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ARTICLE INFO ABSTRACT
Keywords: Glioblastoma (GBM) spheroids present as a promising alternative testing platform for in vivo
Glioblastoma models of brain cancer, aiming at the 3Rs principle of animal use in pre-clinical trials. However,
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Nanoparticles
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the poor characterization and irreproducibility of various GBM-based spheroids have hampered
the achievement of statistically relevant data for drug screening and photodynamic therapy (PDT)
assays. In a previous study (Calori et al., 2022), we defined the conditions for inducing tight
compaction of US7MG, T98G, UW473, A172, and U251 GBM cell lines into reproducible 3D
spheroids using type I collagen as an extracellular matrix. Herein, GBM spheroids were charac-
terized in their growth profile, proliferation rate, cell viability, necrotic nucleus, and cell death
mechanisms and applied in PDT assays. Driven by proliferation, U87MG and A172 spheroids grew
with time, at least up to day 12, whereas T98G and U251 demonstrated little change. The order of
cell viability of spheroids over time was U87MG > A172 > U251 > T98G. A necrotic nucleus was
formed over time for all cell lines, as shown by histological assays and the inverse size-cell
viability relationship. When subjected to PDT, all spheroids showed a dose-dependent
response, with an excellent dose-light-cell viability correlation. The higher light dose required
for PDT of GBM 3D spheroids compared with the simplest 2D monolayers and its proximity to in
vivo dose response in the literature is proof of its applicability in pre-clinical tests to reduce the
use of animals in research.

1. Introduction

The number of pathways for the development of new drugs and clinical procedures requires time and different phases before
reaching the final goal in human history. Recently, phases 1, 2, and 3 have become familiar terms and procedures discussed in the
community. Subsequently, clinical trials in animals, following ethical protocols, have been used in pre-clinical assays of drug
development and are often accepted as ethically appropriate to predict toxicity, efficacy, mechanisms of action, pharmacokinetics, and
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pharmacodynamics [1,2]. However, in the 20th and 21st centuries, the use of animals in research has sometimes been widespread,
unconscious, and severe [3]. Only in the United States, it is estimated that 111.5 million rats and mice were used in a year for scientific
research between 2017 and 2018, where approximately 44.5 million of these animals were potentially submitted to painful experi-
ments [4]. Although widely used, animal models, such as human surrogates, can largely fail to predict human toxicology and drug
safety [5-7]. In some cases, in vitro models are better at predicting human drug hazards than animal (or human) studies [8]. Based on
this, along with the 3Rs principles for the replacement, refinement, and reduction of animals, a normative protocol began to be used in
pre-clinical studies since the original definition of Russell and Burch [9]. Even when developed in a controlled manner, there are clear
indications that the scientific community must develop animal substitute models that closely resemble human complexity [10].

In oncology, monolayer (2D) cell cultures have been widely used to assess drug activity [11]. However, its 2D architecture limits its
physiological relevance, leading to divergent findings compared with in vivo results. 3D culture models, such as multicellular tumor
spheroids (MCTS), which have been exponentially growing in studies, are considered promising physiological models for the in vivo
microenvironment of solid tumors for cancer studies [12].

MCTS are cell aggregates that are compacted into sphere-like arrangements. MCTS produced with cancer cells presents an inter-
mediate complexity between the commonly used 2D cultures and in vivo 3D environments. Owing to the 3D structure and compaction
of spheroids, MCTS closely mimic the characteristics of solid tumors, including heterogeneous structural organization, cell-to-cell and
cell-to-extracellular matrix interactions, growth kinetics, internal gradients of nutrients and oxygenation, and resistance to chemo-
therapy and radiotherapy.

Glioblastoma (GBM, a WHO grade IV tumor) is the most aggressive intracranial tumor in adults, accounting for 48.6% of all
malignant central nervous system tumors [13]. GBM is highly infiltrative, recurrent, treatment-resistant, and has a poor prognosis. The
5-year survival rate of GBM patients is 6.8%, with an average length of survival of approximately 15 months. Moreover, the incidence
of GBM has risen from 0.59 to approximately 4 per 100,000 population from 2008 to 2017 [14,15]. However, no significantly
advanced statistics have been obtained in recent decades [16]. Besides being one of the most expensive cancers to treat, the only five
drugs approved by the FDA have not significantly extended patient lives over a few months [16].

Spheroids have been used to track the evolution of GBM, elucidate resistance mechanisms, and propose novel therapy strategies
[17-19]. A recent study showed that a 3D model of GBM demonstrated more resistance to Temozolomide, the gold standard drug for
GBM chemotherapy [20]. The authors also found that resistance was potentialized by hypoxia, in which assays using 3D models
contributed to finding strategies to overcome resistance to treatment. Another recent study explored the 3D architecture of GBM
spheroids to evaluate the deep translocation of nanoscale drug delivery systems in GBM [21], which is impossible using 2D models.
Nevertheless, just a few studies used 3D spheroids for drug screening and photodynamic therapy (PDT) assays.

PDT is a clinical protocol that uses photosensitizer (PS) molecules, molecular oxygen, and visible light to generate reactive oxygen
species (ROS) in situ, causing cell death [22]. In addition to the promising results of PDT as an adjuvant therapy to treat GBM [23-25], a
large number of parameters, including PS concentration, accumulation time, light dose, and light penetration [22] require an excessive
number of animals to optimize the therapeutic response in pre-clinical assays. Alternative in vitro models that are efficient in mimic the
in vivo microenvironment might be useful to reduce and replace the animal use in research studies, which agree with the 3R’s principle
[26]. In this scenario, while 2D monolayers are ineffective models to mimic the oxygen gradient in solid tumors, tumor spheroids come
close to that condition typically due to the cell’s growth in three dimensions in a compacted form. Thus, tumor spheroids have been
applied in studies of complex PDT protocols such as combined therapies using PDT and radiotherapy, hyperthermia, chemotherapy as
well as metronomic PDT with the study of the effects of power irradiance on the effectiveness of PDT [27] and penetration of pho-
tossensitizers [28], Moreover, tumor spheroids permit to monitor the effects of treatment directly in the cells without any lateral
influence such as the effect of the tumor vasculature, immunological reactions, and others impacts related to the in vivo environment
[29].

In arecent study, we defined the conditions under which loose aggregates of GBM cells compact into tight, compact 3D spheroids in
the presence of type I collagen [30]. Here, we characterized and compared GBM spheroids formed by U87MG, A172, U251, and T98G
cell lines to provide detailed GBM spheroid models for drug and phototherapeutic screening in an easy-handling manner. GBM
spheroids were evaluated for growth, viability, proliferation rate, cell death mechanisms, and histological development. We also
evaluated the correlation between cell viability data from trypan blue and acid phosphatase to verify the applicability of acid phos-
phatase in predicting the viability of our spheroids in drug screening as a rapid routine analysis. Using PDT from aluminum chloride
phthalocyanine-loaded liposomes (Lip-Pc), we evaluated the light dose needed for therapeutic response to validate our spheroids as a
viable model for PDT assays aimed at reducing animal use in GBM therapy. This is the first time that collagen-containing spheroids
from four GBM cell lines named U87MG, T98G, A172, and U251 are characterized and compared according to their viability, pro-
liferation, volume and histology along with its use in PDT as a proof of its applicability in pre-clinical tests. It is worth noting that the
acid phosphatase assay was demonstrated to be effective in cell viability assay for these GBM spheroids without the need for spheroid
disintegration.

2. Materials & methods
2.1. Materials
Dulbecco’s modified Eagle medium (DMEM), non-essential amino acids, amphotericin, penicillin, streptomycin, trypsin-EDTA,

fetal bovine serum (FBS), and phosphate-buffered saline (PBS) were purchased from Life Technologies (Thermo Fisher Scientific
Inc., Waltham, MA, USA). Accutase solution (400-500 units/mL) and 4-nitrophenyl phosphate tablets were purchased from Sigma-
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Aldrich (St. Louis, MO, USA). Type-I collagen was purified from rat tail tendons as described previously [31]. A standard stock solution
of 1.57 mg mL ™! collagen was prepared in acetic acid (20 mmol L™1). Collagen-fluorescein (FITC) conjugate was purchased from
BioVision (BioVision Inc., Milpitas, CA, USA). Lipid 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) was purchased from
Avanti Polar Lipids Inc. (Birmingham, AL, USA). All PBS solutions (pH 7.4) were prepared at final concentrations of 10 mmol Lt
phosphate, 137 mmol L™} NaCl, and 2.7 mmol L~! KCL Ultrapure water (Milli-Q) was used in all the experiments.

2.2. Instruments

The cell plates were centrifuged using an Eppendorf 5810R- Benchtop Centrifuge (Eppendorf SE, Hamburg, HH, DE). Absorbance
values were obtained using a Cytation 5 Cell Imaging Multi-Mode Reader (BioTek, Winooski, VT, USA) with an excitation wavelength
of 404 nm and a baseline of 650 nm. Optical images were acquired using an optical microscope Carl Zeiss Microscopy with 5 x and 10
% objectives coupled to a ZEISS Axiocam Microscope Camera (Carl Zeiss NTS Ltd., Oberkochen, BW, DE). Confocal laser scanning
microscopy was performed using a Leica TCS-SP8 confocal laser scanning microscope (Leica Microsystems, Wetzlar, Germany). Flow
cytometry data were acquired using a Guava easy Cyte 8HT benchtop flow cytometer (Guava Technologies, Hayward, CA, USA). Data
analyses were performed using Guava CytoSoft 4.2.1 Software and FlowJo Version 10 software. The hydrodynamic diameter (Hp) and
polydispersity index (PDI) of the liposomes were determined by dynamic light scattering (DLS) using a Nano ZetaSizer (Malvern
Panalytical Ltd, Malvern, WORCS, UK). Spheroids were irradiated using a 660 nm LED BOX (biolambda, Sao Paulo, SP, Brazil).

2.3. Cell culture

U87MG, T98G, U251, and A172 cell lines were acquired from the American Type Culture Collection (ATCC, Manassas, VA, USA)
and cultured in T75 flasks for adherent cells in DMEM supplemented with 10% FBS, 100 U mL ! penicillin, 100 mg mL ™! streptomycin,
250 ng mL ™! amphotericin B, and 0.1 mmol L~! MEM non-essential amino acids. Cell lines were grown in an incubator at 37°C in a
humidified atmosphere of 5% CO,. Cell detachment for cell passage was performed using PBS solution (pH 7.4, 10 mmol L) con-
taining 0.05% trypsin and 0.02% EDTA.

2.4. MCTS formation

MCTS were prepared as previously described [30]. In summary, 100 pL of cell suspension (from 0.89 x 10%to 5 x 10* cells mL ™" in
1 x DMEM 10% FBS) was added to each well of an ultra-low attachment (ULA) 96-well round-bottom plate (Corning Inc., New York,
NY, USA). After centrifugation (300 g, 3 min), the plate was incubated at 37 °C for 24 h. Subsequently, 100 pL of a colloidal type-I
collagen solution (40.0 mg mL’l, DMEM 15% FBS) was added to each U87MG, A172, and T98G cell line well spheroids. The plate
was centrifugated (100 g, 1 min). For U251, the same procedure was applied, but using a collagen-free DMEM 15% FBS. The plates
were incubated at 37°C for the time required for each experiment. Half of the culture medium was renewed every each three days using
a fresh 1 x DMEM 15% FBS.

2.5. Growth and morphology of spheroids

ImageJ software was used to determine spheroid growth, morphology, and average radius (r) from optical images. The spheroid

surface area (A) was estimated using the following formula: A = &t x 2.

2.6. Cell viability using acid phosphatase

The cell viability of spheroids was determined based on a previously described method [30,32]. Spheroids were washed twice by
transferring 50 pL of the culture medium containing spheroids to a novel well of a 96-well flat-bottom plate, followed by the addition of
150 uL PBS (pH 7.4, 10 mmol L™1). Further, 100 L of the solution containing the spheroids was transferred to another well followed by
100 pL of acid phosphatase solution (1.8 mg mL™Y). The plates were then incubated for 90 min at 37°C. Ten microliters of NaOH
solution (1.0 mol L~ 1) were added to each well and the plate was incubated for 20 min at room temperature (RT). After incubation, the
absorbance at 405 nm and the baseline at 650 nm were recorded using a plate reader. Eight wells without spheroids were used to
determine the blank values. A blank solution was used to correct the absorbance values.

2.7. Cell viability using trypan blue

The trypan blue assay was used to determine the viability of spheroids by counting viable cells. Briefly, eight spheroids (in 50 pL of
culture medium each) were transferred to an Eppendorf tube (2 mL in volume). The spheroids were centrifuged (1400 rpm for 5 min),
and the culture medium was removed. PBS (500 pL (pH 7.4, 10 mmol LY was added, followed by centrifugation (1400 rpm for 5 min).
The supernatant was removed and 250 pL of Accutase solution (400-500 units/mL) was added. After 30 min of incubation (with cell
dispersion using a pipette every 10 min), 250 pL of FBS-free DMEM was added. The tubes were centrifuged (1400 rpm, 8 min), the
supernatant was removed, and 100 pL trypan blue solution was added. Viable cells were counted using a Neubauer Chamber.
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2.8. Flow cytometry

After the accutase protocol described in 2.7 using 24 spheroids (initial 2000 cells/spheroid, days 4 and 12), cells were resuspended
in Nexin reagent +7AAD medium (50 pL reagent 4+ 150 pL. 1 x DMEM medium). The tubes were then incubated in the dark for 20 min.
Flow cytometry was performed to obtain 5 x 10° cells per sample. Data were analyzed using the Guava CytoSoft 4.2.1 software.

2.9. Histochemistry (H&E)

Spheroids (2000 cells/spheroid, days 4 and 12) were fixed using 10% formaldehyde for 10 min at RT, placed in alcoholic eosin Y
solution 1% (m/v), and washed in PBS (pH 7.4, 10 mmol L™h. Spheroids were frozen in Tissue-Tek O.C.T. Serial sections (10 pm) were
prepared using a cryostat (—16 °C). Sectioned samples were hydrated in a series of solutions as follows: 100, 90, 80, 70, and 50%
ethanol: water (v/v) solution, stained with Hematoxylin and Eosin (H&E), hydrated using a series of ethanol: water solutions, clarified
in xylene, and finished with Eukitt mounting medium.

2.10. Synthesis of Lip-Pc

Liposomes containing Aluminum Chloride phthalocyanine (AlCIPc), named Lip-Pc, were prepared by ethanol injection [33]. A
mass of 12.2 mg of DMPC was solubilized in 440 L of an ethanolic solution containing 681.7 umol L~! AICIPc. The solution was
injected into 30.0 mL of DMEM culture medium (37°C) at 1 pL/s.

2.11. Cell uptake and penetration range of Lip-Pc

The cellular uptake and penetration range of Lip-Pc were determined using steady-state fluorescence and confocal microscopy,
respectively. U87MG spheroids (2000 cells/spheroid, day 4) were incubated with Lip-Pc (10 pmol L) in DMEM (3% FBS) for 20 min,
1, 2, 4, and 6 h. Spheroids were washed twice with PBS (pH 7.4, 10 mmol L™1). For cell uptake, seven spheroids in 10 pL of culture
medium were transferred to a 1.5 mL Eppendorf tube at each time point. The tube was centrifuged (1400 rpm, 5 min), the supernatant
was removed, and the spheroids were washed once in PBS (pH 7.4, 10 mmol L™!) and centrifuged again. After removing the super-
natant, 100 pL of trypsin (0.05%) was added and incubated for 20 min to promote the disintegration of spheroids. Isopropanol (200 pL)
was added and incubated for 24 h at 4°C to extract Pc. The solutions were transferred to a 96-well plate and steady-state fluorescence
were measured at 630 nm. For penetration range analysis, three spheroids at each time point were fixed using formaldehyde (10%) for
10 min, placed in eosin solution, and then in PBS solution (pH 7.4, 10 mmol L. Spheroids were frozen in Tissue-Tek O.C.T. and serial
sections (10 pm) were obtained using a cryostat. Slides containing spheroid sections were closed with glass coverslips containing the
Fluoromount-G mounting medium. Confocal microscopy of sectioned spheroids was used to acquire images of AICIPc with excitation
at 630 nm and an emission range between 660-750 nm.

2.12. Cytotoxicity of Lip-Pc

U87MG spheroids (initial 2000 cells/spheroid, day 4) were incubated with 0, 1.0, 2.0, 4.0, 7.0, and 10.0 pmol L~! of AICIPc loaded
in liposomes (culture medium supplemented with 3% FBS). After 4 h of incubation in the dark, the spheroids were washed twice in PBS
(pH 7.4, 10 mmol L) and incubated for 24 h at 37°C. The acid phosphatase method was used to determine cell viability, as described
in Section 2.6.

2.13. Photodynamic therapy assays

Spheroids of GBM (initial 2000 cells/spheroid, day 4) were incubated with 10.0 umol L™ of AlCIPc loaded in liposomes (DMEM
medium supplemented with 3% FBS). After 4 h of incubation in the dark, the spheroids were washed twice with PBS (pH 7.4, 10 mmol
L_l). Spheroids were irradiated using a 660 nm LED light at 30 mW/cm? for 0.56 min a J/cmz), 5.56 min (10 J/cmz), 27.78 min (50 J/
cm?), and 55.56 min (100 J/cm?) and incubated for 24 h at 37 °C. Cell viability was determined using the acid phosphatase method
described in Section 2.6. The control groups were spheroids without Lip-Pc and light, spheroids without Lip-Pc and 100 J/cm?, and
spheroids with Lip-Pc (10 pmol L) and without light.

2.14. Statistical analysis

GraphPad Prism 9 software was used for statistical data analysis (GraphPad Software, San Diego, CA, USA). Data were expressed as
mean =+ standard deviation. Statistical significance was determined by the Student t-test considering p < 0.05. All experiments were
performed in triplicates with at least eight spheroids for each replicate.
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3. Results and discussion
3.1. Growth and cell viability

To evaluate spheroid growth and viability as a function of time, we prepared U87MG, A172, and T98G spheroids (2000 cells per
spheroid) according to our previous work [30] where loose cell aggregation was provided by centrifugation in an ultra-low attachment
(ULA) round-bottom plate followed by tight compaction in the presence of type-I collagen ([collagen]fin, = 20 pg/mL). U251
spheroids were formed in the absence of collagen and used as a negative-collagen control, because of their ability to self-aggregate in
compact spheroids.

The timeline of spheroid formation is illustrated in Fig. 1A. On day two, all spheroids had a similar mean diameter, ranging from
333 (+4) to 393 (£7) um (Fig. 1B). (Fig. 1B). Conversely, they differ entirely as a function of time. U87MG spheroids grew as a linear
function of time in volume (Fig. 1C) up to day 12, with a final mean diameter of 818 (+2) um. A similar behavior was observed for the
A172 spheroid, with a final mean diameter of 664 (+24) um. The significant increase in both spheroids indicated that proliferative
processes were present within the evaluated period.

Contrary to the U87MG and A172, the mean diameters of the U251 and T98G spheroids did not increase over time. A short decrease
was observed for U251 from 333 (+4) to 305 (£+3) um from day 2 to day 12. These results suggested that the cell proliferation process
was insignificant for U251 and T98G cells or that cell viability decreased faster than the proliferation time. To test these hypotheses, we
verified the viability of spheroids by viable cell counting analysis using trypan blue assays (Fig. 1D). For the U87MG spheroids, cell
viability increased from day 2 to day 8. After this period, cell viability started to decrease. Since the diameter of U87MG spheroids
continues to increase after day 8, cell death processes must be most pronounced at the center of the spheroids.

However, cell proliferation continued in the interfacial region. These results suggested that a necrotic nucleus was formed on day
eight. Because the mean diameter of the U87MG spheroids was 705 (£7) um on day eight, this might be a key factor in the formation of
necrotic nuclei. A similar behavior was seen for A172 spheroids, with cell viability increasing up to day eight and decreasing thereafter.
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Fig. 1. Characterization of U87MG, A172, U251, and T98G spheroids as a function of time from day 2 to 12 at an initial cell density of 2000 cell/
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In contrast, the viability of U251 and T98G spheroids started decreasing immediately after day two, especially for T98G. These results
indicated a low proliferative process in these spheroids. It is worth noting that, for T98G cells, the relative cell viability strongly
decreased, showing that only a minor fraction of cells was viable on day 12.

In addition to trypan blue, an acid phosphatase assay was performed as a second viability assay to confirm the findings and evaluate
the correlation between both methods (Fig. 1E). The acid phosphatase assay is a method based on the quantification of cytosolic acid
phosphatase activity that hydrolyzes p-nitrophenyl phosphate to p-nitrophenol, resulting in absorption values at 405 nm proportional
to cell number in the range of 10° to 10° cells in the monolayer. This method determines the viability of single spheroids without any
prior disruption. Acid phosphatase exhibited similar behavior for cell viability in U87MG and A172 spheroids compared with the
trypan blue assay. Up to day eight, a good correlation was observed between the methods. However, a deviation appeared on day 12
(Fig. 1F). The deviation in acid phosphatase response at longer spheroid cultures has also been observed in previous studies, but the
cause was unclear [34]. Here, we show that the formation of a necrotic nucleus might be involved in such a deviation. The deviation
between the methods was observed for U251 and T98G cells even after day two (not shown), which resulted in high cell death. To the
best of our knowledge, this is the first study to use an acid phosphatase assay to establish a comparison between the most common GBM
spheroids and cell counting. The linear correlations between viable cell number and acid phosphatase OD can assist researchers in
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on day 2 for (A) US7MG, (E) A172, (I) U251, and (M) T98G. Volume versus time of culture viable cell number by trypan blue for (B) US87MG, (F)
A172, (J) U251, and (N) T98G cells. OD from acid phosphatase versus the initial cell number for (C) US87MG, (G) A172, K) U251, and O) T98G. OD
from acid phosphatase versus viable cell number by trypan blue for (D) US7MG, (H) A172, (L) U251, and (P) T98G cells. Data points represent the
mean + standard deviation for 24 spheroids.



S.R. Alves et al. OpenNano 9 (2023) 100116

viability assays and drug screening using GBM spheroids.

After describing the effect of time on spheroid properties, we aimed to study how the initial cell number affects the properties of the
GBM spheroids. The assays were conducted on day two of incubation to avoid any effects on the necrotic nucleus. Optical microscopy
images are presented in Fig. 2A (U87MG), 2E (A172), 21 (U251), and 2M (T98G) formed by 890 and 5000 cells, respectively. We found
that the spheroid diameter increased as the initial cell number increased, with a good correlation between volume and initial cell
number (Fig. 2B, F, J, and N). Cell compaction was in the following order: U87MG < A172 < T98G < U251. These results suggest a
correlation between cell compaction and cell death, except for U251. In this case, the highest compaction of the U251 spheroids might
be related to strong cell-to-cell interactions that cause significant compaction without collagen. The absence of type I collagen might
also contribute to higher compaction.

Acid phosphatase OD signal correlated well with the initial (Fig. 2C, G, K, and O) and viable (Fig. 2D, H, L, and P) cell numbers,
indicating the absence of necrotic nucleus formation on day 2. This was true even for the highest U87MG spheroid [569 (£+8) um in
diameter] formed by 5000 cells. It is worth noting that this diameter is above the limit that caused necrotic nuclei with time, as
described earlier. Interestingly, A172 spheroids presented the lowest viable cell number among spheroids, even when compared with
T98G cells, which presented an intense cell death process over time. Once all cell lines studied present similar doubling times according
to literature [35-37], the proliferative effect seems not to be the main factor driving the viability data observed. Thus, some cell death
processes were significantly present in the A172 spheroids. This finding explains the lower number of A172 viable cells on day 5
compared with U87MG. The differences in the value of the angular coefficient of the linear relationship between OD and cell number
from Trypan blue showed that the OD of phosphatase acid depends on the number of cells and the cell/spheroid characteristics. For the
next experiments, we selected days 4 and 12 since day 4 presented high cell proliferation with uniform morphology and day 12 was the
final period analyzed.
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3.2. Analysis of cell death and histology

To expand the findings on the cell death processes in our GBM spheroids, we analyzed the stages of cell death using flow cytometry
with annexin V/7-AAD staining. The results are illustrated in Fig. 3. Quadrant 4 (Q4) denotes vital cells (both Annexin V and 7-AAD
negative), while Q3 corresponds to early apoptosis (Annexin V-positive and 7-AAD-negative populations). Late apoptosis (Annexin V
and 7-AAD positive) is represented in Q2 and Q1 related to necrosis (Annexin V-negative and 7-AAD positive).

In U87MG cells (Fig. 3A), necrosis was observed on day 4 and the percentage of apoptotic cells significantly increased from day 4 to
day 12. Necrosis plays a role in stimulating apoptosis. Inducible apoptosis does not occur independently of necrosis [38]. Histology
using hematoxylin and eosin (H&E) assay of cryosectioned spheroids showed high cell viability along the spheroid on day 4 but
decreased viable cells in the nucleus region on day 12.

Together, these results demonstrated the formation of necrotic nuclei over time. Notably, the higher cell viability on the edge of
spheroids on day 12 agreed with the spheroid growth over time. In the case of A172 cells (Fig. 3B), flow cytometry demonstrated that
cell death was more related to necrosis in U87MG cells, agreeing with cell viability in Fig. 1. H&E staining showed fewer viable cells in
the nucleus on day 12, but the spheroid organization was preserved. Viable cells on spheroid edges on day 12 ensured interfacial cell
proliferation.

In the case of U251 cells (Fig. 3C), cell viability was stable over time. This corroborates the approximately unchanged viability
shown in Fig. 1C and D. The H&E images showed modest tissue differences with time, with an increased disorder on day 12. The T98G
spheroids (Fig. 3D) showed significant late apoptosis on day 4, with a further increase on day 12. H&E staining showed a highly
disordered tissue even on day 4, which is typical of spheroids with low viability. These results are consistent with the early decrease in
the viability of T98G cells over time in Fig. 1D. The results revealed that U251 spheroids are viable up to day 12, in contrast to T98G
spheroids, which are prone to cell death.

In summary, the results demonstrated that GBM spheroids increase cell death with a higher terminal stage of cell death, necrosis,
and early apoptosis. Hematoxylin and eosin (H&E) assays indicated essentially higher cell death at the center than at the interface of
spheroids over time. The U87MG and A172 spheroids maintained a structure organized for the tissue over time, supporting an increase
in viability during the first days of growth. U251 cells showed lesser changes with time, even in size, proliferation, or cell death-related
events. T98G spheroids showed high cell death processes with a less organized tissue, as showed by H&E stain. These findings showed
that GBM spheroids have unique structures and characteristics according to the cell line, which evaluated nanoparticle’s uptake and
application in PDT in such spheroids.

3.3. Uptake and cytotoxicity of AlClPc-loaded liposomes

Solid tumors have high extracellular matrix (ECM) content that drug delivery systems must overcome to enter and pass through the
core. ECM components may prevent convective flow within the tumor matrix, limiting the rate of movement of molecules and
nanomaterials through the tumor tissue via diffusion [39]. In this scenario, type-I collagen plays a crucial role in the ECM of GBM,
directly affecting the patient survival [40]. The GBM spheroids used in this study contained type-I collagen as an ECM for compaction,
which makes our spheroids good 3D models in nanomedicine for testing the penetrability of liposomes in the early stages of drug
development.

First, we evaluated the cellular uptake and penetration range of AICIPc-loaded liposomes (Hp equal to 104.2 nm and PdI = 0.209) in
U87MG spheroids (Fig. 4). U87MG was chosen as the standard spheroid model to ensure the accuracy and reliability of the experiment
because of its larger diameter and higher cell viability on day 4.
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For the Lip-Pc penetration range analysis, spheroids were fixed, serially cut using a cryostat, and imaged using a confocal laser
microscope with a filter for phthalocyanine at 630 nm (Fig. 3). The histological section avoids artifacts such as limited laser pene-
tration into the core of the integral spheroids [17]. The results demonstrated that Lip-Pc uptake was time-dependent. After 20 min, a
week fluorescence was observed on the outer part of the spheroid. The border of the spheroids was filled with Pc after 1 h. Increasing
the time increased the color intensity. A number of cells took up the drug center of the spheroid after 4 h incubation. By measuring the
total area of spheroids and the area taken by the fluorescence of Pc, we found approximately 47% of the spheroid area contained Lip-Pc
fluorescence at 4 h, increasing it to 55% of the area at 6 h. Although the uptake of nanoparticles is strongly influenced by the size,
nature of the material, and charge of particles [39], GBM spheroids allow drug penetration even in the presence of ECM components,
confirming that such GBM spheroids help study nanomedicine uptake as a mimic model of solid tumors.

The successful results of Lip-Pc uptake in GBM spheroids motivated us to carry out PDT cytotoxicity studies. The cytotoxicity of Lip
and Lip-Pc in the absence of light was assessed using an acid phosphatase assay in U87MG spheroids (Fig. S1). None of the formulations
was cytotoxic to the US87MG spheroid model after 4h of incubation. At 10 pmol L1 of AICIPc (for Lip-Pc), the cell viability was
approximately 90 + 3%. In contrast, previous studies using 2D monolayer cells of U87MG treated with 10 pmol L™ of AICIPc-loaded
nanoemulsion showed a 24 + 3% cell viability [41], a value much lower than that presented in the 3D culture. The findings
demonstrate that the use of 3D models is fundamental in drug discovery studies and new therapies because the cytotoxicity of for-
mulations in 3D spheroids is closer to that of in vivo models than in the 2D approach.

3.4. GBM spheroids as a tumor model for photodynamic therapy

Encouraged by the outstanding low cell cytotoxicity of Lip-Pc in U87MG spheroids, we tested phototoxicity in GBM spheroids as a
tumor non-animal model for PDT assays. We chose spheroids of the initial 2000 cells per spheroid on day 4 for application in PDT,
aiming at high-health spheroids with significant tight compaction and sphericity. Moreover, PDT in spheroids faces issues with oxygen
access in the inner parts of the spheroids as their size increases. Therefore, we used spheroids on day 4 to minimize the effects of
hypoxia.

Spheroids of US7MG, A172, U251, and T98G cell lines were treated with Lip-Pc (10 pmol L™} AICIPc) for 4 h and LED light (660
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nm) was applied at 30 mW/cm? for 0.56 min (1 J/cm?), 5.56 min (10 J/cm?), 27.78 min (50 J/cm?), and 55.56 min (100 J/cm?). Fig. 5
illustrates spheroid cell viability after treatment. No significant decrease in cell viability (> 90%) was observed for control of light
dose. Similarly, the Lip and Lip-Pc showed low cytotoxicity in the dark. Conversely, cell viability significantly decreased as a function
of light dose in all cell lines evaluated. At 100 J cm_z, cell viability was approximately 31 (£2), 56 (+1), 55 (£1), and 66 (+3)%,
respectively, for US87MG, A172, U251, and T98G. It is worth noting that the effective light dose for 2D monolayers is below 1.0 J cm ™2
using AICIPc at 1.0 pmol L™} in U87MG [42,43]. In contrast, in vivo studies used doses higher than 100 J cm ™2 [22]. Thus, the proximity
of the effective light dose used here against GBM spheroids with the in vivo dose response in the literature is a proof-of-concept of its
applicability as a pre-clinical testing platform to decrease the use of animals in research.

A linear correlation between the logarithm of the light dose used and cell viability results suggested the first-order mechanism of
cell death for all cell lines studied. The R? values for US7MG, A172, and U251 spheroids were above 0.99, confirming that the excellent
linear correlation obtained; the poorest R? value for T98G cells might result from its low initial cell viability, which reduces the signal-
to-noise ratio. Evaluation of U87MG spheroids showed the lowest cell viability at each light dose applied. Cell viability appeared to
have an inverse relationship with compaction. This result might indicate a correlation between tight compaction and resistance to PDT,
possibly because of the lower penetration of the drug and molecular oxygen towards the core of the spheroids; such assumption needs
further experimental validation. Simultaneously, T98G was the most resistant cell line (highest cell viability) and U87MG demon-
strated the best response to Pc photoactivity. One characteristic of GBM is the heterogeneous coexistence of high ROS levels and the
overproduction of antioxidant enzymes that can antagonize ROS-based therapies, such as PDT. It is also known that T98G shows high
levels of antioxidant enzymes and, consequently, is more resistant to PDT [44]. Other studies suggested a better performance of PDT in
2D models of U87MG than the U251 and T98G cells, probably through the activation of caspase-3 as a critical mediator of apoptosis,
which is less pronounced in other cells.

4. Conclusion

We characterized U87MG, A172, T98G, and U251 spheroid models cultured for up to 12 days according to their size, cell viability
pathway, histology, cell uptake, and response to PDT. U87MG and A172 spheroids growth in a time-dependent manner for up to 12
days. Compared with other cell lines, the larger size associated with the high viability of U87MG spheroids assures its potential as a
standard option for drug screening assays against GBM. A period of eight days was defined as the upper boundary in studies of cell
viability for both A172 and U87MG. This is typically due to the formation of necrotic nuclei and loss of organization. T98G and U251
spheroids present low cell viability and growth over time, requiring careful drug screening assays. Under phototherapy using PDT
mediated by AlCIPc-loaded liposomes, GBM spheroids were more resistant and mimicked the cell response better in vivo than 2D
monolayers.
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