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ARTICLE INFO ABSTRACT

Background: The development of nanocarriers is an important approach to increase the bioavailability of hy-
drophilic drugs in target cells. In this work, we evaluated the anti-tumorigenic mechanisms and efficacy of
NanoALA, a novel nanoformulation of aminolevulic acid (ALA) based on poly(lactide-co-glycolide) (PLGA)
nanocapsules designed for anticancer photodynamic therapy (PDT).

Methods: For this purpose, physicochemical characterization, prodrug incorporation kinetics, biocompatibility
and photocytotoxicity tests, analysis of the cell death type and mitochondrial function, measurement of the
intracellular reactive oxygen species production and DNA fragmentation were performed in murine mammary
carcinoma (4T1) cells.

Results: NanoALA formulation, stable over a period of 90 days following synthesis, presented hydrodynamic
diameter of 220 + 8.7 nm, zeta potential of —30.6 mV and low value of polydispersity index (0.28). The
biological assays indicated that the nanostructured product promotes greater ALA uptake by 4T1 cells and
consequently more cytotoxicity in the PDT process. For the first time in the scientific literature, there is a
therapeutic efficacy report of approximately 80%, after only 1h of incubation with 100 ug mL~' prodrug
(0.6 mM ALA equivalent). The mitochondria are probably the initial target of treatment, culminating in energy
metabolism disorders and cell death by apoptosis.

Conclusions: NanoALA emerges as a promising strategy for anticancer PDT. Besides being effective against a
highly aggressive tumor cell line, the treatment may be economically advantageous because it allows a reduction
in the dose and frequency of application compared to free ALA.
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1. Introduction

Aminolevulinic acid (ALA) is commonly used in photodynamic
therapy (PDT) and detection (PDD) as a precursor of protoporphyrin IX
(PpIX), a potent fluorescent photosensitizer. ALA is the naturally oc-
curring first intermediate in the heme synthesis pathway, and its exo-
genous administration results in overproduction and preferential ac-
cumulation of PpIX in cells undergoing high metabolic turnover,
providing therapeutic selectivity for dysplastic and neoplastic cells
[1-7]. Upon irradiation at specific wavelength, the PpIX in triplet state
reacts with molecular oxygen or other biomolecules in surrounding
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areas, producing reactive oxygen species (ROS), which can cause irre-
versible oxidative damage and trigger apoptotic and necrotic cell death
[8-11].

An important advantage of PpIX relative to other photosensitizers is
its fast clearance of the body - it lasts no longer than 48h.
Subsequently, it induces low cytotoxicity in the absence of irradiation
[12-14]. However, some clinical drawbacks come from ALA, the pre-
cursor prodrug of PpIX. Due to its zwitterionic and hydrophilic nature,
ALA is unstable in physiological environments and presents limitations
in its transport across skin or cell membranes, thus restricting the ef-
fectiveness of ALA-mediated PDT in the treatment of preneoplastic or
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superficial diseases [2,15,16]. To overcome these drawbacks, different
tools and strategies for improving the pharmacokinetic profile were
proposed, such as application of ferrochelatase inhibitors [17], use of
skin permeability enhancers [18], iontophoresis technique [19] or the
use of more lipophilic ALA ester derivatives [20].

A relatively new and exciting concept for targeted and effective
PDT, especially in the oncology field, is the incorporation of ALA into
nanodelivery systems. In theory, these systems offer advantages over
other approaches, because besides bypassing lipophilic barriers they
can protect labile molecules from degradation and promote selective
delivery to the target sites, avoiding possible toxic effects on healthy
cells [5,11,21]. For instance, poly(lactide-co-glycolide) (PLGA) is one of
the most studied synthetic polymers for the development of delivery
systems due to its excellent biocompatibility, biodegradability, and
approval for human use by the US FDA [22-24].

Although about twenty ALA nanocarriers have been designed in the
last two decades [3,5,7,12-14,21,25-37], to the best of our knowledge,
only two reports are found about the use of PLGA-based nanoparticles
for ALA delivery. In one of them, ALA-loaded amorphous PLGA nano-
particles were effectively internalized by squamous cell carcinoma, and
its photocytotoxicity was more efficient than that presented by free ALA
[38]. However, a long exposure period (24 h) was necessary to achieve
a more pronounced therapeutic effect. Furthermore, this sample pre-
sented some physicochemical characteristics that are undesirable for
medical purposes, such as high polydispersity index (PdI 0.62) and low
loading capacity (LC 0.62% =+ 0.27%), which could lead to multi-
scattering phenomena and particle aggregation. In the other report,
conducted by our group [2], ALA-loaded PLGA nanocapsules (Na-
noALA) showed high stability and better properties than ALA derivative
methyl aminolevulinate (MAL) for photodetection and treatment of
field cancerization associated with actinic keratosis and skin photo-
damage, using only 2 h of occlusion.

Even with these positive results, the study of the effects and me-
chanism of action of ALA as a nanoproduct is of great importance before
recommending NanoALA-PDT for broad clinical use, including safety
and regulation issues. The necessity for deeper knowledge of NanoALA
encouraged us to investigate the biological action, the therapeutic ef-
ficacy/efficiency and the anti-tumorigenic mechanisms of NanoALA-
PDT in a new preclinical experimental model. Although PDT is usually
focused on skin cancer, the investigation of PDT on another type of
cancer represents an expansion for its applications. Considering that a
human cell line develops only in immunosuppressed mice and that
there is evidence that the immune system plays a key role in response to
PDT [39,40], murine mammary carcinoma (4T1) cells were chosen as a
therapeutic target, especially due to the high carcinogenic and invasive
ability of this cell line, capable of inducing tumors analogous to stage IV
human breast cancer [41]. Considering also that breast cancer is the
most frequent cancer in women and that each year there are 458,000
deaths related to this cancer for lack of early diagnosis and effective
treatment [42], this work may contribute to the understanding of a new
safe and noninvasive treatment option, while expanding and directing
future studies related to the use of nanotechnology strategies in the
field of oncology.

2. Materials and methods
2.1. The preparation of NanoALA

NanoALA is an oil-in-water (o/w) polymeric nanoemulsion pre-
pared by a spontaneous emulsification process following the protocol
described elsewhere [2]. In brief, na organic phase containing poly
(lactide-co-glycolide) (PLGA), egg-phosphatidylcholine lipids (50:50 w/
w polymer:lipids) and ALA (Dye Pharmaceuticals, Sao José dos
Campos, Sao Paulo, Brazil) in a 20% final concentration was prepared
at 55 °C. This organic phase was added into the aqueous phase con-
taining the anionic surfactant, poloxamer 188 (Sigma Aldrich, St Louis,
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MO, USA) under controlled magnetic stirring. Lastly, the organic sol-
vents were removed by evaporation under reduced pressure at 60 °C for
a period of 6 h.

2.2. Characterization

The average size, polydispersity index, and zeta potential of the
systems were investigated by dynamic light scattering (DLS) and elec-
trophoretic measurement (Malvern Instruments’, Nano ZS ZEN3600,
UK). The analyses were performed with a He-Ne laser operating at
633 nm, scattering angle of 173°, and temperature of 25.0 * 0.1 °C.
For stability analysis, the formulations were stored at 4 °C and char-
acterized by DLS for 90 days following synthesis.

2.3. Cell culture

4T1 mouse mammary tumor cell line (ATCC - CRL-2539™) was
cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco® Life
Technologies, Ltd., USA) supplemented with 10% (v/v) fetal bovine
serum (Gibco® Invitrogen™, USA) and 100 IU.mL™! penicillin and
100 pg mL ™! streptomycin (Sigma—-Aldrich). Cell cultures were routi-
nely maintained in a humidified atmosphere containing 5% CO, at
37 °C.

2.4. Uptake Profile of NanoALA in 4T1Cells

4T1 cells (5 x 10* cells/well) were seeded in 24-well plates and
cultured for 24 h. After being washed twice with phosphate buffered
saline (PBS), cells were incubated, under light protection, with 200 pL
serum-free medium (SFM) containing 6.25 pg mL~" and 200 pug mL ™!
NanoALA. SFM was used to avoid the ATP-binding cassette transporter-
mediated PpIX efflux from the cell [43]; the absence of serum during
treatment did not cause cell death or morphological abnormalities.
However, after treatment, the cells were incubated in complete medium
for 24 h before the tests were performed. Each hour for a period of 10 h
and at 24 h, the protoporphyrin IX (PpIX) fluorescence was determined
using IVIS LUMINA® imaging system (XRIIl model, PerkinElmer, USA)
in excitation and emission conditions: 420-620 A¢x- Aem. Data were
corrected for autofluorescence background by cells not exposed to the
PpIX precursors. All experiments were performed under the same
conditions with free ALA solutions for comparison purposes.

2.5. Comparison of ALA- and NanoALA-mediated photocytotoxicity on
4T1Cells

4T1 cells were seeded in 96-well plates at a density of 1 x 10* cells/
well and cultured for 24 h. Attached cells were washed twice with PBS
solution and incubated with 200 pL SFM containing NanoALA in con-
centrations ranging from 6.25 pg mL~ " to 200 ug mL ™" for 0.5h, 1h,
6 h or 24 h. Dark toxicity was determined by removing the treatment
solutions, followed by PBS washing and culture medium reestablish-
ment for 24 h. To perform PDT treatment, cells were irradiated in PBS
by a 630 nm wavelength Light Emitting Diode (LED) at a power density
of 24.9 mW/cm? and fluency of 22.44 J/cm?. Following irradiation,
cells were incubated in complete medium for another 24 h. The po-
tential cytotoxic effect was determined by (4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. MTT solution
(0.5 mg mL ™1, 150 uL/well) was added to the wells, and the cells were
incubated for 2h at 37°C in a CO, incubator. Dimethyl sulfoxide
(DMSO, 200 pL/well) was added to dissolve the formazan crystals
produced after discarding the supernatant. The absorbance values were
measured in a spectrophotometer with a microplate reader (Molecular
Devices SpectraMax M2®, USA) at 595 nm. No baseline correction was
applied at log wavelength. Unloaded PLGA nanocapsules were tested
previously and showed no toxicity [2,44,45], as expected [22-24].
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2.6. Effects of NanoALA-PDT on 4T1 cell morphology

As the MTT assay does not discriminate between cytostatic and
cytotoxic activities, and nor does it differentiate the viable cells from
cells in the early death process, the effect of the NanoALA- mediated
PDT on 4T1 cells was investigated by phase contrast microscopy
(Invitrogen EVOS FL Auto Cell Imaging System, Thermo Fisher
Scientific, USA). First, the 4T1 cells (1 x 10° cell/well) grown in 6-
well-plate were incubated with 50 ug mL~' NanoALA for 1h. After
24 h of PDT (as described above), the morphological changes were
examined and recorded at 200 X total magnification.

2.7. Assessment of anti-tumorigenic mechanisms of NanoALA

NanoALA-induced cell death profile, mitochondrial membrane po-
tential, ROS production and DNA fragmentation analyses were per-
formed by flow cytometry. The ideal concentration for these analyses
should generate two cell populations (live and dead), preferably equi-
distributed. For practical convenience, the shortest incubation time in
which the NanoALA-PDT was able to reduce about 50% of cell viability
was chosen. Briefly, at 24 h post-treatment, cells were harvested by
trypsinization (0.25% trypsin-EDTA; Sigma). Cell pellets were washed
with 1 mL of ice-cold PBS and re-suspended in an appropriate buffer for
incubation with specific markers. The samples were immediately ana-
lyzed by flow cytometry (FACSVerse, BD, USA) equipped with FlowJo"
vX 0.7 software. A total of 10,000 events per sample were analyzed. The
forward scatter (FSC) and side scatter (SSC) of particles were simulta-
neously measured and cell debris was excluded.

2.7.1. Apoptotic cells staining by annexin-V/propidium iodide

To explore the mechanism underlying the reduction of 4T1 cell
viability, the modes of cell death (apoptosis or necrosis) induced by
NanoALA-PDT were determined by the AnnexinV-FITC/PI staining
method, according to the manufacturer's instructions (BD, USA/Probes
— Thermo Fisher, USA). Cell pellets were re-suspended in 400 pL
binding buffer [10 mM HEPES/NaOH (pH 7.4), 140 mM NacCl, 2.5 mM
CaCl,] and incubated with 5 pL of Annexin-V/FITC solution for 15 min
at room temperature in the dark. After that, the cells were incubated for
an additional 5 min with 10 pL propidium iodide (PI; 20 pug mL™1).

2.7.2. Analysis of mitochondrial membrane potential (Ay,,)

The mitochondrial function was monitored using rhodamine 123, a
cationic lipophilic fluorochrome that can accumulate in active mi-
tochondria. The fluorescence intensity is proportional to the mi-
tochondrial membrane potential (Ay,,). Mitochondrial leakage often
results in the opening of membrane permeability transition pores and
dissipation of the Ay, [46], which promotes the efflux of rhodamine
from mitochondria. To perform the analysis, the cells re-suspended in
1 mL PBS were incubated with 1puL of Rhodamine 123 solution
(5mg mL~!; Probes — Thermo Fisher, USA) for 15 min at room tem-
perature in the dark. They were then washed twice with PBS and im-
mediately analyzed.

2.7.3. Detection of intracellular reactive oxygen species (ROS)

Production of a significant amount of intracellular ROS is an im-
portant indicator of PDT efficiency [26]. The effect of treatment with
NanoALA-PDT on the intracellular ROS level was determined by the
cell-permeable CellROX Green® reagent, which exhibits a strong fluor-
escent signal upon oxidation in the nucleus and cytoplasm of living
cells. The cell suspension was incubated with 2 uL of CelROX Green®
solution (250 uM; Molecular Probes’) for 40 min at 37 °C, protected
from light. During the final 5 min of staining, 10 puL propidium iodide
(P, 20 ug mL™') was added. Cells treated with 20 uM hydrogen per-
oxide (H,0,) for 30 min were used as positive control.
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Table 1
Particle size analyses for Nano-ALA formulations from dynamic light scattering technique
(DLS).

Size, nm Pdl Zeta, mV
Nano unloaded 180 + 2.8 0.23 —28.5
Nano-ALA 220 * 8.7 0.28 —30.6

“Statistical analyses from triplicate of different batches for each formulation (n = 3).

2.7.4. DNA fragmentation

Cells were fixed in 70% ethanol at —20 °C for 24 h. After cen-
trifugation (5 min, 10 °C, 2000 rpm), the supernatant was removed and
the cells were incubated with 200 L of lysis buffer containing PI and
RNase (0.1% sodium citrate, 0.1% TritonX-100, 20 ug/mL propidium
iodide, 250 ug mL~! RNase) for 30 min at room temperature.

2.8. Statistical analysis

Data were expressed as mean *+ SEM. Differences among groups
were tested by two-way ANOVA. Comparisons between the groups were
evaluated using Tukey’s multiple comparisons test. A value of
P < 0.05 was considered significant.

3. Results
3.1. Particle size, zeta potential and physical-chemical stability

Table 1 shows the sample NanoALA physical-chemical character-
istics obtained by DLS and electrophoretic measurement. As a result of
ALA nanoencapsulation, an increase in the average hydrodynamic
diameter (from 180 + 2.8 nm to 220 + 8.7 nm) and a reduction in
the zeta potential (from — 28.5 mV to —30.6 mV) were observed when
compared to unloaded nanocapsules (Nano). The low value of poly-
dispersity index (0.28) denotes the monodisperse system. Over a period
of 90 days following synthesis, the NanoALA formulation remained
stable in terms of hydrodynamic size and polydispersity index (PdI)
(Fig. 1).

3.2. PpIX fluorescence measurements

The influence of prodrug concentration and exposure time on the
4T1 cell uptake rate was evaluated by the fluorescence intensity of PpIX
production (Fig. 2). At the lowest concentration (6.25 ug mL™1), there
was no considerable PpIX production by cells incubated in the dark
with ALA or NanoALA, over all the period analyzed. The highest con-
centration (200 pg mL™!) of ALA led to a subtle amount of PpIX only
after 24 h. At this time, the fluorescence intensity was around four
times higher in cells incubated with NanoALA. It is important to note
that the NanoALA uptake did not progressively increase. The PpIX
production increased by approximately 50% in 1h and 30% in 6 h,
which was enough to generate a different cytotoxic effect.

3.3. NanoALA biocompatibility

To test the effects of NanoALA on 4T1 cells, the MTT assay was first
performed under dark conditions. In agreement with the PpIX fluores-
cence measurements, the results indicate that the NanoALA bio-
compatibility is dependent on both concentration and exposure time
(Fig. 3, DARK). Incubation for 0.5, 1 and 6 h with both samples (ALA
and NanoALA) had no effects on the cell viability, and the reduction
was about 10% for all concentrations tested. However, after 24 h of
incubation with high concentrations of NanoALA there was a significant
loss of cell viability. NanoALA at concentrations of 50, 100 and
200 pug mL ™! reduced, respectively, about 15%, 40% and 63% of cell
viability compared to control group (cells without treatment). ALA
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Fig. 1. Physical-chemical stability of Nano and
1 NanoALA formulations (unloaded and loaded with

250 aminolevulinic acid, respectively) obtained from DLS
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alone did not affect the cell viability in the same conditions.

3.4. NanoALA-PDT efficiency and cell morphology

The PDT treatment using concentrations higher than 6.25 yug mL™*
NanoALA was photocytotoxic when the incubation times were 1, 6 and
24 h, while the ALA solutions were photocytotoxic only after 24 h of
incubation (Fig. 3, PDT). After 1 h of NanoALA incubation, the cell
viability was reduced from 11% (12.5pg mL~! NanoALA) to 78%
(200 pg mL~! NanoALA), and the living cells showed morphological
abnormalities, such as cell shrinkage, membrane damage, and in-
numerable cytoplasmic vacuoles (Fig. 4). The NanoALA-mediated
photocytotoxicity after 6 h of incubation was significantly lower than in
1h for the same concentrations, except in the concentration of
25 ug mL~ !, which did not present a significant difference. For ex-
ample, the inhibitory rate decreased from 78% at 1 h to 59% at 6 h
using 200 pg mL~! NanoALA. After 24 h of incubation the cytotoxic
effect of NanoALA was enhanced dramatically. At 12.5 ug mL~! Na-
noALA the viability was reduced to 46%, reaching 90% reduction in the
higher concentrations (=50ugmL™'). ALA-mediated photo-
cytotoxicity was significantly lower than the NanoALA. About 56% to
76% of viability was reduced in ALA concentrations = 50 ug mL ™",

A

1H 24H

Control  6.25ug.ml? 200 ug.mlL?

ALA §

NANOALA |

Together, these results evidence the enhanced efficacy of NanoALA-
mediated PDT compared to the free ALA-PDT, since a much longer
incubation time was required for ALA to achieve a similar effect to 1 h
of incubation with NanoALA.

3.5. Analysis of the cell death profile

Fig. 5 indicates the percentage of intact 4T1 cells (unmarked), cells
in early apoptosis with intact membranes (AnnexinV-FITC*), late
apoptosis/necrosis (PI*/AnnexinV-FITC") and necrotic cells (PI*)
after different treatments. In the absence of irradiation, 4T1 cells in-
cubated with 50 pg mL~' ALA or NanoALA for 1 h did not show any
significant increase in the percentage of apoptotic and/or necrotic cells
compared to the control. It is important to note that irradiation alone
does not sensitize cells or induce cell death, excluding a possible
thermal effect of light, observed by MTT as well. After NanoALA-PDT,
the percentages of early apoptotic cells (8%) and late apoptotic/ne-
crotic cells (16%) were significantly higher than in the control group.
NanoALA-PDT probably induces plasma membrane alterations that
culminate in a loss of integrity at subsequent times, as was observed in
microscopy images (Fig. 4).

600+

ab,c

400

200+

PpIX production (%)

o
L

Incubation time (hours)

-+ 6.25ug.mL™ (ALA) —e— 200 ug.mL" (ALA)

6.25 ug.mL" (NanoALA) —e— 200 ug.mL" (NanoALA)

Fig. 2. Protoporphyrin IX (PpIX) fluorescence measurements in 4T1 cells. (A) Image representative of the intensity of PpIX fluorescence after 1 h and 24 h of incubation with ALA or
NanoALA in the absence of light determined by IVIS LUMINA® imaging system (420-620 Acx- Aem)- (B) Data were corrected for autofluorescence and presented as mean + standard
deviation; (n = 4). Note that the time scale between 10 h and 24 h is longer than the other times. Statistical significance was determined by two-way ANOVA (P < 0.05). The letters
indicate significant differences detected by Tukey’s multiple comparisons test. “Comparisons between 6.25 ug mL ™' NanoALA and 200 ug mL ™! NanoALA at the same incubation times;
bComparisons between different incubation times with 200 ug mL~' NanoALA; ‘Comparisons between 200 pg mL~' NanoALA and 200 ug mL~! ALA at the same incubation times.
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Fig. 3. NanoALA- and ALA-mediated photodynamic therapy effect on
DARK PDT viability of the 4T1 cells determined by MTT ((4,5-dimethylthiazol-2-
yD-2,5-diphenyltetrazolium bromide) assay. Cells were incubated
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3.6. Analysis of mitochondrial membrane potential (Ay,)

Consistent with mitochondrial leakage, the results indicated that the
Ay, of 4T1 cells was significantly reduced from 97% to 78% by
NanoALA-PDT treatment, compared with irradiated control. Treatment
with NanoALA or ALA in the dark and ALA-PDT did not induce changes
in Ay, (Fig. 6).

3.7. Reactive oxygen species (ROS) measurement

Fig. 7 represents the amount of ROS produced per living cell. The
remaining cells of the NanoALA-PDT group had about two times more

ROS compared to the other groups evaluated, indicating that the Na-
noALA sample led to a much greater increase in the ROS level than free
ALA after irradiation. It is important to note that in the dark, NanoALA
does not increase the production of cytotoxic ROS.

3.8. DNA fragmentation

To further characterize the growth inhibitory effects observed by
MTT assay, DNA fragmentation analyses were performed. As shown in
Fig. 8, NanoALA-PDT resulted in an increase in DNA fragmentation by
approximately 12-fold compared to the control, probably causing a
blockage in the G1 phase of the cell cycle.

Fig. 4. Effect of photodynamic therapy (PDT) on the morphology of 4T1 cells incubated for 1 h with 50 ug mL~* NanoALA or ALA before irradiation. The untreated cells (A) and cells
treated with ALA-PDT (B) displayed a standard shape with no cell death. Cells treated with NanoALA-PDT (C) present evident morphological abnormalities. Scale: 200 um.



L.R. de Andrade et al.

A CONTROL ALA

15Q

s
1136 »

s o
To63 w

Jos7

NANOALA

Photodiagnosis and Photodynamic Therapy 20 (2017) 62-70

@
5,30

PE-H 1 PE-H

1 @
0.82 4,95

EZ1 Pl+/AnnexV+
AnnexV+
I Pl+

EA Unmarked

Cell (%)

IRRADIATED

)
2,88
oy

vy
100 w0t a0 0t 10

FITC-H 2 FITC-H

Fig. 5. (A) Cell death profile after treatment with 50 ug mL™~ 1 NanoALA or ALA for 1 h in the absence or presence of irradiation. 4T1 cells were labeled with annexin-V FITC (AnnexV) and
propidium iodide (PI) after treatment. Cell populations marked: intact (Q4 — unmarked), early apoptotic (Q3 — AnnexV *), late apoptotic/necrotic (Q2 — PI* /AnnexV *). (B) Results were
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Fig. 6. Analysis of the mitochondrial membrane potential (Ay,,) by flow cytometry. (A)
Representative fluorescence histogram of the Ay, of cells treated with 50 ug mL ™!
NanoALA or ALA for 1 h in the presence of irradiation and stained with Rhodamine 123.
Loss of the Rhodamine 123 dye accumulation indicates dissipation of Ayy,. (B) Bar graphs
represent% of polarized (normal Ay,,), depolarized (dissipation of Ay,,) and hyperpo-
larized cells (enhanced Ay,,). Values are mean + SD for two independent experiments.
Statistical significance was determined by ANOVA and Tukey’s test for multiple com-
parisons (P < 0.05). *Significant differences between depolarized cells of the NanoALA-
PDT group and control or treated groups; “Significant differences between polarized cells
of the NanoALA-PDT group and control or treated groups.

4. Discussion

This work aimed to evaluate the biocompatibility of PLGA-nano-
capsules loaded with ALA (NanoALA) and their efficacy/efficiency in
mediating PDT in a highly carcinogenic and invasive in vitro model. The
results demonstrate that the highly stable-as-produced nanocarrier
promotes greater uptake of the prodrug by 4T1 cells. As a result, in a
short incubation time — equivalent to 1 h — up to 70% more cells were
killed than following the use of ALA-PDT. It is notable that in this
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Fig. 7. Detection of intracellular reactive oxygen species (ROS) in 4T1 cells by flow cy-
tometry. (A) Representative fluorescence histogram of the ROS levels detected by
CellROX Green® reagent after exposure to 50 ug mL~' NanoALA or ALA for 1h in the
presence of irradiation. (B) Bar graphs represent the ROS ratio (ROS production/live
cells). Values are mean + SD for two independent experiments. Statistical significance
was determined by ANOVA and Tukey’s test for multiple comparisons (P < 0.05).
Asterisks indicate significant differences compared to control and treated groups.
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Fig. 8. (A) Analysis of DNA integrity after treatments with 50 ug mL~ ' NanoALA or ALA
for 1h in the presence of irradiation. (B) Bar graphs represent% of fragmented DNA.
Values are mean *= SD for two independent experiments. Statistical significance was
determined by ANOVA and Tukey’s test for multiple comparisons (P < 0.05). Asterisks
indicate significant differences compared to control and treated groups.

period, NanoALA is biocompatible even at the highest concentrations
tested. As expected, after irradiation the NanoALA sample led to a much
greater increase in the level of reactive oxygen species than ALA, an
important indicator of PDT efficiency.

Under physiological conditions ALA undergoes dimerization. The
unprotonated amino group reacts with the ketone group from the
neighboring molecule to form products such as 3,6-dihydropyrazine-
2,5-dipropanoic acid (DHPY) and 2,5-(B-carboxyethyl)pyrazine (PY),
resulting in a loss of biological activity [5,47,48]. So, it is possible that a
free ALA fraction has been degraded in the culture medium, which
would, at least in part, explain the restricted ALA transport rate to the
intracellular environment and the insufficient PpIX production to
overload the heme biosynthesis pathway and generate cytotoxicity at
shorter exposure times. In contrast, the anchoring of the prodrug mo-
lecules in the interfacial domain of the PLGA nanocapsules can increase
their stability [2] and favor a higher uptake via endocytosis, compared
to the conventional uptake of free ALA via active transport [11,38].

Although the nanovehicle favored the incorporation of prodrug into
the cells, the photocytotoxic effect of NanoALA did not progress con-
tinuously, and milder effects were observed at 6 h of incubation in
comparison to 1 h. The existence of transporters that cause PpIX efflux,
such as ABCG2, an ATP-binding cassette transporter, as well as the
conversion of PpIX to heme in the presence of iron by the enzyme
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ferrochelatase, discourage the accumulation of FS and, therefore, re-
duce the PDT efficacy [43]. The PpIX was probably partially metabo-
lized or exported during the first hours of incubation, causing a slight
reduction in fluorescence between 1 h and 6 h. Albeit not significant,
this may have been enough to generate different cytotoxic effects.

The mechanism underlying the anti-tumorigenic effect of PDT is
modulated by multiple factors, but low doses of PDT and photo-
sensitizer located in mitochondria usually direct cells towards apop-
tosis, whereas high doses of PDT and photosensitizer localized in
plasma membrane and lysosomes cause necrosis [10]. Our results
confirm that PpIX-loaded mitochondria are the initial targets of Na-
noALA-photoinduced damage. Most likely, mitochondrial leakage
caused by oxidative stress resulted in dissipation of the Ay, and al-
terations in energy metabolism, particularly in the failure of oxidative
phosphorylation and progressive depletion of adenosine tryphosphate
(ATP), triggering cell death via apoptosis. An increase in DNA frag-
mentation is a common feature of apoptotic cells, which reinforces our
conjecture.

We searched the scientific literature for the effectiveness of ALA-
mediated PDT conjugated to nanoparticles (assessed by MTT cell via-
bility assay) (see Table 2). In most of the papers presented, the irra-
diation is often carried out following 4-6 h of incubation with nanos-
tructured ALA. This is the first work to show a reduction in cell viability
of approximately 80% in just one hour of incubation, with a relatively
low concentration of NanoALA (100 pg mL~'-0.6 mM ALA equivalent).
More interestingly, the use of NanoALA reduced by 4 times the required
ALA concentration for inducing the same therapeutic effect. These re-
sults are very convenient for clinical practice, because NanoALA-
mediated PDT will avoid the probable adverse effects on healthy tis-
sues, in addition to reducing the operational cost for the health system.

5. Conclusion

Aminolevulic acid-loaded PLGA nanocapsules, denominated
NanoALA, emerge as a promising strategy for anti-cancer PDT. It was
evidenced that the nanostructured end product enhances the stability of
the prodrug under physiological conditions and promotes greater up-
take by 4T1 tumor cells. These results are convenient for clinical
practice, in terms of efficacy and efficiency, where shorter exposure
times and lower concentration are desired to achieve the expected
therapeutic effect with minimal adverse effects. Now other biological
parameters such as biodistribution, biocompatibility and in vivo efficacy
should be investigated to complement this study and to ensure the safe
and broad clinical use of NanoALA-mediated PDT.
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Table 2
Effectiveness of ALA-mediated PDT conjugated to nanoparticles assessed by MTT cell viability assay: a review.
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Author ALA nanocarriers Concentration Exposure time Irradiation conditions Cell line % Cell viability (best

condition)

Battah et al. [12] Dendrimers (D16 and D21) 0.1 mM and 4h Power density: 40 mW/cm? PAM 212  20% (D21- 0.5 mM)

0.5 mM
Energy density: 5 J/cm?

Oo et al. [26] Gold nanoparticles 1 mM 4h Light Source: 150 w halogen NHDF 30%

lamp for 1 min
HT 1080

Huang et al. [30] Dendrimer-modified multi-walled carbon ~ 0-100 pM 24h Energy density: 4.35 J/cm? MGC-803  10% (> 30 pM)

nanotubes

Xu et al. [33] Cationic gold nanoparticles 1, 2 and 3mM 4h Power density: 1 mW/cm? K562 30% (Green LEDs —2

and 3 mM)
Time: 1h
Light sources:
— Mercury lamp
- Purple LEDs
— Green LEDs
— Red LEDs
Benito et al. [14] Gold nanoparticles: 200 uM 4h Power density: 40 mW/cm? Hela 19.1% (ALA-AuNP2)
— ALA-AuNP1 (14-nm-diameter) Time: 7 min
— ALA-AuNP2 - (136 nm of diameter)
A: 640 nm, Distance: 8 cm from
the cells
Mohammadi et al. Gold nanoparticles 1 mM 4H Light Source: He—Ne laser MeL-Rm ~30% (60 J/cm?)
[34]
Energy density: 20, 40, 60 and
80 J/cm*
Chung et al. [21] Methoxy polyethylene glycol/chitosan 0.1 mM 24h Light Source: 635 nm LED CT26 30% (1.8 J/cm?)
(PEG-Chito) copolymer
Energy density: 0.6, 1.2, and
1.8 J/cm?
Rodriguez etal. [13] Dendrimers carrying 6 and 9 ALA 0.025 mM 3h Energy density: 0.15 J/cm? — LM3 0% (LM3 cell —9m-
residues (6m-ALA and 9m-ALA) LMS3 cell ALA)
Energy density: 0.6 J/cm? — HMEC-1 0% (Raw264.7)
HMEC-1 and Raw264.7
Raw264.7
Zhang et al. [36] 5-ALA-GNPs 2 mM 6h Energy density: 24 J/cm? K562 ~30% (LED)
Light Source:
— 502-nm LED
— 635-nm Laser
— Xenon lamp
Feng et al. [37] CIS/ZnS QDs-ALA (Quantum dots-ALA 1 mM and 2 mM 4h Light Source: Femtosecond laser ~MCF-7 (< 40%) (2 mM)
conjugates) with pulse widths of 50 fs
Power: 100 Mw
Time: 120 s
Wu et al. [7] Thiolated stealth peptide and hydrazone- 50 pg/mL 4h Light Source: 635 nm laser A549 25% (5 min light
containing ALA to gold nanoparticles irradiation)
Power: 500 mW
Times: 0.5 min to 10 min.
Shi et al. [38] ALA loaded poly(lactic-co-glycolic acid) 0.1 mM 6hand 24h Light Source: 632.8 nm helium- A431 20% (24 h)
nanoparticles neon laser
Power density: 8.6 mW/cm?
Energy density: 8 J/cm?
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