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Abstract: Alternative therapies such as photodynamic therapy (PDT) that combine light, oxygen
and photosensitizers (PSs) have been proposed for glioblastoma (GBM) management to overcome
conventional treatment issues. An important disadvantage of PDT using a high light irradiance
(fluence rate) (cPDT) is the abrupt oxygen consumption that leads to resistance to the treatment. PDT
metronomic regimens (mPDT) involving administering light at a low irradiation intensity over a
relatively long period of time could be an alternative to circumvent the limitations of conventional
PDT protocols. The main objective of the present work was to compare the effectiveness of PDT with
an advanced PS based on conjugated polymer nanoparticles (CPN) developed by our group in two
irradiation modalities: cPDT and mPDT. The in vitro evaluation was carried out based on cell viability,
the impact on the macrophage population of the tumor microenvironment in co-culture conditions
and the modulation of HIF-1α as an indirect indicator of oxygen consumption. mPDT regimens with
CPNs resulted in more effective cell death, a lower activation of molecular pathways of therapeutic
resistance and macrophage polarization towards an antitumoral phenotype. Additionally, mPDT
was tested in a GBM heterotopic mouse model, confirming its good performance with promising
tumor growth inhibition and apoptotic cell death induction.

Keywords: conjugated polymer nanoparticles; metronomic photodynamic therapy; tumor-associated
macrophages; glioblastoma

1. Introduction

In recent decades, interest in photodynamic therapy (PDT) against brain tumors
has increased considerably [1–4]. Brain tumors, especially malignant gliomas such as
glioblastomas (GBMs), require alternative therapeutic options to increase the poor survival
rate after diagnosis. Given the spatial selectivity of photo-assisted therapies and their
compatibility with other therapeutic options, PDT has been proposed as either the main
therapy or an adjuvant therapy for the treatment of many solid tumors including GBM [5,6].
Photodynamic techniques such as photodynamic diagnosis (PDD), fluorescence-guided
tumor resection (FGR) and PDT have been continuously studied in clinical trials as adjuvant
treatments for malignant brain tumors [7,8].
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PDT is a non-invasive therapeutic procedure based on the light-triggered reaction of a
photosensitizer (PS) with triplet oxygen (3O2), which leads to the generation of reactive
oxygen species (ROS). After photoactivation, the PS initially reaches an excited singlet
state (1PS*), which can evolve into an excited triplet state (3PS*) by intersystem crossing.
3PS* is an energetic specie that usually reacts following two main pathways leading to
oxidation [9]: (1) type I reactions, which involve an electron transfer process to ground-state
molecular oxygen (3O2) and other substrates, eventually producing superoxide anions
(O2˙−), hydroxyl radicals (OH˙) and hydrogen peroxide (H2O2); or (2) type II reactions,
where singlet oxygen (1O2) is generated as a result of energy transfer from 3PS* to 3O2. The
type II mechanism has been frequently postulated as a prevalent and desired process to
induce damage in tumor cells [10,11]. The localized action of PDT is due to the combination
of the precise spatial control of illumination and the relatively short lifetime of 1O2 (i.e.,
<4.0 µs) [12] and other ROS that result in short diffusion distances of the reactive species [13].
This confined action is required to produce highly localized damage to tumor cells while
minimizing the risk of damage to adjacent normal brain tissue, which is a limitation for
classical adjuvant treatments to surgery [14].

The design of reliable clinical protocols requires careful consideration of not only the
basic PDT ingredients (excitation wavelength, PS nature and the presence of 3O2) but also
of careful PS and light dosimetry [15]. Increases in the light dose and PS concentration
usually lead to better PDT efficiency in oxygen-saturated conditions [16]. However, it is
well known that GBM, such as other cancer types, are hypoxic in some regions [17,18],
leading to a limited supply of oxygen from the vasculature and tumor surrounding for
the PDT photochemical reactions. In clinical settings, PDT is prescribed taking into ac-
count the PS concentration and the light dose. The latter depends on the applied light
fluence rate or irradiance (mW/cm2) and the fluence of the total light dose (J/cm2), which
involves the irradiation time as well (total energy delivered within a specific light time
interval) [9,19]. Conventional PDT (cPDT) requires a light source capable of delivering
irradiance values ≥100 mW/cm2. PDT protocols using these high photon flux density
levels can lead to therapeutic complications such as organ damage and post-operative
adhesion [20]. An additional important disadvantage of PDT protocols using high light
fluence rates is the abrupt consumption of oxygen, which leads to a decrease in the efficacy
of cPDT [21,22]. In addition, various cell-dependent factors triggered by PDT, depending
on the intensity and duration of the treatment, have been postulated as resistant cellular
mechanisms, including hypoxia and ROS-related survival pathways such as HIF-1 signal-
ing [16,23,24]. The activation of HIF-1 by hypoxia and/or high levels of ROS triggers the
transcription of hypoxia-responsive genes that have been associated with a genetic and
epigenetic adaptation of tumor cells promoting tumor progression events and also PDT
therapeutic resistance [3,25].

Conventional metronomic regimens are based on the administration of drugs at contin-
uous intervals and/or at low and non-toxic doses, which results in longer treatment periods
than conventional regimens [26]. Regarding PDT, the metronomic regimen (mPDT) could
be achieved by the administration of low PS doses as well as by the administration of low
light irradiance and for extended time periods to increase the selectivity of the therapy and
minimize the development of therapy resistance. Efforts were made in the past to evaluate
this type of modality with classical molecular PSs such as 5-aminolevulinic acid (ALA)
and photofrin [20,27,28]. Regarding malignant brain tumors, mPDT was used in some
studies and was aimed mainly at the selective destruction of tumor cells versus normal
brain tissue. Bisland S., Wilson B. and colleagues demonstrated for the first time that mPDT
using molecular PSs induces a pronounced photokilling action in preclinical brain tumor
animal models [29,30]. However, to date, there have been no studies investigating mPDT
with third-generation PSs such as conjugated polymer nanoparticles (CPNs). This type of
nanoparticulated PS has been studied for the PDT of several cancer types and was shown
to efficiently generate 1O2 [1,16,31,32]. CPNs have several advantages compared to molec-
ular PSs, such as superb extinction coefficients (several orders of magnitude higher than
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molecular PSs), excellent photostability and easy surface functionalization with bioactive
molecules for cell targeting [33–35]. Therefore, in this study, we evaluated mPDT using
CPNs composed of poly(9,9-dioctylfluorene-alt-benzothiadiazole) F8BT and poly(styrene-
co-maleic anhydride) (PSMA) and doped with platinum porphyrin (PtOEP); the particles
were termed CPNs. We compared the in vitro effectiveness of mPDT vs. cPDT, evaluating
the GBM cell viability, the PDT impact on the modulation of the phenotypic profile of
the main non-tumor cell population of the tumor microenvironment (TME) and HIF-1α
activation as an indirect indicator of oxygen consumption. GBM TME is mainly represented
by the presence of infiltrating tumor-associated macrophages (TAMs), which can occupy
up to 50% of the tumor mass [36,37]. Therefore, an in vitro evaluation was performed in
GBM monocultures of tumor cells and co-cultures with TAMs as well. Co-cultures repre-
sent more appropriated in vitro models to contemplate the spatial organization of cell–cell
interactions and the subsequent response to new potential treatment modalities [38,39]. By
using co-cultures, it is possible to recreate some of the in vivo GBM tumor niches, which
allows for a more relevant therapeutic efficiency evaluation of both PDT modalities. In vitro
experiments revealed a more pronounced cell death with less HIF-1 activation when using
CPNs in mPDT vs. cPDT in monocultures of GBM cells. In addition, co-cultures of GBM
and TAMs revealed a protective antitumoral effect of TAMs towards the CPN-PDT of
GBM cells in both irradiation modalities, which denotes the importance of contemplat-
ing other non-tumor populations belonging to the TME in the preclinical evaluation of
therapeutic compounds. However, mPDT irradiation continued to be more effective than
the conventional modality. Finally, mPDT with CPNs was validated in a xenograft GBM
mouse model, showing a significant antiproliferative effect with a considerable impact
on tumor growth and tissue morphological changes, confirming the good performance of
metronomic regimens with nanoparticulated PSs.

2. Materials and Methods
2.1. Materials

The fluorescent polymer poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT,
Mn = 70,000 g/mol, PDI = 2.4, American Dye Source, Baie-d’Urfé, QC, Canada), the
amphiphilic functional polymer poly(styrene-co-maleic anhydride) (PSMA, terminated
by cumene, content of 68% styrene, average molecular weight about 1700 g/mol, Sigma
Aldrich, St. Louis, MO, USA), and the porphyrin Pt(II) octaethylporphyrin (PtOEP, >95%,
Frontier Scientific, Logan, UT, USA), were used as received. To dissolve polymers, tetrahy-
drofuran (THF, pro-analysis grade, Sintorgan, Villa Martelli, Argentina) was used after
reflux for 5 h with potassium hydroxide pellets (KOH, pro-analysis grade, Taurus). Nano-
precipitation was carried out in double-distilled water that was further purified by an
ELGA PURELAB Classic UV system (~18.2 MΩ/cm) to remove ions and organic and par-
ticulate matter (0.2 µm pore diameter filter). Phorbol 12-myristate 13-acetate (PMA) (Sigma-
Aldrich, St. Louis, MO, USA), 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA, Merck,
New York, NY, USA) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
(MTT, Sigma, St. Louis, MO, USA) were used as received.

2.2. Nanoparticle Synthesis

CPNs were developed by a previously reported nanoprecipitation protocol [33]. Briefly,
a stock solution of F8BT was prepared, dissolving the polymer in fresh THF to a concentra-
tion of ~500 mg/L. This solution was filtered with a 0.2 µm pore size PTFE membrane sy-
ringe filter (Iso-Disc, Sigma-Aldrich, St. Louis, MO, USA) to remove undissolved polymers.
The concentration of the filtered solution was recalculated from its absorption spectrum
using a known absorption coefficient (45.4 g−1 L cm−1 in THF at 456 nm) [40]. On the other
hand, stock solutions of PSMA (2 g/L) and PtOEP (0.25 g/L) in THF were also prepared.
Afterwards, all three solutions were mixed in THF to a final concentration of 50, 10 and
5 mg/L for F8BT, PSMA and PtOEP, respectively. A volume of 5 mL of F8BT/PSMA/PtOEP
solution was quickly injected into 10 mL of milliQ water while sonicating (Arcano, PS-30A,
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Buenos Aires, Argentina), and the resulting mixture was further sonicated for 10 min. THF
was removed under reduced pressure in a rotary evaporator, yielding a final volume of
10 mL. The injection procedure was repeated with a new F8BT/PSMA/PtOEP solution in
THF (5 mL). Again, THF was completely removed, and water was partially removed on
this occasion. Finally, the obtained nanoparticle dispersion was filtered through a 0.2 µm
pore size cellulose acetate membrane filter (25 mm, gamma sterile, Micron Separation Inc.,
Westborough, MA, USA) to eliminate large aggregates. CPN concentration after filtering
was expressed in terms of F8BT mass concentration (mg/L) and was calculated using the
absorption coefficient of neat F8BT CPN [40]. Different stock batches of CPN suspensions
were prepared with a final F8BT concentration of ~100 mg/L. CPNs were characterized by
dynamic light scattering (DLS) and by absorption and emission spectra.

2.3. Cell Lines and Culture Conditions

Three human GBM tumor cell lines were used: U87-MG (ATCC® HTB-14™), derived
from a glioblastoma of an adult male patient; T98G (ATCC® CRL-1690™), derived from a
61-year-old human male patient with glioblastoma and M059K (ATCC® CRL-2365™), de-
rived from a 33-year-old male patient with glioblastoma. Additionally, the human monocyte
cell line THP-1 was used in co-cultures with GBM cells. U87-MG, T98G and MO59K were
grown in Dulbecco’s modified eagle’s medium (DMEM, Sigma-Aldrich) supplemented
with 10% fetal bovine serum (FBS, Internegocios, S.A, Buenos Aires, Argentina). THP-1
cells (ATCC® TIB-202™) were grown in Roswell Park Memorial Institute-1640 medium
(RPMI-1640, Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% FBS. All cells
were maintained in a 5% CO2 atmosphere at 37 ◦C.

U87-MG and MO59K cells inducibly expressing hypoxia response element fused-
green fluorescence protein (HRE-GFP) construct were generated by stable transfection with
a plasmid containing the gene for EGFP placed under the control of a promoter region
consisting of five copies of a 35-bp fragment from the HRE of the human VEGF gene. The
plasmid was kindly provided by Dr. Foster (University of Rochester, Rochester, NY, USA).
The transfection conditions were established previously [23,41]. Briefly, transfections were
performed using X-tremeGENE™ HP DNA Transfection Reagent (Roche) according to the
manufacturer’s instructions. U87MG-HRE- and MO59K-HRE-stable transfected cells were
selected in growth medium supplemented with 400 µM of active Geneticin (G418) (Life
Technologies). Individual colonies were isolated after 2–3 weeks of growth under selection
using the cloning ring method and subsequently expanded into clonal cell lines.

On the other hand, U87-MG cells constitutively expressing red fluorescent protein RFP
(U87MG-RFP) were generated by lentiviral infection of the pRFP-LC3 plasmid as previously
described [2]. Expression of GFP or RFP was assessed by fluorescence microscopy and flow
cytometry (FC).

For co-culture experiments, first THP-1 cells were seeded in a 24-well plate (30,000 and
50,000 cells/well) with the addition of PMA 50 ng/mL in RPMI completed medium.
PMA was used to differentiate monocyte to macrophage phenotype and induce cell
adhesion [2,42]. After 48 h of PMA induction, the medium was discarded, cells washed
twice with PBS, and U87MG-RFP cells seeded over macrophages at a ratio of 2:1
(70,000 GBM cells/30,000 macrophages per well) and 1:1 (50,000 GBM cells/50,000 macrophages
per well). These two GBM/macrophage ratios were chosen based on the evidence that
macrophage could represent up to 30–50% of GBM tumor mass [43–45] and their abundance
correlates with malignancy, tumor grade and therapeutic resistance [46,47].

2.4. Light Irradiation Device and Experimental Setup for PDT Experiments

A custom-designed multi light emitting diodes (LED) system equipped with 96 LED
emitters (each LED having 1 W nominal electrical input and maximum wavelength of
460 ± 20 nm) was used for PDT experiments. The light output of the LEDs was adjustable
by an electronic bench DC power supply. The irradiance (flux density) was measured at
the sample plane in two different current and voltage settings using a Thorlabs PM100D
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power meter equipped with a Thorlabs S130C detector [48]. Measured irradiances were
12 mW/cm2 and 84 mW/cm2 for mPTD and cPDT configurations respectively. Light
doses of 10 and 40 J/cm2 were used in both configurations. For the mPDT modal-
ity, the irradiation times necessary to reach 10 J/cm2 and 40 J/cm2 doses were 10 and
39 min, respectively. On the other hand, the radiant exposures were 2 and 8 min to reach
10 J/cm2 and 40 J/cm2, respectively, in cPDT configuration. For animal experiments, mPDT
irradiation was implemented using a fiber optic coupled to the multi-LED system and
controlled with the DC power supply. An irradiance of 12 mW/cm2 was achieved at
the fiber exit end measured by Thorlabs PM100D and a radiant exposure time of 30 min
was used.

2.5. PDT In Vitro of Monocultures of GBM Cell Lines

U87-MG, T98G and MO59K were seeded in 96-well plates (20,000 cells/well) and
grown overnight at 37◦ in DMEM supplemented with 10% of FBS plus antibiotics. Then,
medium was replaced with DMEM supplemented with 10% of FBS containing CPNs at
different concentrations (6; 12; 24 and 48 mg/L) and cells were incubated for 24 h at
37 ◦C as previously described to allow cell incorporation [1,16]. Then, culture medium was
replaced with fresh DMEM supplemented with 10% FBS. Afterwards, cells were irradiated
in the two PDT modalities (cPDT and mPDT) and using total light doses of 10 and 40 J/cm2.
Viability was examined 24 h after illumination using MTT assay as described previously
and results were expressed as percentage relative to control cells (cells irradiated without
CPNs) [1]. Three sets of independent experiments were performed (with n = 6 for each
CPN concentration tested). Viability IC50 values were obtained by nonlinear regression
fitting to the MTT results with GraphPad Prism 8software (version 8.2.1).

2.6. ROS Production Measurement after PDT

Intracellular ROS after PDT treatments were detected using the DCFH-DA fluorescent
probe. GBM cells were cultured in 24-well plate (50,000 cell/well) and treated as follows.
Cells were exposed to different CPN concentrations (6 and 12 mg/L) and were incubated
for 24 h at 37 ◦C as previously described to allow particle incorporation. Then, cells
were washed twice with PBS and incubated with 10 µM DCFH-DA in PBS at 37 ◦C for
30 min. Subsequently, medium was renewed, and cells were photoirradiated at the two
modalities. The 2′,7′-dichlorofluorescin (DCF) fluorescence was recorded immediately after
PDT treatment by flow cytometry [16,49]. To this purpose, cells were harvested with trypsin
and resuspended in PBS for FC analysis. A total of 10,000 cells per sample were evaluated
using a Guava easyCyte 6-2L flow cytometer with excitation and emission at 488 nm and
525/30 nm, respectively. Growing cells without any treatment were used as negative
control and also cells exposed to equal CPN concentrations without irradiation were used
to correct for intrinsic CPN green fluorescence [16]. A positive control of cells exposed to
10 mM H2O2 was also included. The mean fluorescent intensity in each treatment group
was normalized to the mean fluorescent intensity of the control group for each cell line.

2.7. HIF-1 Activation Assay after PDT

The GBM U87MG-HRE and MO59K-HRE cell lines were used to evaluate HIF-1 acti-
vation upon application of both PDT modalities. To accomplish this, cells were cultured in
a 24-well plate (100,000 cells/well) and exposed to 3 or 6 mg/L CPNs for 24 h. These con-
centrations were chosen, since it was previously determined that, in both PDT modalities,
they induce the death of 50% of the cells, leaving viable cells to trigger the biological event
of binding of HIF-1 to HRE and the transcription of GFP. After CPN incubation, cells were
washed twice with PBS, renewed medium and treated with cPDT or mPDT (10 J/cm2). GFP
fluorescence was recorded in FC instrument after cell detachment at 6 and 24 h post PDT.
COCl2 (400 µM) was used as a positive control, since it inhibits prolylhydroxylases enzymes
responsible for initiating the destabilization and destruction of HIF-1 by proteasomes [41].
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2.8. Evaluation of Cell Death Mechanism

Apoptosis and necrosis events were evaluated using Annexin V-FITC/Propidium
iodide staining kit II (BD Pharmingen™, New Jersey, USA) following the manufacturer’s
instructions. U87-MG and T98G cells were used as the two cell lines with different thera-
peutic susceptibility. Cells (10,000 cells per well) were seeded into 24-well plates overnight.
Then, cells were incubated with different CPN concentrations (6, 12 and 24 mg/L) for
24 h and irradiated with 10 J/cm2 in both modalities as described above. Three negative
control experiments were performed: cells not exposed to CPNs and not irradiated, cells
exposed to CPNs and not irradiated and cells irradiated using both PDT modalities not
exposed to CPNs. Two positive controls were used: cells treated with heat (65 ◦C for
15 min) and cells exposed to doxorubicin (10 µM for 24 h). These controls were used to de-
limit the corresponding quadrants. The samples were finally analyzed at 6 h and 24 h after
PDT on a Guava easyCyte 6-2L cytometer and data were processed with FlowJo software
(version X 10.0.7r2). Two sets of independent experiments were performed (with n = 3 for
each experiment).

2.9. PDT In Vitro Evaluation in Co-Cultures of GBM-TAMs

To evaluate mPDT in GBM TME, different co-culture in vitro models were established.
The experimental conditions to develop these co-cultures are described in Section 2.1.
When co-cultures of U87-MG- and THP-1-derived macrophages were established, cells
were exposed to different CPN concentrations for 24 h. Later on, cultures were washed
twice with PBS, and fresh medium was added to perform light irradiation. For both PDT
modalities, a total dose of 10 J/cm2 was administered. The PDT effect was evaluated 24 h
after treatment by determining cell viability by flow cytometry and using a LIVE/DEAD™
Fixable Far Red staining kit (Invitrogen, Waltham, MA, USA) as previously described [50]
and by observation of the cells’ morphological changes (using brightfield and fluorescence
microscopy in a Nikon Eclipse Ti-S microscope equipped with an LWD 20×/0.4 objective
lens and a Nikon DS-QiMC CCD camera).

2.10. Gene Expression Analysis in TAMs of Co-Cultures after PDT

In order to evaluate polarization profile of THP-1-derived macrophages in co-culture
conditions and after PDT treatments, THP-1 were seeded in 24-well plates (50,000 cells/well)
with PMA 50 ng/mL in RPMI-completed medium. After 48 h incubation time, the medium
was removed, the cells were washed three times with PBS and fresh RPMI-completed
medium was added, and the samples were allowed a 24 h resting incubation period [42,51].
On the other hand, conditioned media (CM) were obtained from GBM U87-MG cells seeded
in 6-well plates (200,000 cells/well) and treated with either a cPDT or mPDT (10 J/cm2 dose)
previous incubation with 6 mg/L CPN for 24 h, as described in Section 2.3. To this purpose,
media from U87-MG monolayers were recovered after PDT, clarified by centrifugation
(10 min, 10,000 rpm) and stored at −80 ◦C until use [2]. Additionally, CM was obtained
from GBM U87-MG-grown monolayers without PDT treatment.

Resting THP-1-derived macrophages were exposed to different CM treatments for
24 h. Afterward, RNA was extracted using TRIzol reagent (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) and reverse transcribed using M-MLV reverse transcrip-
tase (Invitrogen, Thermo Fisher Scientific) according to the manufacturer’s instructions.
Quantitative PCR (RT-qPCR) was performed with SYBR Green qPCR Master Mix (Agilent
Technologies, Santa Clara, CA, USA) and 10 ng of cDNA per reaction using Agilent’s
Stratagene Mx3000PRO system [2]. GAPDH gene expression was used as a housekeeping
gene to normalize the expression of target genes, and the 2−∆∆CT method was used to
calculate the relative levels of gene expression using the Strata gene MxPro QPCR software
v3.00 tool (Stratagene, Agilent Technologies). A standard melting curve cycle was used
to confirm the quality of amplifi- cation. Each sample was analyzed in triplicate, and the
experiment was repeated 3 times. Results were expressed as a relative fold of stimulation
over the control group (resting THP-1-derived macrophages exposed to RPMI medium
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10% FBS). C-C chemokine receptor type 7 (CCR7) and tumor necrosis factor alpha (TNFα)
gene expressions were used to identify M1 macrophages. On the other hand, mannose
receptor c-type 1 (MCR-1) and vascular endothelial growth factor A (VEGFA) were used to
identify M2 macrophages [2,52,53]. Forward and reverse primers for the genes of interest
are shown in Table 1.

Table 1. qPCR primers designed on Primer-BLAST and verified on BLAST-N (NCBI).

Marker Gene Forward 5′-3′ Reverse 3′-5′ Length (bp) NM

M1
TNFα GAGGCCAAGCCCTGGTATG CGGGCCGATTGATCTCAGC 91 NM_000594.4
CCR7 TGAGGTCACGGACGATTACAT GTAGGCCCACGAAACAAATGAT 143 NM_001838.4

M2
MRC-1 GGGTTGCTATCACTCTCTATGC TTTCTTGTCTGTTGCCGTAGTT 126 NM_002438.4
VEGFA GGCGAGGCAGCTTGAGTTAA CACCGCCTCGGCTTGTC 57 NM_001025366.3

Ref. GADPH GACCTGACCTGCCGTCTAGAAAAA ACCACCCTGTTGCTGTAGCCAAAT 245 NM_001357943.2

2.11. GBM Xenograft Mouse Model

Immunodeficient BALB/c nude (nu/nu) adult male mice (~30 g) were housed in
a humidity- and temperature-controlled room on a 12 h light/dark cycle, receiving wa-
ter and food ad libitum and maintained under specific pathogen-free conditions. Ex-
periments were in compliance with the Guide for the Care and Use of Laboratory An-
imals published by the NIH and approved by the Comité de Ética de la Investigación
(COEDI) from Universidad Nacional de Rio Cuarto, Río Cuarto, Argentina (Cod. 300/21).
The xenograft GBM model was implemented as follows: Briefly, animals were anes-
thetized by inhalation of 3% isoflurane in 99.9% O2 (1 L min−1) in an induction cham-
ber and maintained at 1.5% isoflurane in 99.9% O2 (1 L min−1), which was delivered
through a nose mask. Then, U87-MG cells were subcutaneously inoculated into the dorsal
flanks of mice (2 × 106 cells/0.1 mL/mouse). Tumor diameters were measured once a
week using a caliper, and PDT treatment was assayed when the tumor volume reached
approximately 150 mm3.

2.12. PDT In Vivo Evaluation

To evaluate CPN-mPDT efficacy in vivo, xenograft GBMs were generated in the flanks
of athymic mice by subcutaneous injection of U87-MG cells. Experiments were performed
on day 15 after implantation. Tumors of the same uniform size were employed (0.3–0.5 cm
diameter), and animals were divided into different treatments and control groups by simple
randomization (n = 5). CPNs were administered by intravenous (i.v.) and intratumoral (i.t.)
routes. For i.v. injection, a 0.4 mg/kg CPN dose was used after anaesthesia of the animals
with isoflurane 1.5%. The dose was achieved by injection of 200 µL of CPN solution
(50 mg/L in PBS) into the caudal tail vein. For i.t. administration, a 0.1 mg/kg CPN
dose was administered by injecting 50 µL of CPN solution in PBS. Light irradiation was
performed 24 h after i.v. injection or 4 h after i.t. injection. Based on our previous results of
biodistribution with similar CPNs, these times are the most indicated to allow penetration
of nanoparticles into the GBM heterotopic tumors [54]. mPDT irradiation was implemented
using a system of a fiber optic coupled to a multi-LED with a measured irradiance of
12 mW/cm2 (at the fiber exit end) and a radiant exposure time of 30 min. This procedure
was carried out with the animals anesthetized with isoflurane 1.5% using a nose mask.
The measurement of tumor volume (TV) by caliper was employed to evaluate the delay in
tumor growth induced by CPN-mPDT treatment. The longer and shorter perpendicular
axes of each tumor at the initial day (day 0) were used to calculate TV and to normalize the
following measurements up to a period of 10 days from the day of PDT application. TV
was calculated by the following modified ellipsoidal formula [55]:

TV = 0.5 × long diameter × (short diameter)2 (1)
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where the long diameter is the maximum distance between the outer tumor margins,
expressed in mm, and the short diameter is the distance between the inner and outer tumor
margins, expressed in mm.

In addition, we also evaluated histopathological changes in tumor tissues and other
organs after the procedure (12 days after PDT treatment).

2.13. Statistical Analysis

Data are shown as mean values ± standard deviation of three independent experi-
ments. Statistical analyses were performed using the GraphPad Prism software version 8.0
(GraphPad Software, San Diego, CA, USA). Kolmogorov–Smirnov normality tests were
applied to further compare unpaired groups. According to the design of the experiment
under analysis, the comparison of means between separate groups of numerical variables
was performed using a one-way or two-way analysis of variance (ANOVA) and Tukey´s
test. Nonlinear regression analysis was performed with the GraphPad statistical program
using the cytotoxicity (%) values. With this analysis, the IC50 (dose leading to death of 50%
of the current cell population) values on the cell lines after PDT were determined. The
statistical significance threshold was set at p < 0.05.

3. Results and Discussion
3.1. Synthesis of CPNs

CPNs were prepared using a nanoprecipitacion method as previously reported by
our group [1,16,33,48]. F8BT and PSMA polymers constituted the main components of the
CPNs, producing stable suspensions in water for several months. PtOEP was incorporated
in order to increase 1O2 production after light irradiation [10]. Dynamic light scatter-
ing measurements were performed to assess the hydrodynamic diameter of the CPNs
(Figure S1). Average values of ~18 nm were obtained for these nanoparticles with a poly-
dispersity index (PDI) of 0.12. The size distribution of the nanoparticle samples was related
to the PDI value, where the PDI value and the size homogenization were inversely pro-
portional. The addition of the amphipathic copolymer PSMA was crucial to preserve
the colloidal stability of the particles in the culture medium. PSMA has statistically ar-
ranged styrene and maleic anhidride groups, which are thought to self-assemble into CPN
structures by intercalating the planar styrene rings into the CP core structure. The maleic
anhidride groups hydrolyze in water, producing maleic acid groups that are deprotonated
at near neutral pH. These groups are presumably located on the CPN surface, and the result-
ing negative charges increase the particle colloidal stability in high-ionic-strength solutions
such as buffers and culture media. The incorporation of PSMA in the sinthesis of CPNs has
been reported to increase the zeta potential (ζ = −45 mV) and to reduce the averange size
distribution of the resulting particles as compared to CPNs prepared using polystyrene
grafted with ethylene oxide (PS-PEG-COOH) as the amphipilic polymer (Figure S1) [1,10].
The hydrodynamic size and spectroscopic data of the CPNs prepared in this work were
in line with previously reported results [33]. The spectra characterization of the CPNs
stabilized with PSMA in water, PtOEP in deoxygenated THF and CPNs-PSMA-PtOEP in
water are shown in Figure S1.

3.2. PDT Cytotoxicity in Monocultures of GBM Cell Lines

In order to compare the therapeutic efficacy of the mPDT vs. cPDT irradiation modal-
ities, monocultures of GBM cells (U87-MG, MO59K and T98G) were cultured in 96-well
plates for subsequent experiments. These cell lines have been used extensively as in vitro
cellular models of GBM, as they partly represent the intertumoral heterogeneity that this
disease possesses. For instance, T98G has a mutated TP53 gene, which is one of the most
deregulated genes among different types of tumors and is particularly deregulated in 84%
of GBM patients and in several GBM cell lines [56]. Deregulated components of the p53
pathway have been implicated in GBM cell invasion, migration, proliferation and evasion
of apoptosis as well as in conventional chemoresistance [56–58]. Furthermore, we have
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previously reported the differential antioxidant capacity possessed by T98G cells with a
negative impact on PDT efficacy [16].

In the present study, light doses of 10 and 40 J/cm2 were delivered using irradiance val-
ues corresponding to the mPDT and cPDT modalities. To strictly compare these irradiation
modalities, a common protocol was followed for all the GBM cell lines. Cells not incubated
with CPNs were viable at all the light doses employed in the two modalities, whereas a
significant toxic effect was found in all the cell lines after PDT. Figure 1 shows the viability
of the studied cell lines incubated with various concentrations of CPNs and irradiated with
different light doses in the different modalities. The U87-MG cells were the most sensitive
to the cytotoxic effect of PDT in both radiant exposure dosimetries and power density
modalities (Figure 1A,B). The mPDT application resulted in a significant decreased cell
viability even at the lower CPN concentration tested of 6 mg/L (p ≤ 0.001) in this GBM cell
line. As can be seen, a light dose of 10 J/cm2 (Figure 1B) in combination with increasing
CPN concentrations was very effective in inducing cell death, as was 40 J/cm2 (Figure 1A)
at the same irradiation modalities. For instance, the same CPN concentration (6 mg/L) at
10 J/cm2 induced a decrement in cell viability of 31.4 ± 5% using the mPDT modality com-
pared to the 72.3 ± 6% cell viability in the conventional regimen. At a superior light dose
regiment (40 J/cm2), the concentration of 6 mg/L drastically decreased the cell viability to
16.3 ± 1.6% in the mPDT modality in comparison with the conventional regimen where
the cell viability was 39.4 ± 1%. These experiments at equal CPN concentrations but with
changing light irradiances (mW/cm2) to achieve the same total light doses demonstrated
a significant increased outcome using the mPDT modality. The calculated half maximal
inhibitory concentration (IC50) also showed that mPDT (IC50 = 0.8 and 4.5 mg/L for 40 and
10 J/cm2, respectively) was more effective compared to cPDT (IC50 = 3.5 and 11.3 mg/L for
40 and 10 J/cm2, respectively). The other cell lines also had a similar behavior regarding
the improved efficiency of mPDT, and the calculated IC50 values were lower for mPDT
compared to cPDT in the T98G and MO59K cells (Table 2). T98G was the most resistant
cell line to PDT cytotoxicity (Figure 1C,D). However, mPDT significantly decreased the
cell viability compared to cPDT, mainly at the lowest CPN concentrations (p ≤ 0.001). In
fact, the radiant exposure of 10 J/cm2 seemed to be the most appropriate light dosimetry at
higher CPN concentrations, which suggested that a metronomic regimen could enhance
therapeutic efficacy even in resistant GBM cell lines. MO59K had a similar behavior to
U87-MG (Figure S2), which was in concordance with previous results from our group with
other CPNs [16].

Table 2. Average IC50 CPN concentration (mg/L) for both PDT irradiation modalities in GBM
cell lines.

IC50 * U87-MG T98G M059K

mPDT
0.8 (40 J/cm2) 24.7 (40 J/cm2) 1.2 (40 J/cm2)
4.5 (10 J/cm2) 31.7 (10 J/cm2) 9 (10 J/cm2)

cPDT
3.5 (40 J/cm2) 27.6 (40 J/cm2) 4.7 (40 J/cm2)
11.3 (10 J/cm2) 39.6 (10 J/cm2) 17.4 (10 J/cm2)

* Values obtained by non-linear regression fitting of MTT viability assays in GraphPad software (version 8.2.1).
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tests; ns: no statistically significant differences. 
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cer cell lines [33]. 

3.3. PDT Effects on HIF-1 Activation and ROS Production in GBM Cells 
To assess the impact of both modalities (mPDT vs. cPDT) on HIF-1 transcriptional 

activity as an indirect indicator of intracellular oxygen consumption, the GBM cell lines 
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HRE were used. Figure 2 shows the results obtained by FC. Treatment with CoCl2 (400 
µM) induced HIF-1 activation in 40% ± 7 of the U87-MG-HRE cells. CoCl2 inhibits PHDs, 
which are the enzymes responsible for initiating the destabilization and destruction of 
HIF-1 by proteasomes. For this reason, CoCl2 is used as a hypoxia mimetic and produces 
the consequent stabilization of HIF-1 [23]. Neither the treatments with a concentration of 
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Figure 1. Quantification of cell viability by MTT assay 24 h after PDT for U87-MG (A,B) and T98G
(C,D) cell lines as a function of CPN concentration during incubation and light doses using both
irradiance fluence density corresponding to mPDT (blue lines) and cPDT (red lines). Incubation
with CPNs in the dark is represented by black lines. Cell viability percentages were normalized to
control cells exposed to light irradiation only. * p < 0.05, ** p < 0.01 and *** p < 0.001 with ANOVA
and Tukey’s tests; ns: no statistically significant differences.

It is worth noting that PDT cytotoxicity was superior in the GBM cell lines using
CPN-PSMA-PtOEP compared with our previous study with PtOEP-doped CPN using
PS-PEG-COOH as a stabilizer [16]. Therefore, cell uptake was evaluated using both types
of CPNs at equal concentrations in order to compare them in terms of their binging
ability. We observed a greater cell uptake in all the GBM cell lines with CPN-PSMA-PtOEP
(Figure S3), which are slightly smaller nanoparticles that have a more negative surface
charge than CPN-PSPEG-PtOEP. A similar uptake result was previously obtained in breast
cancer cell lines [33].

3.3. PDT Effects on HIF-1 Activation and ROS Production in GBM Cells

To assess the impact of both modalities (mPDT vs. cPDT) on HIF-1 transcriptional
activity as an indirect indicator of intracellular oxygen consumption, the GBM cell lines
U87MG-HRE and MO59K-HRE that were genetically modified to express GFP-associated
HRE were used. Figure 2 shows the results obtained by FC. Treatment with CoCl2
(400 µM) induced HIF-1 activation in 40% ± 7 of the U87-MG-HRE cells. CoCl2 inhibits
PHDs, which are the enzymes responsible for initiating the destabilization and destruction
of HIF-1 by proteasomes. For this reason, CoCl2 is used as a hypoxia mimetic and produces
the consequent stabilization of HIF-1 [23]. Neither the treatments with a concentration of
6 mg/L CPN in dark conditions or the treatments with irradiation in both modalities by
themselves induced a significant activation of HIF-1 (Figure 2B).
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Figure 2. HIF-1 transcriptional activity. (A) Representative FC histograms of GFP expression; (B) HIF
transcriptional activity of HIF + cells is indicated by GFP intensity fold increment (MFI, arbitrary
units, A.U., compared with control cells) and refers to non-treated conditions. ** p < 0.01 with ANOVA
and Tukey’s tests; ns: no statistically significant differences.

When the PDT with CPN combination was assayed, a 2% ± 1 activation of HIF-1
was observed in the cells treated with 6 mg/L of CPN and irradiated with 10 J/cm2 in
the mPDT modality. On the contrary, cPDT with an equal CPN concentration (6 mg/L)
and irradiated with 10 J/cm2 induced HIF-1 activation in 20% ± 6% of the U87-MG cells
(Figure 2A). MO59K-HRE showed a similar behavior. These results suggested that the
cPDT modality compared to the mPDT modality consumed more intracellular oxygen as a
result of the photochemical reactions that generated ROS at equal CPN concentrations.

In addition, the mean fluorescence intensity (MFI) of the HRE-GFP-positive cells
in the different treatment groups was analyzed as a quantitative measurement of HIF
transcriptional activity (Figure 2B). MFI values were expressed relative to the control group
values, and they were lower in the mPDT group compared to the cPDT group. These
differences were statistically significant (p < 0.01).

To evaluate the importance of ROS-mediated damage induced by both modalities of
CPN-PDT in the GBM cells, ROS levels were quantified immediately after the treatments
using FC with a DCFDA probe. As shown in Figure 3, PDT-induced DCF oxidation was
higher with cPDT irradiation compared to with mPDT even with only light irradiation.
This result suggested that higher light fluence rates were highly stressful for the U87-MG
and T98G GBM cells, as can be seen in the groups of cells irradiated and not exposed to
CPNs (Figure 3). Additionally, cPDT with increased CPN concentrations (6 and 12 mg/L)
further increased the DCF fluorescence intensity, which could be related to intense ROS
production, leading to an abrupt oxygen consumption that was self-limiting for PDT [59,60].
In this case, an increased ROS production level was not associated with a superior cell
death at these CPN concentrations for cPDT compared with mPDT (Figure 1). Elevated
levels of ROS generated by PDT have previously been associated with HIF-1 activation [23].
Therefore, conventional PDT modalities with high light fluence rates would not only be
self-limiting for photodamaging reactions but could also have a negative impact through
the activation of molecular therapeutic resistance pathways. On the other hand, mPDT with
increased CPN concentrations (6 and 12 mg/L) significantly elevated intracellular ROS
levels compared with light irradiation only and with CPN incubation in dark conditions.
The superior cell death in this irradiation modality could be associated with persistent
oxidative damage due to the longer lighting time required in this modality. The T98G
cells were the most stressed cells, however this cell line had more significant antioxidant
mechanisms that favored its resistance to PDT [16].
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Figure 3. ROS production evaluation after PDT. Geometric mean fluorescence intensity quantifica-
tion relative to autofluorescence of control group for U87-MG (A) and T98G (B). ROS levels were
determined immediately after each treatment with DCFDA assay using flow cytometry. ** p < 0.01,
*** p < 0.001 with ANOVA and Tukey’s tests.

3.4. Cell Death Mechanism Evaluation after PDT

The mechanisms of cell death induced by both PDT modalities were tested using
a FITC Annexin V Apoptosis Detection Kit II, as described in the experimental section.
Differences between the types of cell death resulting from the irradiation modalities have
previously been reported [61]. The double staining of cells with FITC and PI monitored
by FC allowed the discrimination of life (FITC−/PI−), early apoptosis (FITC+/PI−), late
apoptosis (FITC+/PI−) and necrosis (FITC−/PI+). As shown in Figure 4, controlled light
irradiation in both modalities (red dots groups in dot-plot graphs) did not induce cell
death (number of cells alive above 90%), nor did CPN incubation without irradiation. On
the contrary, the cells incubated with increasing CPN concentrations and irradiated in the
mPDT or cPDT modalities at 10 J/cm2 were stained with Annexin V-FITC and PI in different
proportions, which suggested variable degrees and types of cell death (Figure 4A,B). For the
T98G cells, the predominant mechanism of PDT-induced death was necrosis, and significant
percentages of apoptotic cells were observed with the mPDT modality in the three CPN
concentration tested (Figure 4C). On the other hand, the U87-MG cells showed a larger
fraction of late apoptotic cells as the main cell death mechanism at 6 h post PDT; necrosis
was also evident in both PDT irradiation modalities. During the initial phase of apoptosis,
phosphatidylserine in the cell membrane underwent translocation from the inner to the
outer leaflet. As apoptosis progressed to the late stage, the cells exhibited an increased
membrane permeability, allowing PI to enter and stain the DNA, eventually leading to the
disintegration of the cellular structures and the formation of apoptotic bodies. The Annexin
V/PI results were in agreement with the MTT results (vide supra), where the viable cell
percentages were similar to those obtained with the colorimetric assay.
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mPDT modality at 6 h post treatment compared to the cPDT modality. The latter induced 

Figure 4. Cell death mechanism evaluation by FC. Dot plots graphs of Annexin V/PI-stained
U87-MG cells (A) and T98G cells (B) treated with different CPN-PSMA-PtOEP concentrations (6, 12
and 24 mg/L) for 24 h and irradiated with 10 J/cm2 of mPDT (green dots) or cPDT (light blue dots)
modalities compared to irradiation with light alone (red dots). The graphs with yellow dots represent
the incubation with CPNs in the maximum concentration tested under non-irradiation conditions.
(C) Quantitative analysis of the live, apoptotic and necrotic cells after PDT of U87-MG and T98G with
mPDT or cPDT at 10 J/cm2.

The percentage of late apoptotic cells increased with the CPN concentration in the
mPDT modality at 6 h post treatment compared to the cPDT modality. The latter induced
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more necrotic cell death than the mPDT modality at the same time. Therefore, we can
suggest that the mPDT modality favored a type of cell death by apoptosis, while the
conventional modality induced cell death by necrosis to a greater extent. ROS formed upon
irradiation, such as 1O2, have a limited lifetime and ability to migrate from the site(s) of their
formation [12]. Thus, they interact with biologic substrates in the sites of PS localization
to trigger cell death. Effective PS localization in the mitochondria, endoplasmic reticulum
(ER), Golgi apparatus, lysosomes and/or plasma membrane have been associated with
apoptosis or necrosis cell death mechanisms as well as with other cell death mechanisms
such as necroptosis or apoptosis [62,63]. Previous results by our group and others [1,64]
have shown that the cellular localization of these type of CPNs is mainly in lysosomes,
although other cell components such as the plasma membrane or ER were associated with
CPN binding. A stress insult on these organelles can trigger cell apoptosis. However, it
is known that the intensity of the insult could change the cell death mechanism [65], and
for PDT regimens, modification of the PS concentration and/or light doses could switch
the type of cell death [66]. The type of cell death could switch from apoptosis to necrosis
with the increasing intensity of the insult [62]. In our case, we suggest that the different
light dosimetry regimes at equal CPN concentrations produced different intracelullar ROS
amounts, as can been seen in the DCF oxidation experiments. The mPDT regimen increased
intracelullar ROS production in a more sustained manner over time, which was associated
with a not-so-aggressive insult to organelles to trigger cell death by apoptosis. On the
other hand, the cPDT regimen increased ROS production in a very abrupt way but in a
shorter period of time, causing overwhelming photodynamic damage to the cells, leading
to disruption of the structural integrity of the plasma membrane and necrosis. Previous
studies using molecular PSs such as ALA showed a pronounced earlier and late apoptosis
after mPDT than after cPDT and necrosis after cPDT that mPDT, which is consistent with
our results [61,67].

3.5. In Vitro Evaluation of PDT in Co-Cultures of GBM-TAMs

Because in real conditions, tumor cells are not independent cells but rather coexist in
a microenvironment that can induce changes in their phenotype and in their therapeutic
response, we sought to evaluate the preferential uptake of CPN in co-culture conditions
of tumor cells with macrophages and the response to both PDT modalities. Indeed, it
has been suggested that cell responsiveness to PDT is different between cancer cells and
normal cells, as the resistance of these cell types to ROS stress is not the same [35]. There-
fore, we cultured and differentiated THP-1 cells to a macrophage phenotype with PMA
for the subsequent seeding of +red fluorescent protein (RFP)-expressing U87-MG cells
(U87MG-RFP). The identification of tumor cells vs. THP-1-derived macrophages was based
on + RFP vs. non-staining cells in fluorescence microscopy and FC (Figure S4). It was possi-
ble to cultivate both cell lines under these conditions whilst conserving their characteristic
cell morphologies and with a cell viability greater than 90% in both cell types (Figure S4).
This labeled/non-labeled cells strategy was employed to assess the differential CPN uptake
and determine the cytotoxicity in each of the resident populations in the co-cultures.

Both in vitro and in vivo studies have shown that TAMs accumulate within GBM
and that they are educated to adopt tumor-friendly phenotypes [68]. In order to evaluate
the TAM population phenotype in co-culture conditions with GBM cells, a phenotype
characterization by gene markers was performed to evaluate the transcript expression
of relevant markers, such as TNF-a and CCR7 for M1 and MCR-1 and VEGFA for M2
profiles, after GBM CM exposure in THP-1-derived macrophages. Gene expression for
TNF-a and CCR7 increased significantly after PMA maturation, but the expression of these
genes decreased to a great extent during the following days after exposure with GBM CM
(Figure S5). On the contrary, the transcript expression of MCR-1 and VEGFA was approxi-
mately two and three times higher compared to the M0 macrophages. This result suggested
that the macrophages exposed to the secretome of GBM tumor cells were polarized towards
a pro-tumor profile. Similar findings have been previously reported [69,70].
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On the other hand, M1 markers were overexpressed in the macrophages exposed
to CM from GBM cells treated with PDT, and the increment was more evident in the
treatment with CM from the U87-MG cells irradiated with mPDT (p < 0.01) (Figure 5).
In this experiment, CM was obtained from the U87-MG cells exposed to CPN (6 mg/L)
and irradiated with 10 J/cm2 in both modalities for comparison. PDT is associated with
the modulation of immune and inflammatory responses as a one of the main antitumoral
mechanisms. Some studies have shown the potentiality of PDT with different PSs to
eliminate or reprogram TAM populations. For instance, Soyama T. et al. synthesized a
mannose-conjugated chlorin e6 to decrease the proportion of M2-TAMs and increase that
of M1-like TAMs [71]. A recent study of Lerouge L. et al. demonstrated that the secretome
of post-PDT GBM cells treated with AGuIX® nanoparticles polarized macrophages to an
M1-like phenotype [68]. Our results were in agreement with this finding, and, in our case,
the mPDT irradiation modality increased the overexpression of M1 marker transcripts
significantly compared to the conventional modality.
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Figure 5. Gene expression of macrophage M1 phenotype evaluation after PDT. Mean relative gene
expression of markers for M1 (n = 3 for each gene marker, mean ± SD) normalized to GADPH
housekeeping and relative to THP-1-derived macrophages after PMA differentiation protocol and
resting period of 24 h in complete growth medium. * p < 0.05; ** p < 0.01.

In the co-culture conditions, both cell types were evaluated in their differential CPN
uptake ability and their response to PDT treatment. To accomplish this, the co-cultured
GBM/TAMs were incubated with CPNs for 24 h according to the protocol proposed in
monocultures of GBM cell lines (vide supra). Furthermore, PDT was carried out in both
modalities at 10 J/cm2, and cell viability was evaluated by FC in the Q1 and Q4 quartile cell
population of the FSC vs. RED-B channel dot plot graphs, which corresponded to tumor
cells (Q1) and macrophages (Q4), respectively (Figure 6A). CPN intrinsic fluorescence from
these same quartiles was used to compare the cellular uptake of nanoparticles. We observed
that the particle uptake in both cell types was in a concentration-dependent manner by FC.
The GBM cells were able to significantly incorporate more nanoparticles than the TAMs,
even at the highest CPN concentrations of 10 and 20 mg/L (Figure 6B).
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nanoparticles. This phenomenon was even more noticeable in the culture conditions at a 
ratio of 1:1 (50,000 GBM cells/50,000 macrophages) (Figure S7). However, the mPDT mo-
dality continued to be more effective in eliminating the population of tumor cells as well 
as TAMs. It should be noted that the surface functionalization of the CPNs with specific 
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The cell uptake by macrophages and GBM cells was confirmed by fluorescence mi-
croscopy (Figure 7). Based on cell type discrimination by the RFP+ GBM cells against non-

Figure 6. PDT evaluation in GBM/TAMs co-cultures. (A) Representative gate strategy by FC to
differentiate GBM U87MG RFP+ cells from non-labeled macrophages and subsequent live/dead
cell evaluation (ged-R channel) and CPN cell incorporation by fluorescence detection in the green-B
channel. (B) Cell uptake quantification in U87-MGRFP cells and THP-1-derived macrophages from
co-cultures exposed to increasing CPN concentrations and relative to mean fluorescence intensity
from control groups without CPN incubation. (C) Cell viability percentages of U87-MGRFP cells from
2:1 co-culture ratio after 24 h post mPDT or cPDT treatment and evaluated by FC using LIVE/DEAD™
Fixable Far Red staining kit. (D) Cell viability percentages of THP-1-derived macrophages from 2:1
co-culture ratio after 24 h post mPDT or cPDT and evaluated by FC using LIVE/DEAD™ Fixable Far
Red staining kit. * p < 0.05; ** p < 0.01, *** p < 0.001.

In the co-culture conditions, the data showed that the dark toxicity of CPNs was null
in both cell types at the concentrations evaluated (Figure S6). However, a cytotoxic effect
was observed in both cell types after the CPN-PDT treatment with the two modalities
(Figure 6C,D). Nevertheless, the survival response of the U87-MG tumor cells was not sim-
ilar to that in the monocultures of this cell line (vide supra). The cell viability of the
U87-MG cells was greater in the co-culture conditions at a ratio of 2:1 (70,000 GBM
cells/30,000 macrophages) in all the CPN concentrations evaluated compared to in the
monoculture conditions (Figure 6C). The macrophages were also affected in their cell viabil-
ity in a CPN-concentration-dependent manner (Figure 6D). We suggested that macrophages
may exert a cytoprotective effect by competing for the cellular incorporation of nanopar-
ticles. This phenomenon was even more noticeable in the culture conditions at a ratio of
1:1 (50,000 GBM cells/50,000 macrophages) (Figure S7). However, the mPDT modality
continued to be more effective in eliminating the population of tumor cells as well as TAMs.
It should be noted that the surface functionalization of the CPNs with specific ligands
was not carried out and evaluated in the present study to selectively attack any of the
populations inquired. However, strategies that aim to selectively eliminate a cell population
with photo-assisted treatments have been previously described by other groups as well as
us, demonstrating the potential of this type of more selective treatment [33,68].

The cell uptake by macrophages and GBM cells was confirmed by fluorescence mi-
croscopy (Figure 7). Based on cell type discrimination by the RFP+ GBM cells against



Cells 2023, 12, 1541 17 of 24

non-staining macrophages, it was possible to visualize CPN fluorescence in both cell types,
and the intracellular CPN fluorescence increased as a function of the nanoparticle concen-
tration (Figure 7). The cell cytotoxicity of PDT in the two irradiation modalities was evident
in the brightfield images of treated cells, which showed changes in the cell phenotype with
an apoptotic appearance, a loss of cell membrane integrity, cell detachment and debris.
These changes were more evident in the mPDT group compared to cPDT group; however,
fewer changes in cell death were observed in the co-cultures compared to the monocultures
of U87-MG tumor cells at equivalent light doses and CPN concentrations.
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Figure 7. Cell morphologic changes in GBM/TAMs co-cultures after PDT. Representative fluorescence
and brightfield images of co-cultures of U87-MGRFP+- and THP-1-derived macrophages exposed
to increasing CPN concentrations for 24 h and irradiated with 10 J/cm2 in cPDT (A) or mPDT (B)
modalities. Cells were stained with Hoechst 33342 at 1 µg/mL for 10 min for nuclei visualization,
and RFP and CPN were also visualized in their respective channels. Scale bar = 100 µm.
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3.6. In Vivo Evaluation of PDT with CPNs in GBM Xenograft Mouse Model

To explore the potential of CPN using mPDT irradiation protocols in animal models,
we developed U87-MG xenograft tumors in BALB/c nude mice and performed mPDT
irradiation for 30 min. with a system of a fiber optic coupled with a multi-LED (Figure S8)
after either i.v. or i.t. administration of CPN (Figure 8A).
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The mice treated with a single i.t. or i.v. administration of CPNs displayed a strongly 
inhibited tumor growth for 10 days after PDT treatment (Figure 8B). Tumors from the PBS 
control or CPN non-irradiated groups reached more than twice their initial volume. More-
over, we did not observe changes in mice weight, which indicated that there was no treat-
ment-induced toxicity. These findings were also supported in the histological evaluation 

Figure 8. In vivo mPDT evaluation in GBM xenograft BALB/c nude mice model. (A) Schematic
representation of protocol used for PDT assay. Mice were inoculated with U87-MG cells
(2 × 106 cells) in the flank. At day 15, when the tumors had an average size of ~150 mm3, CPN
was injected intravenously (i.v.) or intratumorally (i.t.). PDT was performed by illumination of the
tumor on the flank with 460 nm fiber-optic light at 12 mW/cm2 for 30 min. (B) Tumor growth curves
normalized to initial volume tumors of mice of different treatment conditions; the tumor volume
was measured with a caliper every 2 days up to 10 days after PDT irradiation. (C) Representative
histological images (40× and 10×) of tumor tissues at day-12 time point after PDT treatment. Yellow
circles represent mitotic figures in the different treatments, and red arrows mark apoptotic events.
The scale bars represent 200 µm (10×) and 50 µm (40×), respectively.

The mice treated with a single i.t. or i.v. administration of CPNs displayed a strongly
inhibited tumor growth for 10 days after PDT treatment (Figure 8B). Tumors from the
PBS control or CPN non-irradiated groups reached more than twice their initial volume.
Moreover, we did not observe changes in mice weight, which indicated that there was no
treatment-induced toxicity. These findings were also supported in the histological evaluation
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of organ tissues such as the spleen, liver and kidneys where no morphological changes were
evident in any of the treated groups or in the control group with PBS (Figure S9).

The inhibitory tumor growth was superior in the i.t. administration compared to the
i.v. administration of CPNs, and this could be attributed to the immediate nanoparticle
intratumoral accumulation achieved with this modality [54]. Even though the i.t. admin-
istration resulted in a higher and more constant accumulation overtime, it is important
to consider that i.v. administration is a more realistic administration route, as most of the
tumors in humans are not visible as is the case in subcutaneous animal models of cancer.
In the latter, the intratumoral accumulation of CPN was achieved probably due to the
enhanced permeability and retention (EPR) effect [54]. Despite the fact that heterotopically
developed GBM tumors do not reproduce blood–brain barrier characteristics, our intention
was to evaluate the in vivo efficacy of PDT for the first time with this type of CPN, which
has shown great promise in previous in vitro assays [1,16]. After the euthanasia of the
animals, the histological analysis of the tumor tissues corresponding to the different treat-
ment groups was performed. In the samples corresponding to the group treated with PBS
and irradiated with the mPDT modality, an infiltrative tumor proliferation was observed
with an irregular disposition of the neoplastic tissue and the presence of blood vessels
of a medium caliber. At a higher magnification, pleomorphism and an intense mitotic
index (yellow circles) were observed (Figure 8C). These characteristics were also evident in
samples from the groups treated with CPN (i.t. or i.v.) without irradiation exposure. It is
noteworthy that the mitotic index continued to be high with typical and atypical mitotic
figures and corresponded to the sustained growth of tumors in these groups. The formation
of small capillary blood vessels within the tumors was also observed. On the other hand,
the tumors treated with CPNs and irradiated displayed circumscribed tumor tissues with
lax isolated areas of a myxoid appearance and with the development of connective tissue
that infiltrated and where tumor proliferation was not as compact. On the surface, the
presence of mononuclear inflammatory cells was observed. These findings were more
marked in the tumors treated with CPN administered i.t. and irradiated and where the
presence of many apoptotic bodies was also evidenced (Figure 8C). These findings add to
those reported with other types of molecular PSs activated with blue light in PDT in vivo
protocols [72,73]. Future experiments are being planned to evaluate PDT with CPNs using
a low light fluence rate in an orthotopic model.

The intensity of the light used in PDT or the fluence rate is an important factor to
consider for the design of optimal PDT protocols [66], Henderson B. et al. demonstrated that
severe oxygen depletion is shown to occur within seconds of illumination at a fluence rate
of 75 mW/cm2 in preclinical tumor mice models in vivo, and a fluence rate of 14 mW/cm2

was found to be optimal for tumor elimination in their setting [74]. These data show that
higher fluence rates are not necessarily more efficient in inducing photodynamic effects
and cytotoxicity. Clinical studies have demonstrated a benefit for patients treated with
molecular-PS-mediated PDT in terms of the prolongation of median overall survival (OS)
as well as quality of life [8]. A recent study evaluated PDT clinically for malignant brain
tumors in children and young adolescents using talaporfin sodium with a moderate benefit
in terms of overall survival and progression-free survival [75]. However, the disadvantage
of PDT is the depth of the light penetration; therefore, maximum surgical resection is
mandatory to achieve optimal effects. An alternative irradiation modality is the interstitial
PDT delivery of light, which offers improvement outcomes in terms of OS using 5-ALA as
molecular PS [76]. From a clinical perspective, it is expected that more third-generation
PSs such as those assayed in this study will reach clinical trials, and with suitable light
doses regimes it is possible to overcome the obstacles presented by PDT, such as the abrupt
consumption of oxygen and the activation of molecular pathways of therapeutic resistance.

4. Conclusions

In this work, we reported on the evaluation of CPN for the PDT of GBM tumors. We
assayed these nanoparticles in different irradiation modalities with a low and high light
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fluence rates to exploit the potential of CPNs to achieve the photokilling of GBM cell lines,
thus dropping the possible mechanisms of therapeutic resistance developed as a tumor
adaptation. Using monocultures and co-cultures in in vitro models simulating a tumor
microenvironment, we observed that CPNs were preferentially taken up by GBM cells
when compared to TAMs derived from THP-1 cells in co-culture conditions. After light
exposure in a regular GBM culture model, mPDT promoted total tumor cell death in very
low CPN concentrations, but TAMs exerted a cytoprotective action in the co-culture models.
The mPDT irradiation modality was able to trigger significant photokilling in all the GBM
cell lines through different cell death mechanisms compared to the conventional modality.
We determined that CPNs in mPDT irradiation protocols slightly promoted the apoptosis of
GBM cells. In addition, the mPDT modality polarized TAMs to a proinflammatory profile
that would probably contribute to an overall therapeutic improvement. In a GBM animal
model, CPNs in mPDT in vivo protocols were able to significantly slow tumor growth and
also generated cell death with evident histological changes. Overall, these data provide
valuable information about the development of optimized PDT protocols with lower light
irradiance and CNPs for GBM management.
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//www.mdpi.com/article/10.3390/cells12111541/s1, Figure S1. CPN spectra and size characteri-
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Figure S5. Gene expression of macrophage M1 and M2 phenotype evaluation after CM expo-
sure of GBM cells; Figure S6. Biocompatibility evaluation of CPN-PSMA-PtOEP in co-cultures of
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