin software,
are shown in Fig. lc.

2.5.5. Photoreactivity measurements in microheterogeneous systems

Photokinetic studies of photobleaching and 'O, generation in micro-
heterogeneous systems were performed in open 1cm optical path
quartz cuvettes with continuous stirring using an OPTEL Fibre
[luminator (Opole, Poland) with a long-pass glass filter (SCHOTT
GLASWERKE GmbH, Mainz, Germany) to separate the 600-750 nm
spectral interval. The photobleaching rate was evaluated spectro-
photometrically by monitoring the ZnPc absorption spectrum in the
range of 300-800 nm upon exposure to the lamp working at a 100 mW/
cm? fluence 3mlL of solutions containing free or encapsulated ZnPc
form in FA-functionalized PMs (System 4 in Table 1). Measurements for
free ZnPc were conducted in 1% poly(ethylene glycol) water solution to
prevent aggregation and loss of absorbance. In the photobleaching
measurements the solution concentrations were selected in order to
obtain an initial ZnPc main Q-band peak (669 nm) absorbance of less
than 1.0. For both free and encapsulated ZnPc the measurements were
performed at approximately 10 different irradiation time intervals. The
rate of !0, generation was measured in the same manner as photo-
bleaching, that is in the presence of 0.14 mM 9,10-anthracenediyl-bis
(methylene)dimalonic acid sodium salt (ABMDMA) [28,29]. The con-
centration of ZnPc was 5uM in both the free and PM-encapsulated
forms. The singlet oxygen generation rate constant (k,) was calculated
from the ratio of ABMDMA absorbance at 400 nm before and after ir-
radiation as a function of the irradiation time according to Lamch et al.
[22]. The photobleaching and 10, generation measurements results are
represented in Fig. 2c.

2.6. Cell lines and cultivation

In the current study, Me45 (human malignant melanoma), HaCaT
(immortalized human keratinocytes from histologically normal skin),
and SKOV-3 (cisplatin-resistant human ovarian cell line) were used.
Me45 cells were a kind gift from Maria Sklodowska-Curie Memorial
Cancer Center and Institute of Oncology Gliwice Branch, while SKOV-3
cells were a kind gift from Professor J. Golab from the Department of
Immunology, Center of Biostructure Research and Medical University of
Warsaw. HaCaT keratinocytes were purchased from the CLS Cell Lines
Service GmbH (Germany). Me45 and HaCaT cell lines were grown in
DMEM (Sigma, Poland) medium, while SKOV-3 cells in McCoy’s
medium (IITD, Poland) including 10% of fetal bovine serum (FBS,
Biowhittaker, Poland) and 1% of antibiotics (Penicillin/streptomycin,
Sigma). For the experiments, the Me45, HaCaT, and SKOV-3 cells were



L. Lamch, et al.

30

a.

2 D =62.9 nm
20 H
515 Pdl =0.268 -
g10
25
o n

10 100
Size (d, nm)

b.

Photodiagnosis and Photodynamic Therapy 25 (2019) 480-491

Fig. 2. Nanosystem characterization by AFM images and DLS
spectra of functionalized polymeric micelles, loaded with zinc
(I) phthalocyanine (for (a) system 1 and (b) system 4 as de-
scribed in Table 1; and (c) by photobleaching (left) of FA-PEG-
b-PLLA / mPEG-b-PLLA micelle-encapsulated () and free
(A\) ZnPc in aqueous solution during irradiation with near-
infrared light (100 mW/cm?), as measured by UV-vis ab-
sorption spectra. Photooxidation (right) of 9,10-anthracene-
diyl-bis(methylene)dimalonic acid sodium salt upon irradia-
tion in the presence of ZnPc: free (A) and loaded in FA-PEG-
b-PLLA / mPEG-b-PLLA micelles (). k. is the first-order rate
constant for the photo-process as deduced from the slope of a
semilog plot (denoted as natural logarithm of initial to final,
for given period of time, absorbance values).
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trypsinized (trypsin 0.025% and EDTA 0.02% solution; Sigma), rinsed
twice with PBS, and maintained in a humidified atmosphere at 37 °C
and 5% CO..

2.7. Cell viability (MTT) assay

The determination of cell viability after their exposition to the
studied nanosystems was performed using the MTT cell proliferation
assay (Sigma). The experimental protocol and conditions were set ac-
cording to the procedure used during our prior research [30]. For the
evaluation of cytotoxic impact, all the cell types were seeded onto 96-
well plates (Nunc, Biokom, Poland) at a density of 2 x 10* cells in the
final volume 200 pL of medium/well, and afterwards were incubated at
37 °C in 5% CO, atmosphere. Cells viability was determined after 24 h
and 48 h for standard cytotoxicity (dark cytotoxicity) and after 24 h for
photocytotoxicity, with various concentration of free and encapsulated

Irradiation time (s)

ZnPc (1, 2, 3, and 4 uM). The details of the experimental conditions
were described in our previous papers [19,23]. The absorbance from
three duplicate experiments was measured at the wavelength of 570 nm
using microplate reader (EnSpire, Perkin Elmer, Poland). The cell via-
bility measured for each group was expressed as a percentage of control
untreated cells. All experiments were performed in triplicate.

2.8. Photodynamic reaction

The cells were exposed to 4 pM concentration of zinc (II) phthalo-
cyanine: free and encapsulated in the mPEG-b-PLLA / FA-PEG-b-PLLA
micelles in complete media for 24 h in the dark. In the next stage, the
cell culture medium was removed and replaced by fresh one, and cells
were irradiated by the following light dose: 3 or 6 J/cm? utilizing a
lamp (OPTEL, Opole, Fibre Illuminator, Poland) with polarized light
(fluence rate at the level of the cell monolayer: 10 mW/cm?) and a red
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filter (Amax = 632.8 nm). All measurements were realized at room
temperature in semi-dark conditions. After irradiation, the cells were
incubated at 37 °C and 5% CO, for 24 h in a humidified atmosphere
[31].

2.9. Intracellular ROS quantification

For the ROS production cells were trypsynized and seeded on black
96-well plates with flat transparent bottom (Perkin Elmer, Poland) in
concentration 2 X 10* per each well. After 24 h first photodynamic
procedure (2.8) using two light does (3 and 6 J/cm?), and then after
10 min DCF protocol was performed. Reactive oxygen production after
photodynamic reaction (PDR) was determined using DCF (2,7-di-
chlorofluorescein) assay (Life Technologies, Poland). This DCF assay is
based on the application of fluorescent properties of 6-carboxy-2,7-di-
chlorodihydrofluorescein diacetate 2,7-dichlorofluorescein (carboxy-
H,DCFDA). For experimentations, the concentrated stock solution of
carboxy-H,DCFDA (50 ug/mL in sterile DMSO) was kept at RT in the
dark conditions and was subsequently properly diluted, following the
manufacturer protocol, in cell culture medium without FBS. Then, the
incubation medium was washed out from the cells with PBS containing
6 mM glucose, and the DCF reagent was added to the cell culture to
achieve a final concentration of 10 uM and was left in darkness for
30 min long incubation at 37 °C. After this time the fluorescence was
measured, where the excitation wavelength of 495nm and emission
wavelength of 530 nm were used. ROS level was detected by a multi-
well scanning spectrophotometer (EnSpire Perkin Elmer, Poland).

2.10. F-actin staining and imaging- confocal laser scanning microscopy
(CSLM) study

The confocal laser scanning microscopy (CLMS) was applied to
determine the morphological changes of treated cells. SKOV-3 and
Me45 cells were prepared for immunofluorescent reaction. The cells
were seeded and grown on coverslips. After 24 h free ZnPc or loaded in
the mPEG-b-PLLA / FA-PEG-b-PLLA micelles in 4 tM concentration was
added. Cells were incubated next 24 h, then culture medium was
changed before irradiation (6 J/cm?). Then cells after 24 h post PDT
treatment were fixed with 4% paraformaldehyde (PFA, Roth) in PBS,
permeabilized with 0.5% Triton X-100 (Sigma, Poland) in PBS (v/v) for
5 min, and blocked with 1% fetal bovine serum (FBS) in PBS (for 30 min
at RT). The cells were gently rinsed in fresh PBS at every step of the
procedure. The following antibodies were used: primary antibody
monoclonal mouse F-actin antibody (2 pg/ml; Sigma-Aldrich) and sec-
ondary antibody AlexaFluor®488 conjugated (for 60 min at RT; 1:50;
Sigma-Aldrich). For imaging, an Olympus FluoView FV1000 confocal
laser scanning microscope (Olympus, Poland) was used. The images
were documented by employing a Plan-Apochromat 60x oil-immersion
objective.

2.11. Statistics

All the experiments where MTT assay or ROS evaluation were ap-
plied were statistically assessed. The differences in significance between
the mean values of diverse cell groups, for n=3, were assessed in-
dividually for each experiment with the t-test. In the statistical eva-
luations, p < 0.05 was treated as statistically significant for every data
set. Statistical analyses were performed using the GraphPad Prism 7
software.

3. Results and discussion

3.1. Folic acid modified poly(ethylene oxide) and poly(L-lactide) diblock
copolymer synthesis and structure analysis

The FA-directed micelles of block copolymers FA-PEG-b-PLLA and
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mPEG-b-PLLA were designed and fabricated for receptor-promoted
delivery of zinc (II) phthalocyanine. FTIR was used to characterize FA-
PEG-b-PLLA in comparison with pure PLLA and FA-PEG—COOH, as
displayed in Fig. 1. For FA-PEG — COOH and FA-PEG-b-PLLA the peaks
in the 2900-3600 cm ™! region, at about 3375cm ™' and 2888 cm ™!,
are assigned to the stretching vibrations of N—H (in the pterin ring) and
C-H moieties. In the IR spectrum of FA-PEG-b-PLLA the distinctive
sharp peaks at 1758 cm ™! and 1651 cm ™! are assigned to the stretching
vibrations of the carbonyl (C=0) group in the PLLA block and amide
moiety of FA-PEG-b-PLLA, respectively. The peaks corresponding to the
twisting and bending vibrations of C—O—C in PEG chains (for FA-
PEG —COOH and FA-PEG-b-PLLA) appeared at about 1110cm ™! and
529cm™!, respectively. Characteristic vibration peaks at about
1188 cm !, attributed to C—O—C bonds in PLLA chains, were present in
spectra of PLLA and FA-PEG-b-PLLA. A similar analysis (spectrum
measurement of product - FA-PEG-b-PLLA and main substrates: PLLA
and FA-PEG — COOH in good solvents for all chemicals - DMSO-dg) was
conducted by means of 'H NMR spectroscopy. The 'H NMR spectrum of
FA-PEG-b-PLLA (Fig. 1b) reveals the respective peaks of folate moiety
(weak signals at 7.1 ppm, 8.1 ppm, and ca. 1 ppm) as well as intensive
signals connected with PEG chain (methylene protons in —OCH,CH,-
fragment at 3.6 ppm) and PLLA block (protons of methyl and methine
groups at 1.6 ppm and 5.2 ppm, respectively). For comparison, "H NMR
spectra of the two main substrates revealed similar signals in the aro-
matic region and at about 3.6 ppm (for FA-PEG — COOH) as well as at
1.6 ppm and 5.2 ppm for poly(L-lactide). The whole spectral analysis
showed that the obtained product - folic acid modified poly(ethylene
oxide) and poly(L-lactide) diblock copolymer — possesses both hydro-
phobic (poly(L-lactide) and hydrophilic (poly(ethylene glycol)) char-
acteristics with the FA moiety chemically attached to the latter one.

3.2. Preparation and characterization of functionalized polymeric micelles
of FA-PEG-b-PLLA

Functionalized polymeric micelles provide a very outstanding tar-
geted DDS because of their required size, their diameter ranging be-
tween 10 and 150 nm [19,32], biocompatible property, easy-to-fabri-
cate feature, and custom-designed nature of their self-assembling
structures. The dimensions of polymeric micelles are suitable and en-
able avoiding the clearance by the first pass renal filtration as well as
the recognition by the phagocytic system, and consequently they may
achieve a longer time of circulation in the bloodstream [33,34]. The
folic acid functionalized polymeric micelles, containing different
amounts of FA-PEG-b-PLLA varying from O to 100% and loaded with
zinc (II) phthalocyanine as the photosensitizer, were prepared via the
dialysis method. This method is good for fabrication of polymeric mi-
celles with payloads entrapped in the hydrophobic core, when both
cargo and block copolymer are easily soluble in non-volatile organic
solvents, e.g. DMSO.

The average size of the studied ZnPc-loaded FA-PEG-b-PLLA /
mPEG-b-PLLA micelles (derived from DLS by means of hydrodynamic
diameter, Dy) was between 57 nm (system 1 — empty polymeric mi-
celles) and 127 nm (system 4) (see Table 1) and was in accordance with
what was previously reported for mPEG-b-PLLA micellar aggregates
[351, as well as for similar folic acid functionalized PEG-b-PLA poly-
meric micelles [36]. At this size range (less than 200 nm), PMs can
freely leak from the mononuclear phagocytic system (MPS), thanks to
which they acquire increased circulation time in blood. Tumor capil-
laries have pore cutoff size oscillating between 200 nm and 1.2 pm [37],
and the polymeric micelles prepared in this study can easily extravasate
into the tumor tissue. Moreover, the investigated nanocarriers in our
group so far have had a narrow size distribution (PdI < 0.3), which
could make them potentially suitable for the cancer protocol [3].

The proper morphology of nanocarriers is decisive for the devel-
opment of DDSs in targeted anticancer therapeutic attempts. The AFM
3D image of the functionalized polymeric micelles loaded by
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hydrophobic zinc (II) phthalocyanine presented in Fig. 2 a, b reveals on
its semi-smooth surface certain roughness, although 2D images show
somewhat smoother surface morphology. The images also lead to the
conclusion that the nanocarriers are semi-spherical in shape, with sizes
in the range of 50-120 nm, and prove that there was no tendency to
aggregate among the nanosystems. Moreover, the composition of the
polymeric micelles (e.g. fraction of folic acid functionalized block co-
polymer) as well as the cargo concentration did not tend to change the
morphology of the obtained systems. Consequently, AFM studies
proved that the sizes of the polymeric micelles were compatible with
the hydrodynamic diameters predicted from DLS (size distribution
spectra are also presented in Fig. 2 a, b).

Loading content (LC) of the PMs is generally affected by the affinity
of a given drug to the micellar core, the hydrophobic core volume, and
the solubility of the bioactive component [38]. The values of LC% for
ZnPc encapsulated in FA-PEG-b-PLLA/mPEG-b-PLLA micelles are be-
tween about 0.69 and 1.33% (w/w). Moreover, it was observed
(Table 1), that storing the polymeric nanocarriers under dark condi-
tions during 6 months resulted in no signs of PMs aggregation phe-
nomena. Therefore, the obtained PMs can be assumed as DDS of high
stability. Stability of polymeric micelles systems was also confirmed by
AFM and DLS analysis.

Studies of FA-PEG-b-PLLA block copolymer in DMSO-de (which is an
appropriate solvent for hydrophilic and hydrophobic parts) and of fo-
late functionalized polymeric micelles, loaded with zinc (II) phthalo-
cyanine, in D,O demonstrated evidences of micelles formation (Fig. 1c).
The obtained copolymer structure was acquired from the 'H NMR
spectroscopy and is described in Section 2.3. The 'H NMR spectrum of
FA-PEG-b-PLLA in DMSO-dg (Fig. 1c) shows full structural resolution of
the whole molecule (visible are signals contributed by both the hy-
drophobic and hydrophilic parts as well as the folate moiety). On the
other hand, in D,0, only the signals assigned to — OCH,CH,- fragments,
as well as protons of folate group, were seen. The signals contributed by
methyl and methine groups of hydrophobic blocks were not found in
the spectrum [39]. The NMR spectrum analysis leads to a conclusion
that the PLLA grouping creates a central, solid-like hydrophobic core
that is able to diminish all possible interactions with the solvent mo-
lecules. According to our previous studies on cargo locus of zinc (II)
phthalocyanine, this particular photosensitizer was located within the
poly(ethylene oxide) and poly(L-lactide) diblock copolymer micelles
core [22]. This fact was crucial for excellent photostability and the
ability to generate cytotoxic singlet oxygen of ZnPc in polymeric mi-
celles. Additionally, aromatic protons of hydrophobic zinc (II) phtha-
locyanine payload were also not present in spectrum in D50, indicating
its locus within the polymeric micelles core [40]. The PEG blocks, as
well as the folate moiety, interact to a required extent with the water
molecules by means of the H-bonds formation to form an exterior hy-
drophilic corona extending into the bulk solution and stabilizing the
polymeric micelle structure. The "H NMR studies confirmed that ZnPc is
dispersed within the polymeric micelles core and does not interact with
water molecules, while folate is responsible for the functionalized
polymeric micelles’ interactions with biological structures in the ex-
terior hydrophilic corona.

3.3. Photostability and 10, generation of ZnPc in nano-self assembling FA-
PEG-b-PLLA

Photostability (i.e. resistance to photobleaching) and the ability of a
photosensitizer to generate reactive oxygen species are fundamental for
a photodynamic reaction [39,40]. Generally, the metallophthalocya-
nine-type photosensitizers are effective in the formation of very toxic,
short-lived oxygen species after irradiation. The presence of these high
levels of ROS in exposed cells may involve degeneration and disin-
tegration of biological structures. Additionally, 'O,, the main toxic
species produced by phthalocyanines, can diffuse from a variety of
nanocarriers (e.g. polymeric or hybrid nanoparticles and micellar
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aggregates) and initiate cytotoxicity in cancer cells [19,25]. Numerous
organic dyes, including phthalocyanine-class photosensitizers, are vul-
nerable to photodegradation involving the loss of absorbance, fluores-
cence, and photoactivity, and for that reason the encapsulation meth-
odology can appreciably eliminate these disadvantages [25,41-43].

Photochemical properties of ZnPc (photobleaching and 'O, gen-
eration rates) were measured in its free form and loaded in FA-PEG-b-
PLLA/mPEG-b-PLLA micelles. The photobleaching process was pre-
sented by plotting the change in absorbance as a function of irradiation
time (Fig. 2c, left panel). The achieved data clearly proved that the
ZnPc encapsulated in the polymeric micelles showed better photo-
stability during irradiation in regards to the native form of photo-
sensitizer, which is in very good agreement with observations of ZnPc-
loaded mPEG-b-PLLA micelles presented in our previous studies [22].
Similarly reduced photobleaching rates for the encapsulated form of
photosensitizer were observed for other photosensitizers, such as ZnPc,
Photofrin, and cyanine IR-780, or for SiPc loaded in various nano-
carriers: PMs, polymeric or silica nanoparticles, and oil-core nano-
capsules.

The first-order rate constants of 10, generation were determined in
the present contribution by means of photobleaching of ABMDMA
under irradiation of free and encapsulated ZnPc in the presence of
oxygen (see Fig. 2c, right panel). This indirect method was used since
the 0, phosphorescence, which is another indicator of the presence of
the singlet oxygen, is hard to observe in water solutions [25]. The ob-
tained results demonstrate that the chemical probe (9,10-anthracene-
diyl-bis(methylene)dimalonic acid sodium salt) was much more effi-
caciously (two orders of magnitude better; k, = 8.6 X 107° s in
comparison to k, = 5.3 x 10~ ° s, respectively) oxidized by the en-
capsulated in FA-PEG-b-PLLA/mPEG-b-PLLA micelles ZnPc than by its
free form. A very similar phenomenon was observed for ZnPc en-
capsulated in mPEG-b-PLLA micelles [22] prepared in a slightly dif-
ferent manner. The calculated values of k, constants for ZnPc-loaded
mPEG-b-PLLA and FA-PEG-b-PLLA/mPEG-b-PLLA micelles (8.8 x 107>
s and 8.6 x 10° s}, respectively) clearly indicate that the presence of
folic acid in the polymeric micelles corona has no effect on the gen-
eration of 10, by encapsulated phthalocyanine.

Thus, the obtained photobleaching and 'O, generation data remain
satisfactorily in line with our other studies [25], and the excellent
photochemical properties of ZnPc-loaded FA-PEG-b-PLLA/mPEG-b-
PLLA micelles may be ascribed to the active compound located within
the hydrophobic micellar core. The photobleaching studies are con-
gruent with the 'O, generation results: encapsulation of ZnPc postpones
photobleaching and enhances ROS production. Both of these features
are strictly related to the appropriate properties of polymeric micelles
core microenvironment.

3.4. Intracellular uptake of encapsulated ZnPc

The assessment of the intracellular distribution of ZnPc loaded in
nanocarriers determines the efficacy of future clinical or biological
applications. To find out whether zinc (II) phthalocyanine loaded into
folate functionalized polymeric micelles can get at the intracellular
compartment, the emission of ZnPc red fluorescence was analyzed by
confocal scanning laser microscopy (CLSM). CSLM images of ZnPc (free
or encapsulated in the functionalized polymeric micelles) internalized
by Me45 and SKOV-3 cells are shown in Fig. 3 (the upper panel of the
microphotographs). The intracellular distribution indicates that ZnPc
was more efficiently delivered in the micelles functionalized with folic
acid (samples Nos 2-5 in melanoma cells and samples Nos 2, 3, and 5 in
ovarian cancer cells). Phthalocyanine was distributed mainly in cyto-
plasm. However, in ovarian cancer cells, ZnPc delivered in micelles
with folic acid condensed nearby the nuclear envelope. Close-nuclei
localization of the used photosensitizer may be significant in future
targeted therapeutic procedures.
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Fig. 3. The biological micelles evaluation by internalization of folic acid (FA) functionalized polymeric micelles by cancer cell lines visualized by CLSM study;
metastatic melanoma (Me45) — upper panel; resistant ovarian cells (SKOV-3) — bottom panel; nanosystems were used as follows: 1-0% FA; 2 — 1% FA; 3-5% FA;
4-10% FA; 5-100% FA). The cytotoxicity determination of empty folic acid functionalized polymeric micelles and polymeric micelles without folic acid after 24 h of
incubation in (a) HaCaT; (b) Me45; (c) SKOV-3 cells or 48 h of incubation in (d) HaCaT; (e) Me45; (f) SKOV-3 cells. SD for n=3.

3.5. Cyto- and photocytotoxicity studies

The effectiveness of PDT and the phototoxic effect strongly depend
on the photosensitizer’s transport’s efficacy through cancer cells’
membranes to perform its anticancer action. The most important part of
the therapeutic forecasting is the targeted drug delivery. Our research
shows that the photosensitizer encapsulated in PMs “decorated with
“folic acid can be more effective in comparison to the photosensitizer
free from folic acid. The application of the targeted nanoproducts can
also increase the phototoxic effect in malignant tissues. The cyto- and
photocytotoxicity measurements were made on human metastatic
melanoma and normal keratinocytes, as well as on cisplatin-resistant
human ovarian cell line. Diagrams showing cytotoxicity of empty mi-
celles in Me45, SKOV-3, and HaCaT cells are presented in Fig. 3 a-f. A
low cytotoxic impact of empty nanocarriers was observed in all the
tested cell lines even after long time of incubation (48 h). The results of
cytotoxic influence of free and encapsulated ZnPc in polymeric micelles
are shown in Fig. 4 a-f. The results after 24 h incubation reveal
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statistically significant cytotoxic effect in normal keratinocytes
(Fig. 4a). However, after 48 h we could observe cell recovery measured
as an increased oxidoreductive signal (Fig. 4d). In case of cancer cells, a
slight decrease of cell viability was observed, in particular in SKOV-3
cells. This may indicate that the cells with folate receptor over-
expression take up more ZnPc. Photocytotoxic effectiveness of both free
and encapsulated in polymeric micelles ZnPc in Me45 and SKOV-3 is
shown in Fig. 5a and b. The “dark cytotoxicity” studies indicated that
ZnPc incorporated in micelles was not lethal for cells. In particular, this
was the case after longer time of exposition (48 h) to nanosystems in
normal and cancer cells. Our previous studies with ZnPc in polymeric
micelles also indicated low “dark toxicity” in cancer and normal cells
(keratinocytes and epithelial cells) [20]. Photodynamic reaction per-
formed in both cell lines displayed increasing photocytotoxicity with
the increasing percentage of folic acid functionalization and increasing
irradiation dose (Fig. 5a and b). Similar studies were performed by
Luong et al. on cells overexpressing folate-receptor (ovarian-SKOV-3
and cervical cancer-HeLa cells). Cells were treated with PMs loaded



L. Lamch, et al.

Photodiagnosis and Photodynamic Therapy 25 (2019) 480-491

a. C.
24h 24h 24h
Me45 SKOV 3 m LLD
120 80 @ LLD1%FA
100 o LLD5%FA
- 7100 =60 O LLD 10% FA
& 80 S g 3 o LLD 100% FA
> > >
Z g0 = £ m free ZnPc
i £
>
2 40 E >
8 8 820
20 20
0 0 0
&g S R S N
ZnPc [uM] ZnPc [uM] ZnPc [uM]
d. e. f.
48h 48h 48h
Me45 SKoV 3
100 100 100 m LD
B LLD 1% FA
. 80 < 80 - 80 O LLD5%FA
9 IS IS
< = = O LLD10% FA
Zz 60 £ 60 £ 60 O LLD 100% FA
H 5 3 0
S 40 § 40 g 40 B free ZnPc
3 3 3
20 © 2 20
0 0 0
N N N N
\\S W\S (5$ y$ \‘?@ q;)@ oj}& N}& L\ w N W
ZnPc [uM] ZnPc [uM] ZnPc [uM]

Fig. 4. Cytotoxicity of zinc (II) phthalocyanine encapsulated in folic acid functionalized polymeric micelles and polymeric micelles without folic acid as well as free

ZnPc after 24 h of incubation in (a) HaCaT; (b) Me45; (c) SKOV-3 cells or 48 of incubation in (d) HaCaT; (e) Me45; (f) SKOV-3 cells. SD for n=3; *p < 0.05.

with synthetic curcumin-difluorinated (CDF) analog and functionalized
by FA. Cells exhibited high anticancer activity and underwent apoptotic
cell death [44]. Zhou et al. used FA-functionalized polymeric micelles
(PCL-b-PEO-FA) for intravesical instilled chemotherapy and also proved
that cells with FA receptors (T-24 cell) were more powerful in terms of
drug delivery than normal cells (HEK-293) [45].

3.6. Reactive oxygen species (ROS) generation in the cancer cells

In the next stage, reactive oxygen species release was determined as
one of the crucial factors indicating PDT efficacy. ROS generated during
PDT reactions have been proven to damage effectively cancer cells by
multifactorial mechanisms. The effect of oxidative stress activation is

polyunsaturated fatty acids in lipids, and amino acids in proteins.
Moreover, antioxidant responses can be included in the direct effects of
oxidation, such as the activation of mitogen-activated protein kinase
(MAPK) cascades, the extracellular signal-related kinases (ERK), the c-
Jun N-terminal kinases (JNK), and p38 MAPK, which determine cellular
responses through downstream signaling pathways [46]. Furthermore,
ROS can also contribute to the closure of blood vessels, as the result of
which cancer cells have limited access to oxygen and nutrients.

The level of ROS in Me45 and SKOV-3 cells is presented in Fig. 5c
and d. Reactive oxygen species increase was significantly stimulated
after irradiation in both cancer cell lines. However, melanoma cells
responded more intensively after a stronger dose of irradiation (6J/
cm?). The augmented release of ROS led to a significant photodynamic
effect and induced programmed cell death in the treated cancer cells.

mostly triggered by the ROS-mediated oxidation of DNA,
control
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Fig. 5. The photodynamic efficacy determined by cellular viability after incubation with 4 uM concentration of free ZnPc and ZnPc-loaded mPEG-b-PLLA/FA-PEG-b-
PLLA micelles at varying folic acid concentration and photodynamic reaction performed utilizing irradiation dose of 3 and 6 J/cm? in (a) Me45 and (b) SKOV-3 cells.
The level of ROS in (c) Me45 and (d) SKOV-3 cells after photodynamic reaction with polymeric micelles. Cells were treated with 4 uM concentration of free and
encapsulated ZnPc. SD for n=3; *p < 0.05.

The right panel - The evaluation of cellular cytoskeleton protein (F-actin) in Me45 (upper microphotographs) and SKOV-3 (bottom) cells after photodynamic reaction
with polymeric micelles. PDT-1 - photodynamic therapy with micelles No.1 (0% FA); PDT-3 — photodynamic therapy with micelles No.3 (5% FA); PDT-5- pho-
todynamic therapy with micelles No.5 (100% FA). Cells were treated with 4 uM concentration of ZnPc: alone and encapsulated.
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The experiments with ROS generation and singlet oxygen production
(described in subsection 2.3) revealed that the ZnPc-loaded FA-PEG-b-
PLLA/mPEG-b-PLLA micelles have the potential for developing PDT
applications in comprehensive cancer treatment. In another research,
ZnPc in polymeric micelles was also utilized for photodynamic therapy
of osteosarcoma. Authors observed that PEG-PMAN/ZnPc nanoparticle
(PPZ) intensely provoked reactive oxygen species generation after light
irradiation and mitochondrial injury, and promoted arrest of cell cycle
at G2/M [47].

3.7. Cytoskeleton reorganization after PDR

It has been shown that ROS have a significant impact upon the
cytoskeletal dynamics and organization, and can activate regulated cell
death [48]. The actin cytoskeleton plays an outstanding role in the
apoptosis process, which implies shifts in actin filament organization at
various steps of apoptosis. In our study, F-actin was evaluated after
exposition to nanosystems and after photodynamic procedure with free
ZnPc and ZnPc-loaded mPEG-b-PLLA/FA-PEG-b-PLLA micelles. The
obtained results are presented in Fig. 5 (the right panel containing the
microphotographs). Before irradiation we noticed the presence of cir-
cular formation of actin cytoskeleton in the case of Me45 cells. Photo-
dynamic reaction induced structural changes in the spindle shaped F-
actin cytoskeleton of Me45 cells. SKOV-3 cells exposed only to free
ZnPc and ZnPc in nanosystems did not reveal any cytoskeleton re-
organization. However, on PDT we observed low density of actin fibers
inside of cells and near nuclei. This data reveals that PDT-mediated
ZnPc-loaded mPEG-b-PLLA/FA-PEG-b-PLLA micelles induce morpho-
logical changes in cancer cells. Also, Juarranz et al. (2001) indicated
that cytoskeletal constituents were found to cause cell damage and
death by ZnPc photosensitization [49].

The analysis of the impact of photocytotoxicity, reactive oxygen
species (ROS) generation, and cytoskeleton organization confirmed
enhanced efficiency of encapsulated ZnPc in comparison to the free
photosensitizer. Additionally, folate (FA) functionalized micelles may
find a specific application, because folate receptors are known to be
overexpressed on the surface of certain tumor cells in comparison to the
healthy cells. Thus, functionalized nanocarriers are proposed here as a
profound vehicle for active targeting-based therapies. Moreover, in
comparison to protein ligands, FA is relatively easy to obtain chemi-
cally, more stable, of smaller size, and non-immunogenic [50].

4. Conclusions

Zinc (II) phthalocyanine loaded folate-functionalized polymeric
micelles were fabricated by self-assembly of the synthesized block co-
polymer FA-PEG-b-PLLA and mPEG-b-PLLA. DLS methodology con-
firmed the polymeric micelles to be below 150 nm in diameter and to
have low polydispersity index and good colloid stability of the studied
nanocarriers, while AFM was used to investigate their morphology.
Thus, the size optimization enables better prediction of the passive
cellular uptake and in future in vivo applications may improve tar-
geting through the EPR system. The 'H NMR analysis revealed evi-
dences that ZnPc is located within the polymeric micelles core, while
folate, responsible for the interactions of the functionalized polymeric
micelles with biological structures, is located in the exterior hydrophilic
corona. The functionalized micelles developed in this study exhibited
higher cytotoxicity toward cancer cells with overexpressed folate re-
ceptors than the unfunctionalized standard micelles. The internaliza-
tion studies acknowledged that folate-grafted mPEG-b_PLLA nano-
carriers provided the enhanced drug uptake within cancer cells that
increased with the percentage of functionalization. The FA engineered
polymeric micelles have numerous benefits, such as high ZnPc loading
with the ability to deliver increased doses of ZnPc to cancer cells
overexpressing FA-receptor. Moreover, numerous studies confirm mi-
celles as biologically safe and biocompatible. Our results prove that the
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obtained functionalized polymeric micelles are promising nanocarriers
for the PDT procedures, but further investigations are still required.
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