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A B S T R A C T

For cancer patients with a high risk of ovarian tissue metastasis, ovarian autotransplantation is not advised due to 
the potential spread of malignant cells. Ex vivo purging of ovarian fragments may offer a more suitable alter
native for fertility restoration. Eradicating malignant cells should be done selectively without affecting follicles 
or ovarian stromal cells (SCs). As a clinically licensed method, photodynamic therapy (PDT) is a minimally 
invasive treatment to destroy cancer cells. This study evaluates the effectiveness of nanoemulsions (NE) con
taining two phthalocyanine photosensitizers; aluminum (III) phthalocyanine (AlPc) and zinc (II) phthalocyanine 
(ZnPc) in eliminating cancer cells. Human leukemic malignant (HL-60) and ovarian stromal cells (SCs) were 
treated with AlPc/ZnPc loaded NEs with or without diode laser irradiation. HL-60 leukemia cells in 2D culture 
were eliminated by treatment with 10 nM AlPc-NE or 0.1 µM ZnPc-NE, while no toxicity was observed in SCs. In 
3D culture models, although the cells showed more resistance to the NEs as a result of limited oxygen and 
photosensitizer penetration, the treatment remained selective for cancer cells. These approaches have the po
tential to eliminate malignant cells from ovarian tissue fragments.

1. Introduction

Ovarian tissue cryopreservation and autotransplantation (OTCT) is a 
valuable option for fertility preservation for prepubescent girls and 
women who require immediate cancer treatment. This procedure allows 
for the cryopreservation of harvested ovarian tissue before cancer 
treatment and subsequent autotransplantation following patient remis
sion, which facilitates the restoration of endocrine function and en
hances the prospects of successful conception in the future [1,2]. Up to 
now, over 90 % of patients have demonstrated restoration of ovarian 
function, with over 200 documented live births resulting from this OTCT 
[3,4]. However, due to the high risk of contamination of ovarian tissue 
with malignant cells during OTCT, the technique is not recommended 
for patients with chronic myeloid leukemia (CML) or acute myeloid 
leukemia (AML), as this could result in the recurrence of the illness after 

autotransplantation [5–7]. There are several promising alternatives 
under development for restoring fertility in patients who are not suitable 
candidates for OTCT. These include in vitro ovarian follicle culture [6,8], 
the bioengineered artificial ovary [9–13], and malignancy purging from 
OTs before autotransplantation [3,14–17].

Photodynamic therapy (PDT) is emerging as a promising cancer 
treatment due to its minimally invasive nature and ability to target tu
mors precisely [18–20]. In this strategy, after a selective accumulation 
at a specific tumor location, photosensitizer (PS) molecules can be 
stimulated by laser irradiation at a specific wavelength with suitable 
energy density, causing cancer cells to be eliminated. Briefly, the excited 
PS produces 1O2 and other reactive oxygen species (ROS) in the presence 
of oxygen, which induces the oxidation of different macromolecules and 
tumor cell death [21–24]. Aluminum phthalocyanine (AlPc) and zinc(II) 
phthalocyanine (ZnPc) which are two metal-based tetracarboxylic 
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phthalocyanine PSs have been shown different localization in cancer 
cells. While AlPc has a mitochondrial localization, ZnPc mainly accu
mulates in the Golgi apparatus [25].

Apart from PDT benefits, many PSs fail to achieve expectations due 
to downsides such as self-aggregation, poor bioavailability, and inade
quate tissue penetration [26,27]. Over the last decades, there has been 
extreme interest in the application of nanoparticles in PDT, which have 
several advantages, such as increasing the biodistribution, using the 
enhanced permeability and retention (EPR) effect, enhancing bioavail
ability, and decreasing PSs’ tendency to be aggregated in an aqueous 
solution [28,29]. Nanoemulsions (NEs), which are biphasic dispersion of 
two immiscible liquid droplets stabilized by an interfacial layer of 
emulsifiers, have proven potential to improve drug permeability 
through biological membranes. NEs can also be employed for PS 
encapsulation to increase PDT efficiency and overcome their constraints 
[30,31].

In our previous in vitro study, we investigated the use of free AlPc and 
ZnPc to identify the optimal light energy density and treatment protocol 
for PDT of human leukemia cell lines, with the lowest damage to isolated 
human ovarian cells [16]. The results demonstrated the potential of 
these PSs to eliminate malignant cells while preserving ovarian tissue. 
However, challenges such as self-aggregation, low bioavailability, and 
limited tissue penetration remain. NE formulations can help address 
these issues by preventing the self-aggregation of phthalocyanines, 
enhancing tissue penetration, and improving both stability and 
bioavailability. Therefore, this study aims to develop AlPc- and 
ZnPc-loaded NEs and evaluate their in vitro PDT efficacy in both 2D and 
3D models. In this study, human leukemia and ovarian SCs were 
employed for 2D in vitro assays and HL-60 and ovarian SCs embedded 
PEGylated fibrin was used for the 3D in vitro assays.

2. Materials and methods

2.1. Preparation of AlPc-NEs and ZnPc-NE

AlPc-NE and ZnPc-NE were prepared using the Phase Inversion by 
Temperature (PIT) method [32–34]. Briefly, the mixture of surfactant 
and oil (SOmix), including 1.8 g of polyethylene glycol sorbitan mono
laurate (TWEEN® 20, 93773, Sigma) and 0.6 g of mineral oil (M5904, 
Sigma), was mixed by stirring (5 min, room temperature). Afterward, 5 
µmol of AlPc (362530, Sigma) or ZnPc (341169, Sigma) was mixed in 
3 ml ethanol and added to the SOmix. Then, the ethanol was removed by 
stirring at 90◦C for 15 min. After reaching room temperature, distilled 
water was added slowly (1 ml/min) and stirred (15 min, room tem
perature). The same method was employed to prepare blank NEs but 
without the addition of any PSs.

2.2. Characterization of AlPc-NE and ZnPc-NE

The dynamic light scattering (DLS) technique via Zetasizer Nano ZS 
(Malvern Instruments Limited, Worcestershire, UK) was employed to 
analyze the vesicle size, polydispersity index (PDI), and Zeta potential 
(ZP) of blank-NE, AlPc-NE, and ZnPc-NE. The nanoemulsions were kept 
at room temperature and to evaluate their storage stability, DLS was run 
immediately and periodically for six months after preparation of the 
nanoemulsions. Moreover, the morphology of Blank-NEs, AlPc-NEs, and 
ZnPc-NEs was investigated by transmission electron microscopy (TEC
NAI 10, Philips), operating at 80 kV [35]. All the experiments were 
performed in triplicate.

2.3. Human ovarian stromal cell isolation

The ovarian tissue biopsies were collected following permission from 
the Université Catholique de Louvain’s Institutional Review Board in 
May 2019 for the use of the human ovarian cortex (IRB reference 2012/ 
23MAR/125, registration number B403201213872). Minimum 

Essential Medium (MEM; 42360–024; Gibco, Netherlands) was used to 
transfer the dissected ovary to the laboratory at 4◦C. The cortex was 
frozen using our standard method after the medullar section was 
removed [36]. After thawing [36], the ovarian SCs were isolated from 
the ovarian tissue [37]. The tissue was chopped using a tissue sectioner 
(McIlwain Tissue Chopper, Mickel Laboratory, UK) set to 0.5 mm, and 
then digested for 75 minutes at 37◦C with Liberase DH (5401054001; 
Sigma-Aldrich, Belgium) and DNAse I (10104159001; Sigma-Aldrich). 
The enzymatic digestion was then inactivated by combining equal 
amounts of Dulbecco’s phosphate-buffered saline (DPBS; Gibco; 
14190144) with 10 % heat-inactivated fetal bovine serum (HI-FBS; 
16140–071; Gibco). The suspension was then centrifuged after being 
filtered using 80 µm (NY8002500; Millipore, Belgium) and 30 µm 
(NY3002500; Millipore) nylon net filters (500 g, 10 min).

2.4. Cell culture

After centrifuging the isolated ovarian stromal cell, the pellet was 
resuspended in Dulbecco’s modified Eagle’s medium F-12 nutrition 
combination (DMEM/F12; Gibco; 21041–025) with 10 % HI FBS and 
1 % antibiotic and antimycotic agents (AA; 15240–062, Gibco). For cell 
subculture, we used Accutase (A6964; Sigma), and the passage-five 
ovarian SCs were seeded in a 96-well plate (Sarstedt, Germany) 24 h 
before the in vitro analysis (2×104 cells/well). On the other hand, a 
human leukemic malignant cell line (HL-60, 98070106, Sigma) was 
grown in RPMI-1640 media (61870–010, Gibco) supplemented with 
10 % HI-FBS and 1 % AA. In a 96-well plate covered with poly-D-lysine 
(PDL; A3890401; Gibco), HL-60 cells were cultured (2×104 cells/well) 
for in vitro assays.

2.5. Cytocompatibility

The cytocompatibility of blank-NE was assessed by an in vitro test on 
human ovarian SCs. Briefly, SCs were cultured overnight in a 96-well 
plate (2×104 cells per well). Then, the medium was replaced by 1 µM 
blank NE in SCs culture medium (DMEM/F12 containing 10 % FBS and 
1 % AA) and incubated for 2 h at 37◦C. After one day of incubation, the 
cytocompatibility of blank NE was assessed by the cell viability assay 
using PrestoBlue™ HS and LIVE/DEAD™ Viability/Cytotoxicity Kit 
[17]. Normalization was performed using untreated cells, and wells with 
just medium were fixed as 100 % and 0 % viability, respectively. All the 
experiments were performed in triplicate.

2.6. Lipid peroxidation fluorescence staining

The Image-iT Lipid Peroxidation Kit (C10445; Invitrogen) was 
employed to measure the accumulation of lipid peroxide in cells. Briefly, 
SCs and HL-60 cells were seeded on µ-Slide 8 Well high plate (80806, 
ibidi) with a cell density of 3×104 cells/well and incubated for 24 h at 37 
◦C. After AlPC-NE and ZnPc-NE treatment or not (as control), the cells 
were incubated with the Image-iT Lipid Peroxidation sensor (10 µM) for 
30 min at 37 ◦C. After staining with 10 µg/ml Hoechst 33342 (14533, 
Sigma), the cells were analyzed using confocal microscopy (LSM800; 
ZEISS). 1O2 can affect unsaturated lipids, forming lipid hydroperoxide 
intermediates, which causes the probe to have a shift from red to green 
channel [38,39]. The lipid peroxidation rate was quantified using the 
following equation [40]; 

Lipid peroxidation rate(%) = 100(FI)/(FI+TRI) (1) 

Where FI and TRI are respectively the fluorescence intensities of FITC 
and Texas Red measured using Image J software.

2.7. Intracellular ROS generation

The amount of ROS production in HL-60 cells was evaluated by 
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dichlorodihydrofluorescein diacetate (H2DCFDA, D399; Invitrogen), 
which can be oxidized to 2′,7′-dichlorofluorescein in the presence of ROS 
[41,42]. The H2DCFDA stock solution was made in DMSO (5 mM) and 
stored at − 20◦C. HL-60 cells were cultured in a PDL-coated glass-bottom 
96-well plate (PBK96G-1.5–5-F; MatTek, USA) with a cell density of 
1×104 cells/well for 24 h. Then, the cells were treated or not by the IC50 
concentration of AlPc-NE or ZnPc-NE, they were washed with DPBS, and 
20 µM H2DCFDA was added. After 30 min incubation, the cells were 
washed three times, and intracellular ROS generation was visualized 
using super-resolution 3D microscopy (3D Cell Explorer; Nanolive, 
Switzerland). Using ImageJ software, the generated ROS was measured 
to determine the average intracellular fluorescence intensity. Each pixel 
in an 8-bit image can have one of 256 values between 0 and 255, and 
RGB histograms display the frequency distribution of pixel values, the 
normalization was done using the highest and lowest pixel values as 
100 % and 0 % intensity, respectively (n = 6).

2.8. 2D/3D PDT assay

Ovarian stromal and HL-60 cells were in vitro cultured in two- and 
three-dimensional structures for 24 h and 72 h, respectively. PEGylated 
fibrin with molar ratios of 10:1 was used to embed the cells with a cell 
density of 103 cells/µl [10]. Then, they were treated by AlPc-NE or 
ZnPc-NE with different concentrations (0, 0.0001, 0.0005, 0.001, 0.005, 
0.01, 0.05, 0.1, 0.5, and 1 µM) for 2 h. Then, the medium was replaced 
and the cells were exposed or not to a 660 nm diode laser with the en
ergy density of 10 J/cm2 (11.15 mW/cm2, 15 min) for AlPc-PDT groups 
and 50 J/cm2 (18.59 mW/cm2, 45 min) for ZnPc-PDT groups. Then, the 
plates were in vitro cultured for another 24 hours before cell viability 
analysis by LIVE/DEAD® cell staining and PrestoBlue™ assay [16]. The 
cell viability was also evaluated after five days post-PDT incubation to 
see any possible relapse. All the experiments were performed in 
triplicate.

2.9. Measurement of cell apoptosis

Cell-embedded PEGylated fibrin hydrogel was cultured in μ-slide 
eight-well ibiTreat dishes (80806, Ibidi) for 24 h. They were treated by 
AlPc-NE or ZnPc-NE with different concentrations (0, 0.01, 0.1, and 
1 µM) using the same process described in the previous section. After 
24 h, samples were washed with PBS and stained using an apoptosis 
detection kit (V13242, Molecular Probes, USA) that contains annexin V- 
FITC and propidium iodide (PI). Hoechst 33342 was added at a con
centration of 20 µg/ml to count all the cells [43,44]. Hoechst (455 nm), 
Annexin V-FITC (FITC, 519 nm), and PI (674 nm) fluorescence were 
immediately observed under a confocal laser scanning microscope 
(Olympus, FV1000, Tokyo, Japan) and four categories of cells were 
distinguished: early apoptotic (annexin V-FITC-positive), dead (propi
dium iodide-positive), late apoptotic (double-positive), and viable 
(double-negative).

2.10. Statistical analysis

The quantitative data were presented as mean ± standard deviation 
(SD) and one-way ANOVA was used to statistically evaluate the data. 
Statistical significance was defined as a P value of less than 0.05. In 
graphs, the error bars represent a single sample SD.

3. Results

3.1. AlPc-NE and ZnPc-NE characterization

The size, ZP, and PDI of blank-NE, AlPc-NE, and ZnPc-NE were 
studied using DLS, which determines the Brownian motion diffusion of 
the particles and applies the Stokes-Einstein relation to determine the 
size and PDI [45]. Table 1 shows the DLS characteristics of the 

nanoemulsions. Due to their PDI lower than 0.2, these nanoemulsions 
could be classified as monodisperse nanoparticles, which means they 
had a low aggregation tendency (Fig. 1b1–3) [3,46].

The ZP of AlPc-NE and ZnPc-NE were − 37.05±1.15 and − 29.15 
±0.65 mV, respectively (Fig. 1c2,c3). These NE characteristics are 
comparable with the NEs made by mineral oil and Pluronic F68 [47]. To 
assess their storage stability, the DLS study on blank NE, AlPc-NE, and 
ZnPc-NE was run for six months following preparation. The droplet size 
and PDI did not change during the stability study and the changes in the 
values of ZP were not significant (Fig. 2), indicating that the nano
emulsions could stay stable in distilled water during the storage time.

3.2. Dark toxicity of AlPc-NE and ZnPc-NE and blank-NE 
cytocompatibility

The potential photodynamic activity of AlPc-NE and ZnPc-NE on 
stromal and HL-60 cells was evaluated in the dark (Fig. 3a,b). Cells were 
incubated with different concentrations of AlPc-NE and ZnPc-NE 
(0.001–1 µM) for 2 h and their viability was assessed after 24 h. No 
significant difference was seen between the cell survival of different 
concentrations and both formulations had no dark cytotoxicity. More
over, the toxicity of nanoemulsion components was studied by incu
bating blank-NEs with SCs with and without subsequent 660 nm laser 
irradiation (Fig. 3c,d). The blank-NE showed no cytotoxicity for SCs and 
did not cause significant phototoxicity, suggesting suitable cyto
compatibility (Fig. 3d).

3.3. Intracellular ROS generation after AlPc-NE and ZnPc-NE treatment

Effective and constant intracellular ROS production to trigger 
oxidative stress is one of the most important factors influencing PDT 
anticancer effectiveness [48]. Once ROS forms, intracellular penetrated 
H2DCFDA could have been oxidized to DCF, which can be identified by a 
green fluorescence detector. The Nanolive fluorescence microscopy 
analysis of the untreated, AlPc-NE-treated, and ZnPc-NE-treated HL60 
cells indicated that the IC50 concentration of both NEs causes a signifi
cant amount of ROS in the cells after the light exposure (Fig. 4).

3.4. Lipid peroxidation assays of AlPc-NE and ZnPc-NE

The lipid peroxidation fluorescence probe (BODIPY® C11) localizes 
throughout lipid membranes and has been employed to study the effect 
of ROS generation on lipid peroxidation. Intracellular lipid peroxidation 
levels in ovarian stromal and HL-60 cells were studied after the treat
ment by AlPc-NE and ZnPc-NE or not (as control) (Fig. 5a,b). The 
quantitative lipid peroxidation rate is depicted in Figs. 5c and 5d, 
revealing a substantial increase in lipid peroxidation in the treated HL- 
60 cells compared to the untreated cells. In contrast, there was no 
observable change in the peroxidation rate of SCs, regardless of 
treatment.

Table 1 
Particle size, PDI, and ZP of blank NE, AlPc-NE, and ZnPc-NE.

NPs Size (nm) PDI ZP (mv)

Mean ±SD Mean ±SD Mean ±SD

Blank-NE 171.75 7.65 0.0615 0.0025 − 18.10 0.60
AlPc-NE 180.25 1.05 0.0975 0.0075 − 37.05 1.15
ZnPc-NE 176.85 0.55 0.0870 0.0040 − 29.15 0.65

Abbreviations: Nanoparticles, NPs; Nanoemulsion, NE; Polydispersity index, 
PDI; Zeta potential, ZP; aluminum (III) phthalocyanine, AlPc; and zinc (II) 
phthalocyanine, ZnPc.

S. Moghassemi et al.                                                                                                                                                                                                                           Colloids and Surfaces B: Biointerfaces 245 (2025) 114338 

3 



3.5. The PDT efficiency of AlPc-NE and ZnPc-NE to destroy leukemia 
cells

The efficiency and selectivity of the PDT approaches were evaluated 
by 2D (Figs. 6) and 3D (Fig. 7) in vitro assays. Stromal and HL-60 cells 
were incubated with different concentrations of AlPc-NE and ZnPc-NE 
(0.001–1 µM) for 2 h before laser irradiation. The results of the 2D in 
vitro assay revealed that while AlPc-NE and ZnPc-NE IC50 for HL-60 are 
3 and 30 nM, their IC50 for SCs are 21 and 353 nM, respectively 
(Fig. 6a1,b1). In addition, while a complete eradication of HL-60 occurs 
starting from the concentration of 5 nM of AlPc-NE or 77 nM ZnPc-NE, 
the IC90 of these treatments on SCs are as high as 56 nM and 818 nM, 
respectively (Table 2). After five days of the treatment, there was no 
relapse of HL-60 cells and complete eradication was observed using the 
treatments of 10 nM AlPc-NE and 0.1 µM ZnPc-NE, while the same 
treatment showed no significant toxicity for SCs (Fig. 6a2,b2), demon
strating the selective eradication of cancer cells. These results were 
confirmed by consistent findings from the Live/Dead assay (Fig. 6c), 
where the 0.01 µM AlPc-NE and 0.1 µM ZnPc-NE could completely 
eradicate malignant cells, but the same treatments demonstrated mini
mal toxicity for SCs.

3D models, as more accurate artificial environments, have been 
exposed to different concentrations of the NEs to evaluate the effect of 

NEs transport, light penetration, and cell-ECM interaction on the PDT 
efficiency (Fig. 7). AlPc-NE has demonstrated a notable efficacy in 
purging malignancy, exhibiting 50 % inhibition of HL-60 at the con
centration of 18.64 ± 1.13 nM while its IC50 on SCs is 61.91 ± 12.66 nM 
(Table 2). On the other hand, there was a significant phototoxicity of 
1 µM ZnPc-NE for HL-60, and the same treatment caused no significant 
toxicity on SCs (Fig. 7b1,2). LIVE/DEAD assay also confirmed that SCs 
could survive the treatment up to 1 µM ZnPc-NE, while HL-60 cells were 
eliminated. The complete eradication of HL-60 and SCs after AlPc-NE 
PDT occurred at concentrations of 0.1 and 1 µM, respectively 
(Fig. 8a). The apoptotic assay revealed that both treatments invoke the 
apoptosis process to inhibit growth. Moreover, the secondary necrosis as 
a result of a complete apoptotic program could be visualized on HL-60 
after the treatment by 1 µM of the NEs (Fig. 8b).

4. Discussion

In this study, AlPc and ZnPc have been loaded in nanoemulsions to 
improve some of their characteristics for pharmaceutical applications, 
such as bioavailability, biodistribution, pharmacokinetics, and tissue 
penetration [49]. It has been demonstrated by Tedesco et al. [30] that 
the PDT activity of AlPc can be enhanced up to 55 % by utilizing NEs, in 
comparison to the free form of the PS. Moreover, the stability and 

Fig. 1. Morphology, size distribution, and zeta potential of NEs. TEM images of blank-NEs (a1), AlPc-NEs (a2), and ZnPc-NEs (a3); the size and zeta potential 
distribution of freshly-synthetized blank-NEs (b1, c1), AlPc-NEs (b2, c2), and ZnPc-NEs (b3, c3).

Fig. 2. Storage stability of the NEs. Size and PDI of the NEs just after preparation and 2, 4, and 6 months after the preparation (d); and NEs’ zeta potential just after 
preparation and 2, 4, and 6 months after the preparation (e) (* P<0.05).
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photobiological activity of phthalocyanines were found to be enhanced 
when they were incorporated in NEs [50].

The NEs in this study could be classified as monodisperse nano
particles, due to their sharp size distribution and PDI lower than 0.2, 
showing their low aggregation tendency [3,46,51]. The ZP of AlPc-NE 
and ZnPc-NE were − 37.05 ± 1.15 mV and − 29.15 ± 0.65 mV, respec
tively. The ZP of NEs, determined by the measured particle’s electro
phoretic mobility, is crucial. NEs with a ZP below − 25 mV are 

considered physically stable and capable of keeping the particle well 
suspended [49,52,53]. These NEs demonstrate comparable character
istics to those made with mineral oil and Pluronic F68, particularly in 
terms of size, PDI, and ZP [47]. The colloidal and photophysical stability 
of approaches in this study did not significantly vary over six months. 
Similarly, it has been reported that AlPc-NE could be stored for at least 
one year [54]. Moreover, Dalmolin et al. observed that the size, PDI, ZP, 
and pH of the ZnPc nanoemulsions remained stable throughout the 

Fig. 3. Dark toxicity and cytocompatibility of NEs. Dark toxicity of metallic-based phthalocyanine-loaded nanoemulsions; AlPc-NE on human ovarian stromal and 
HL-60 cells (a), ZnPc-NE on human ovarian stromal and HL-60 cells (b). The cytocompatibility of blank-NE on human ovarian stromal with or without light irra
diation (50 J/cm2) using LIVE/DEAD® (c) and PrestoBlue™ (d) assays (scale bar: 200 µm).

Fig. 4. ROS generation in HL-60 by AlPc-NE and ZnPc-NE before and after irradiation. ROS generation in untreated HL-60 cell (control), or after PDT by the IC50 
concentration of AlPc-NE and ZnPc-NE (scale bar: 10 µm) (a), the histograms of the frequency distribution of intracellular green pixels value (b), and the normalized 
value of the green intensity in control, AlPc-NE treated or ZnPc-NE treated cells (c) (** P<0.01).
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30-day experiment [55].
For PDT to be effective, PSs need to be non-toxic in the dark. This 

ensures that only tissues exposed to light during treatment are affected 
by PDT [56]. In this study, it was found that both AlPc-NE and ZnPc-NE 
do not exhibit any toxicity on stromal and HL-60 cells when they are not 
exposed to light. Free AlPc and ZnPc demonstrated no toxicity for leu
kemia and ovarian SCs in the absence of light [16]. Similarly, liposomal 
AlPc and ZnPc have been reported to exhibit no significant dark toxicity 
for HeLa cervical carcinoma and human squamous carcinoma cells, even 
up to a concentration of 1 µM [57].

The blank-NE demonstrated cytocompatibility both with and 
without light exposure, which is an important finding, as it confirms that 
the components of the NE exhibit no in vitro toxicity. This suggests that 
the cell death observed after PDT with AlPc- or ZnPc-NE is solely due to 
ROS generation by the activated photosensitizers loaded in the 

nanoparticles. Notably, the cytocompatibility of blank-NE has also been 
established in various other cell types, including human breast adeno
carcinoma MCF-7 cells [34] and murine breast adenocarcinoma 4T1 
cells [33].

The NEs containing AlPc and ZnPc have been observed to induce 
intracellular ROS and lipid peroxidation. Due to the pre-existing 
oxidative stress in cancer cells, they are notably more susceptible to 
additional ROS damage from external agents. Consequently, the mod
ulation of ROS levels has the potential to selectively eliminate cancer 
cells while mitigating adverse effects on normal cells [58–60]. A 
comprehensive understanding of the inherent variances between normal 
and cancer cells holds promise for advancing the development of more 
effective therapeutic interventions in preventing tumor progression.

Our research findings indicate that by using AlPc-NE and ZnPc-NE, 
we could completely eradicate malignant cells by 10 nM AlPc-NE and 

Fig. 5. Lipid peroxidation in SCs and HL-60 by AlPc-NE and ZnPc-NE before and after irradiation. Confocal microscopy imaging of the untreated, AlPc-NE-treated, 
and ZnPc-NE-treated SCs (a) and HL-60 cells (b) stained by the Lipid Peroxidation Kit and Hoechst (scale bar: 100 µm). Quantitative lipid peroxidation rate after 
different treatments on SCs (c) and HL-60 cells (d) (* P<0.05).

Fig. 6. PDT efficiency of AlPc-NE and ZnPc-NE in 2D in vitro models. Mitochondrial activity of ovarian stromal and HL-60 cells in 2D in vitro models after the 
treatment by AlPc-NE, 24 h (a1) or 5 days after PDT (a2), and ZnPc-NE 24 h (b1) or 5 days after PDT (b2). LIVE/DEAD assay of human ovarian stromal and HL-60 
cells (c) without treatment or after treatment with different concentrations of AlPc-NE or ZnPc-NE (0.01, 0.1, and 1 µM) (scale bar: 200 µm) (** P<0.01).
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100 nM ZnPc-NE. In a study by Muehlmann et al. [54], the effect of 
AlPc-NE (λ: 660 nm, 25 J/cm2) on human mammary adenocarcinoma 
resulted in a 50 % cytotoxic concentration of 3.0 nM and a 100 % 
cytotoxic concentration of 93.0 nM. Similarly, in another study, the IC50 
of AlPc-NE-treated breast adenocarcinoma 4T1 cells was reported to 
range from 7.0 to 11.4 nM [33]. The NE-encapsulated formulation of 
AlPc and ZnPc demonstrated superior efficacy compared to the free 
forms [16]. This enhancement can be attributed to several key factors. 
First, encapsulating the photosensitizers within the nanoemulsion 
significantly improves their solubility and stability in aqueous envi
ronments, addressing the inherent hydrophobicity of AlPc and ZnPc. 
Additionally, the nanoemulsion enhances passive targeting through the 
EPR effect, allowing the nanoparticles to preferentially accumulate in 
tumor tissues due to the abnormal vascular architecture present in tu
mors. The increased surface-area-to-volume ratio of the nanoemulsion 
further contributes to more efficient cellular uptake and improved 
bioavailability. These combined factors result in higher concentrations 

of photosensitizers within the tumor microenvironment, ultimately 
leading to more effective PDT by generating more significant levels of 
ROS upon light activation [61,62].

The development of anticancer drugs using in vitro tests has always 
posed challenges. Recent advances in the biomedical sciences have 
significantly improved the accuracy of cell culture methods by incor
porating 3D culture systems, such as cell-embedded scaffolds and 
microfluidics [63]. These 3D models allow for a more accurate assess
ment of therapeutic responses, drug penetration, anti-apoptotic 
signaling, multicellular resistance, and hypoxia, as they account for 
cell-cell and cell-matrix interactions [64]. Furthermore, the effective
ness of the PDT approach necessitates not only selectivity in 2D in vitro 
culture but also validation in 3D. This is especially critical in ovarian 
tissue, where a gradient PS penetration rate is observed during the PDT 
purging procedure, necessitating a targeted approach employing a va
riety of PS concentrations. Overdosing the PS may lead to dysfunctional 
tissue boundaries, while insufficient PS concentration may result in 
ineffective elimination of cancer cells within the deeper tissue regions, 
potentially leading to disease recurrence. In this study, a 
mechanically-optimized PEGylated fibrin hydrogel with molar ratios of 
10:1 was used to embed the cells at a density of 103 cells/µl for the 
development of the 3D model. This model was employed to evaluate the 
efficiency of AlPc/ZnPc-NEs-based PDT more accurately [10]. Notably, 
higher drug resistance was observed in 3D culture models, possibly due 
to reduced penetration of PSs and light, compared to 2D models [65]. 
Moreover, since PDT is an oxygen-dependent therapy, its effect may be 
diminished in the central zone of the hydrogel, as 3D cell culture models 
typically exhibit lower oxygen concentrations [66].

In this study, we developed an AlPc/ZnPc-NEs-based PDT approach 
for ex vivo purging of ovarian tissue from malignant cells, with the goal 
of enabling safe transplantation. Table 3 highlights various ex vivo 
purging strategies used to eliminate malignant cells from ovarian tissue. 
For example, dexamethasone was ineffective at removing contaminating 

Fig. 7. PDT efficiency of AlPc-NE and ZnPc-NE in 3D in vitro models. Mitochondrial activity of ovarian stromal and HL-60 cells in 3D in vitro models after the 
treatment by AlPc-NE, 24 h (a1) or 5 days after PDT (a2), and ZnPc-NE 24 h (b1) or 5 days after PDT (b2) (* P<0.05, ** P<0.01, *** P<0.001).

Table 2 
Antiproliferative activity of AlPc -NE exposed to the diode laser with the energy 
density of 10 J/cm2 and ZnPc-NE with the energy density of 50 J/cm2 laser 
exposure on 2D/3D in vitro cell culture models of SCs and HL-60.

In vitro 
models

PS SCs HL-60 cells

IC50 (nM) 
± SD

IC90 (nM) 
± SD

IC50 (nM) 
± SD

IC90 (nM) ±
SD

2D AlPC- 
NE

21.14 ±
0.64

55.73 ±
0.30

2.78 ±
0.65

45.10 ±
1.17

ZnPc- 
NE

352.70 ±
20.30

818.07 ±
1.70

30.15 ±
1.45

76.82 ±
5.12

3D AlPC- 
NE

61.91 ±
12.66

>1000 18.64 ±
1.13

355.42 ±
120.91

ZnPc- 
NE

851.78 ±
7.44

>1000 507.58 ±
11.41

927.87 ±
14.22
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acute lymphocytic leukemia cells from the ovarian cortex, as leukemia 
cells were still detectable after xenotransplantation of the purged tissue 
fragments to rodents [67]. Similarly, while the combination of Verte
porfin and Imatinib successfully purged ovarian cortex tissue containing 
rhabdomyosarcoma and chronic myeloid leukemia, it was less effective 
against Ewing sarcoma and breast cancer cells, emphasizing the need for 
tailored purging regimens depending on the malignancy [14]. 
PDT-based purging, which exhibits light-dependent toxicity, can be 
applied to various cancer types and is considered safer than 
chemotherapy-based purging, as any remaining photosensitizer (PS) in 
the tissue post-transplantation does not cause unwanted toxicity in the 
body. Ex vivo purging relies on phototoxicity and is considered safer and 
more manageable. In contrast to niosomal OR141 [3], 
AlPc/ZnPc-NEs-based PDT demonstrated enhanced selectivity and sta
bility and can be activated through irradiation with a lower absorption 
coefficient, allowing for deeper tissue penetration [68].

In conclusion, the AlPc-NE and ZnPc-NE have been developed as 
cytocompatible approaches with a high storage stability of up to six 

months, and they exhibit no dark toxicity. They showed a selective 
eradication of malignancy in both 2D and 3D in vitro studies which is one 
of the most vital requirements for the ex vivo PDT-purging application of 
malignant cells from ovarian fragments. Therefore, the NE approaches 
showed high potential to be used for ovarian tissue purging before 
autotransplantation. Further analysis is required to understand the un
derlying mechanisms of this selectivity, and it is imperative to conduct 
additional investigations to conclusively establish the efficacy of these 
approaches in purging ex vivo models both pre- and post- 
transplantation.
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Fig. 8. Cell viability and apoptosis analyses. LIVE/DEAD assay of human ovarian stromal and HL-60 cells (a) after treatment with different concentrations of AlPc-NE 
or ZnPc-NE (0.01, 0.1, and 1 µM) (scale bar: 200 µm). The annexin V (green), Hoechst 33342 (blue), and PI (red) stained cells are shown in representative merged 
pictures (b) (scale bar: 200 µm). A white triangle denotes a viable cell, a yellow triangle early apoptosis, a pink triangle late apoptosis, and a red triangle dead cell.

Table 3 
Ex vivo purging strategies to eradicate malignant cells from ovarian tissue.

PS Cancer Outcome Ref.

Verteporfin, 
Imatinib

Rhabdomyosarcoma, 
leukemia

YAP/TAZ inhibition of 
cancer cells in ovarian tissue

[14]

Niosomal 
OR141

Leukemia Eradication of the cancer 
cells in ex vivo tumor models

[3]

CMA Ovarian cancer Exhibition a high 
cytotoxicity in cancer cells 
with the minimum damage 
on non-cancer cells

[69]

DXM Leukemia DXM incubation before 
retransplantation fails to 
prevent leukemic cell 
reintroduction

[67]

Liposomal 
methylene 
blue

Ovarian cancer Effective PDT for 
treating the ovarian 
malignancies

[70]

GSK1070916 Leukemia Prevention of cancer cell 
reseeding through 
transplantation of ovarian 
tissue

[71]

Abbreviations: aluminum phthalocyanine, AlPc; zinc phthalocyanine, ZnPc; 
chlorin e6-monoethylenediamine monoamide, CMA; yes-associated protein/ 
transcriptional co-activator with PDZ-binding motif, YAP/TAZ; dexamethasone, 
DXM; Aurora B/C kinases inhibitor, GSK1070916.
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[26] N. Düzgüneş, J. Piskorz, P. Skupin-Mrugalska, T. Goslinski, J. Mielcarek, 
K. Konopka, Photodynamic therapy of cancer with liposomal photosensitizers, 
Ther. Deliv. 9 (11) (2018) 823–832.

[27] A. Roby, S. Erdogan, V.P. Torchilin, Solubilization of poorly soluble PDT agent, 
meso-tetraphenylporphin, in plain or immunotargeted PEG-PE micelles results in 
dramatically improved cancer cell killing in vitro, Eur. J. Pharm. Biopharm. 62 (3) 
(2006) 235–240.

[28] J. Qian, D. Wang, F. Cai, Q. Zhan, Y. Wang, S. He, Photosensitizer encapsulated 
organically modified silica nanoparticles for direct two-photon photodynamic 
therapy and in vivo functional imaging, Biomaterials 33 (19) (2012) 4851–4860.

[29] J. Liu, Y. Yin, L. Yang, B. Lu, Z. Yang, W. Wang, R. Li, Nucleus-Targeted 
Photosensitizer Nanoparticles for Photothermal and Photodynamic Therapy of 
Breast Carcinoma, Int. J. Nanomed. 16 (2021) 1473.

[30] A.C. Tedesco, E.P. Silva, C.C. Jayme, H.L. Piva, L.P. Franchi, Cholesterol-rich 
nanoemulsion (LDE) as a novel drug delivery system to diagnose, delineate, and 
treat human glioblastoma, Mater. Sci. Eng.: C. 123 (2021) 111984.

[31] Y. Zhang, Y. Liao, Q. Tang, J. Lin, P. Huang, Biomimetic nanoemulsion for 
synergistic photodynamic-immunotherapy against hypoxic breast tumor, Angew. 
Chem. Int. Ed. 60 (19) (2021) 10647–10653.

[32] V. Monge-Fuentes, L.A. Muehlmann, J.P.F. Longo, J.R. Silva, M.L. Fascineli, P. de 
Souza, F. Faria, I.A. Degterev, A. Rodriguez, F.P. Carneiro, Photodynamic therapy 
mediated by acai oil (Euterpe oleracea Martius) in nanoemulsion: a potential 
treatment for melanoma, J. Photochem. Photobiol. B: Biol. 166 (2017) 301–310.

[33] M.C. Rodrigues, L.G. Vieira, F.H. Horst, E.C. de Araújo, R. Ganassin, C. Merker, 
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