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ABSTRACT
Obijective(s): Zinc phthalocyanine (ZnPC), a potent photosensitizer for photodynamic therapy (PDT), often
suffers from poor solubility and aggregation, limiting its efficacy. Metal-organic frameworks (MOFs) like
MIL-101 can serve as nanocarriers to overcome these issues. This experimental study investigates the
synthesis, characterization, and synergistic anticancer efficacy of ZnPCincorporated within the MIL-101
framework (ZnPC@MIL-101) against MCF-7 breast cancer cells. ZnPC was chosen for its strong red-light
absorption and high reactive oxygen species (ROS) generation, while MIL-101 offers a stable, porous
platform to enhance ZnPC delivery and photoactivity.

Materials and Methods: ZnPC@MIL-101 (Cr) was synthesized via a double-solvent method.
Characterization involved PXRD, BET analysis, FESEM, DLS, EDX spectroscopy, and UV-Vis
spectroscopy. The loading capacity was determined, and singlet oxygen generation was quantified.
Anticancer efficacy and PDT synergy with 660 nm laser radiation were evaluated on MCF-7 cells using
MTT assays. Statistical analysis was performed-using ANOVA.

Result: Successful synthesis of crystalline ZnPC@MIL-101 was confirmed. The loading capacity of ZnPC
was found to be 8.5%. BET analysis showed reduced surface area (1709.4 m#/g) and pore size (1.71 nm)
post-ZnPC loading, indicating effective incorporation. FESEM/DLS showed particle sizes around
368/439.7 nm, respectively. EDX confirmed uniform Zn distribution. The UV-Vis spectrum of
ZnPC@MIL-101 displayed the ' characteristic Q-band of ZnPC, and the nanocomposite exhibited
significant singlet oxygen generation upon laser irradiation. ZnPC@MIL-101 exhibited moderate dark
toxicity (1Cso: 25 pg/mL), which was significantly enhanced upon laser irradiation (ICso: 10 pg/mL, p <0.01).
Conclusion: ZnPC@MIL-101 combined with laser radiation demonstrated a significant synergistic
reduction in MCF-7 cell viability. This highlights its potential as an effective PDT agent, offering a
promising strategy to enhance ZnPC-based cancer treatment.
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INTRODUCTION

Photodynamic therapy (PDT) is a minimally
invasive treatment that requires administering a
photosensitizing agent and subsequently activating
it with specific wavelength light, usually in an
oxygen-rich  environment [1]. Upon light

irradiation, the PS generates reactive oxygen
species (ROS), primarily singlet oxygen, which
induce oxidative damage to cellular components,
leading to cell death in targeted tissues like cancer
cells [2]. Breast cancer is one of the most commonly
diagnosed cancers and a leading cause of cancer-
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related mortality in women globally, necessitating
the development of more effective and less toxic
treatment strategies [3-6].

The unique characteristics of metal-organic
frameworks (MOFs), like tunable porosity, high
surface area, and biocompatibility, have made
them a subject of great interest for various
biomedical applications, including their use as
carriers in photodynamic therapy [7, 8]. Integrating
therapeutic molecules into MOFs can enhance their
delivery, stability, and efficacy, making them a
promising platform for cancer treatment [9, 10].
Among the numerous MOFs, MIL-101, a chromium-
based MOF, has emerged as a prominent candidate
for such applications because of its exceptionally
large surface area, robust and stable porous
structure, which makes it an ideal carrier for
therapeutic agents [11, 12].

Zinc phthalocyanine (ZnPC) is a well-established
second-generation  photosensitizer  frequently
employed in PDT [13-15]. It exhibits strong
absorption in the red region of the light spectrum
(Q-band, typically 670-680 nm), which allows for
deeper tissue penetration of activating light
compared to PS absorbing at shorter wavelengths
[16, 17]. Furthermore, ZnPC is known for its high
ROS generation efficiency and relatively low dark
toxicity [18]. However, the clinical application of
free ZnPC is often hindered by its poor agueous
solubility and strong tendency to aggregate in
biological environments; aggregation can quench
its photoactivity and significantly  reduce its
therapeutic efficacy [19, 20].

To overcome these: limitations, various
nanocarrier systems-have been developed for ZnPC.
Encapsulating ZnPC within ' MOFs such as MIL-101
(forming ZnPC@MIL-101) is a strategy to improve
its dispersibility, prevent aggregation, and maintain
its monomeric, photoactive state [21-23]. The large
pore volume and high surface area of MIL-101 are
expected to facilitate efficient loading and
stabilization of ZnPC molecules [21]. Moreover, the
robust framework of MIL-101 can protect the
encapsulated ZnPC from premature degradation
and can enhance its accumulation at the tumor site,
often through passive targeting via the Enhanced
Permeability and Retention (EPR) effect common to
nanosized drug delivery systems [24, 25]. Such
integration is anticipated not only to improve the
bioavailability of ZnPC but also to enhance its
overall photodynamic activity [26-28]. Indeed,
studies have demonstrated that MOF-based
delivery systems can enhance the photodynamic
activity of various photosensitizers, including
porphyrins and phthalocyanines, by improving their

solubility, cellular uptake, and ROS generation
capabilities [23, 29-31]. For example, a study by
Ghoochani et al. (10) explored Zn(ll) porphyrin
encapsulated in MIL-101 for the PDT of breast
cancer cells, underscoring the potential of MIL-101
as a nanocarrier in this context [32].

The novelty of the present study lies in the
synthesis, detailed physicochemical and
photophysical characterization, and in vitro
evaluation of the synergistic anticancer efficacy of
ZnPC specifically incorporated within the MIL-
101(Cr) framework when combined with laser
radiation against MCF-7 human breast cancer cells.
While MOFs have been explored as drug carriers,
this work provides a focused investigation into the
ZnPC@MIL-101 (Cr) system, quantifying its drug
loading, singlet oxygen  generation, and
demonstrating a statistically significant, dose-
dependent synergistic phototoxic effect in a
relevant breast cancer model. MCF-7 cells were
chosen as a well-established and commonly used
human  breast adenocarcinoma cell line,
representing estrogen receptor-positive breast
cancer, to evaluate the potential of ZnPC@MIL-101
in a relevant cancer model [23, 25, 33-35]. This
study aims to elucidate the potential of this specific
nanocomposite system to improve ZnPC-mediated
PDT outcomes.

MATERIALS AND METHODS
Equipment and reagents

All chemicals were sourced from Sigma and
Merck Co.

Characterization methods

The synthesized materials were characterized
using various analytical techniques. A Fourier
Transform Infrared Spectrometer (FTIR; Shimadzu-
8400, Japan) was used to identify functional groups.
Powder X-ray Diffraction (PXRD; Philips,
Netherlands) was employed to determine the
crystalline structure and phase purity of the
samples. The crystallite size (D) was estimated from
the PXRD data using the Scherrer equation: D = KA /
(B cosB), where K is the shape factor (0.9), A is the
X-ray wavelength (0.154 nm), B is the full width at
half maximum (FWHM) of the diffraction peak in
radians, and 0 is the Bragg angle. The surface area
and pore characteristics were analyzed using BET
analysis (BELSORP Mini I, Microtrac MRB, Japan)
via N2 adsorption-desorption isotherms. The
morphology and particle size of the materials were
observed using a FESEM (Hitachi S-4800, Japan),
which was also equipped for EDX spectroscopy to
determine elemental composition and distribution.
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DLS (Malvern Zetasizer Nano ZS, UK) was used to
measure the hydrodynamic size (Z-Average,
reported as an intensity-weighted mean) and
polydispersity index (Pl) of the particles in
suspension.  UV-Visible  (Shimadzu  UV-2600
spectrophotometer) absorption spectra were
recorded to confirm the incorporation of ZnPC.

Preparation of MIL-101

The synthesis of MIL-101 was initiated by
combining Cr(NOs)3-9H.0 (4.0 g, 10.0 mmol),
terephthalic acid (CsHsO4) (1.66 g, 10.0 mmol), and
deionized water (40 mL) in an autoclave. This
mixture was then subjected to hydrothermal
conditions by heating it to 218 °C for 18 h, allowing
the formation of the MIL-101 framework. After the
reaction, the resulting precipitates were carefully
separated from the mixture [36]. These precipitates
were then immersed in N, N-dimethylformamide
(C3H7NO) (40 mL) and maintained at 70 °C for 8 h to
facilitate the removal of any unreacted organic
linkers and impurities. Subsequently, the product
was washed multiple times with water, acetone
(CsHs0), and methanol to ensure purity. In the end,
the purified product was dried at 25 °C, resulting in
the formation of MIL-101.

Preparation of ZnPc@MIL-101(Cr)

Synthesis of ZnPc@MIL-101(Cr) was initiated by
incorporating Zn%* ions into the pores of MIL-
101(Cr) using a double-solvent process [37]. This
method involves distinct roles for each solvent: dry
n-hexane serves as a non-polar medium to ensure
good dispersion of the activated MIL-101(Cr) and
facilitate the initial even distribution and
adsorption of ZnCl2 onto the framework surfaces
and into the pore entrances, while ethanol is
subsequently used as a polar solvent for efficiently
dissolving and mixing the Zn@MIL-101(Cr) complex
with phthalonitrile before the cyclization reaction
in DES. Initially, activated MIL-101 (Cr, 200 mg) was
added to dry n-hexane (40 mL) and stirred for 30
min. This step ensures that the MIL-101(Cr)
particles are well-dispersed in the solvent,
facilitating the subsequent loading of Zn?* ions.
Subsequently, a solution of ZnCl (0.123 mL, 1 M)
was added dropwise under stirring. The dropwise
addition allows for the gradual incorporation of Zn?*
ions in the MIL-101, preventing agglomeration and
ensuring uniform distribution. The mixture was
continuously stirred for 3 h to allow sufficient time
for the Zn? ions to penetrate the pores of MIL-101
(Cr). After this period, the powder was filtered and
dried at 130 °C for 12 h to remove residual solvents
and stabilize the Zn@MIL-101(Cr) complex. For the
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synthesis of ZnPc@MIL-101(Cr), 200 mg of the
dried Zn@MIL-101(Cr) was combined with 2 mL of
ethanol and briefly sonicated to ensure thorough
mixing [37]. Phthalonitrile (0.492 mmol) was then
added to it and stirred for 60 min to facilitate the
formation of the phthalocyanine complex.
Following this, ethanol was removed to
concentrate the reaction mixture, and 2 mL of DES
(Deep Eutectic Solvent) was added to the remaining
solid. The mixture was then placed at 150 °C/30
min, forming ZnPc@MIL-101(Cr), as indicated by
the deep blue color of the as-prepared sample. This
heating step promotes the cyclization of
phthalonitrile to form the phthalocyanine ring
structure, which coordinates with the Zn?** ions
within the MIL-101(Cr) framework. The synthesized
nanovehicle was subsequently dried and activated
at 150 °C overnight to remove any remaining
solvents and enhance the stability and activity of
ZnPc@MIL-101(Cr) before cancer treatment.

Cell culture and preparation

In the initial stage of cell culture, MCF-7 human
breast adenocarcinoma cells were obtained from
the Pasteur Institute (Tehran, Iran). The cells were
cultured in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% Fetal Bovine
Serum (FBS), penicillin (100 I1U/mL), and
streptomycin (100 ug/mL). Cultivation was carried
out in a humidified incubator at 37 °C with an
atmosphere of 5% CO2. For subculturing and
experiments, cells were detached using a 0.025%
trypsin-0.02% EDTA solution and washed with
phosphate-buffered saline (PBS).

Determination of encapsulation efficiency and
loading capacity

The amount of ZnPC loaded into MIL-101 was
determined by UV-Vis spectroscopy. A known
amount of ZnPC@MIL-101 was dissolved in
dimethylformamide (DMF) to release the
encapsulated ZnPC. The concentration of ZnPC was
then measured by recording the absorbance at its
characteristic Q-band peak (Amax = 670 nm) and
comparing it to a standard calibration curve of free
ZnPC in DMF. The loading capacity (LC) was
calculated using the following formula:

LC (%) = (Weight of loaded ZnPC / Weight of
ZnPC@MIL-101) x 100%

Singlet oxygen generation assay

The generation of singlet oxygen ('0,) by
ZnPC@MIL-101 upon irradiation was detected
chemically using 1,3-diphenylisobenzofuran (DPBF)
as a probe. DPBF reacts with '0,, leading to a
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decrease in its absorbance at 415 nm. In a typical
experiment, a solution of ZnPC@MIL-101 and
DPBF in DMF was irradiated with a 660 nm laser (2
J/cm?). The absorbance of DPBF at 415 nm was
monitored at regular intervals using a UV-Vis
spectrophotometer. A solution containing only
DPBF was used as a negative control.

Cell proliferation assay

The assessment of cell proliferation was
conducted utilizing the MTT assay, which
measures cellular metabolic activity as an
indicator of viability. MCF-7 cells were plated into
96-well plates at a density of approximately 8 x 10*
cells/well and allowed to adhere for 24 h.
Following this period, cells were treated with the
test compounds as described for the
photodynamic treatment evaluation. After the
respective  incubation  and/or irradiation
procedures, 10 pL of MTT solution (5 mg/mL) was
added to each well, and the plates were incubated
for an additional 4 h. Afterward, 100 pL of
Dimethyl Sulfoxide was added to each well to
dissolve the formazan crystals formed by
metabolically active cells. The absorbance was
measured at 570 nm with a reference wavelength
of 630 nm using an ELISA plate reader. Cell survival
rates were expressed as a percentage of the
untreated control. Each experiment '@ was
performed in triplicate. ICso  values (the
concentration of compound required to inhibit cell
growth by 50%) were calculated from the dose-
response curves.

Photodynamic treatment evaluation

For photodynamic treatment evaluation, two
main experimental conditions were established:
(1) incubation with compounds in darkness (Dark
group) and (2) incubation followed by laser
exposure (Treatment group). MCF-7 breast cancer
cells were incubated with varying concentrations
(0-100 pg/mL) of MIL-101 or ZnPC@MIL-101 for 24
h in darkness. For the Treatment group, after the
24 h incubation and replacement of the medium
with fresh medium, cells were exposed to a 660
nm diode laser (continuous wave) at an energy
density of 2 J/cm?2. The laser power output was
adjusted to deliver this energy density over the
calculated exposure time. The impact on cell
viability was also specifically assessed using the
determined ICso concentrations of ZnPC@MIL-
101: 25 pg/mL for the dark condition and 10
pug/mL for the laser-irradiated condition. The
cellular uptake of nanoparticles was qualitatively
inferred from the observed phototoxicity. The 24-

hour incubation period was selected based on
common protocols, allowing sufficient time for
particle-cell interaction and internalization in PDT
studies [38].

Statistical analysis

Quantitative results from cell proliferation
assays are displayed as the mean t* standard
deviation (SD), derived from a minimum of three
separate experiments. To assess statistical
significance across groups, a one-way ANOVA was
employed, complemented by Tukey's post-hoc test
for multiple comparisons, with a p-value below 0.05
denoting statistical significance. The ICso values
were calculated by applying a sigmoidal curve
model to the dose-response data within GraphPad
Prism software.

RESULTS
PXRD pattern

The PXRD patterns depicted in Fig. 1 provide
valuable “insights into the crystal structure of
ZNPC@MIL-101. The black line represents the
simulated PXRD pattern for MIL-101. Notably, this
pattern exhibits several sharp peaks, indicative of a
well-defined crystalline structure. The diffraction
angle (20) values range from 5 to 80°. The green line
corresponds to the experimental PXRD pattern of
ZnPC@MIL-101. Remarkably, this pattern closely
aligns with the simulated MIL-101 pattern, with
minor variations. This alignment suggests that
ZnPC@MIL-101 retains the crystalline structure of
MIL-101. The agreement between the experimental
and simulated patterns supports the successful
synthesis of ZnPC@MIL-101.
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Fig. 1. PXRD pattern of ZnPC@MIL-101 vs. simulated
pattern.

Furthermore, the close match between the two
patterns implies phase purity, indicating that
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ZnPC@MIL-101 predominantly consists of the
desired crystalline phase. The major peaks are
indexed with their Miller indices ((111), (220),
(311), (400), (511), (531), (822), and (753)),
confirming the crystalline structure of the MIL-101.
The crystallite size of ZnPC@MIL-101 was
determined using the Scherrer equation. The
calculated crystallite size is 47.91 nm, providing
valuable information about the material’s
nanostructure. In summary, the PXRD data confirm
the successful synthesis of ZnPC@MIL-101, its
phase purity, and its structural compatibility with
MIL-101.

Surface area and pore characteristics

The BET analysis provides critical insights into
the materials' surface area and pore structure. In
our study, we investigated two materials: MIL-101
and ZnPC@MIL-101 (Fig. 2).
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Fig. 2. BET analysis of MIL-101 and ZnPC@MIL-101.

The specific surface area, determined through
N2 adsorption-desorption isotherms, revealed that
MIL-101 exhibited a surface area of 2282.9 m?/g. At
the same time, ZnPC@MIL-101 had a decreased
surface area of 1709.4 m?/g. Notably, after loading
with ZnPC, the BET surface area decreased by 573.5
m?/g. This reduction suggests that the ZnPC
molecules were effectively immobilized within the
pores of MIL-101, leading to a structural
integration. Beyond surface area, pore size is a
crucial parameter. Our results indicated a
significant decrease in pore size from 2.52 nm for
MIL-101 to 1.71 nm for ZnPC@MIL-101 upon ZnPC
loading. This reduction in pore diameter further
supports the hypothesis that ZnPC molecules
penetrated the pores and became an integral part
of the material’s structure. Additionally, the total
pore volume decreased from 1.44 cm3/g for MIL-
101 to 0.94 cm3/g for ZnPC@MIL-101, representing
a 35% reduction. These findings underscore the
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successful functionalization of ZnPC@MIL-101 and
confirm the impregnation method’s efficacy in
introducing ZnPC into the porous framework.

Morphology and particle size

The FESEM images provide valuable insights
into the structural characteristics of these materials
(Fig. 3). The distinct morphologies impact surface
area, porosity, and reactivity. In MIL-101, we
observe a heterogeneous arrangement of
octahedral and polyhedral crystals. These crystals
exhibit well-defined edges and smooth faces,
suggesting a high-quality structure.-Zooming in,
individual octahedral crystals with sharp vertices
become apparent, contributing to the overall
surface area. The minimal surface defects enhance
the material’s integrity. In contrast, ZnPC@MIL-101
displays polyhedral structures, albeit less well-
defined than MIL-101. The surfaces appear
rougher, likely due to the incorporation of ZnPC
molecules. This roughness could enhance
adsorption properties or catalytic activity. Closer
examination reveals surface texture differences,
indicating successful integration of ZnPC into the
MIL-101 framework. The FESEM images (Fig. 3c, d)
suggest a generally uniform contribution of MIL-
101 as the structural base with ZnPC influencing the
surface texture rather than forming distinct,
separate agglomerates. This is further supported by
EDX elemental mapping (Fig. 6a, b), which shows a
diffuse, widespread distribution of zinc, indicating
that ZnPC is incorporated throughout the MIL-101
matrix rather than existing as large, separate
clusters. This homogenous incorporation s
beneficial for consistent photodynamic activity
throughout the nanoparticle. Similar morphological
analyses  confirming MOF integrity after
photosensitizer loading have been documented for
ZIF-8 frameworks used in PDT [39].

The particle size distribution obtained from
FESEM analysis of MIL-101 shows a peak frequency
within the range of approximately 200-400 nm
(mean size 395.50 nm) (Fig. 4). This suggests that
MIL-101 primarily consists of particles falling within
this size range. Similarly, the particle size
distribution for ZnPC@MIL-101 exhibits a peak
frequency in the same 200-400 nm range.
However, compared to MIL-101, ZnPC@MIL-101
has a narrower distribution, with a mean particle
size of 368.07 nm. The observed decrease in mean
particle size for ZnPC@MIL-101 suggests that the
encapsulation or combination process involved in
creating ZnPC@MIL-101 may influence the final
particle dimensions compared to MIL-101 alone.
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Understanding the difference  between
hydrodynamic and solid phase sizes is crucial for
interpreting Dynamic Light Scattering (DLS) data.
The hydrodynamic size provides insight into how
the particles will behave in a fluid environment,
which is essential for applications where the
particles are used in solution. On the other hand,
the solid phase size gives information about the
intrinsic properties of the particles themselves.
ZnPC@MIl-101, where ZnPC is integrated with the
MIL-101, has shown a pronounced peak in the DLS
measurement (intensity-weighted distribution),
signifying that most particles cluster around a
specific diameter. The Z-Average (mean diameter)
is precisely 439.7 nm (Fig. 5). Additionally, the
Polydispersity Index (Pl) stands at 0.491, indicating
a relatively narrow size distribution within the
sample. The hydrodynamic size is typically more
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prominent than the solid phase size due to the
solvent layer and interactions in the fluid medium.
The EDX analysis confirms the presence of carbon,
nitrogen, oxygen, and zinc in ZnPC@MIL-101 (Fig.
6). Interestingly, the 3D distribution of zinc shows
scattered bright specks throughout the material.
Rather than forming large clusters, zinc is uniformly

distributed in small quantities. This uniform
elemental distribution, evident from EDX,
complements the FESEM observations by

suggesting homogenous  incorporation of ZnPC
throughout the MIL-101 framework rather than
surface deposition or isolated clustering, which is
beneficial for predictable drug loading and release
characteristics. The BET and EDX data strongly
suggest successful incorporation. Future work
should quantify this encapsulation efficiency for a
more complete assessment.
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Fig. 5. DLS of ZnPC@MIL-101.
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Fig. 6. The EDX analysis (a) spectrum of ZnPC@MIL-101 confirming elemental composition, and (b) elemental mapping showing the 3D
distribution of Zinc in the sample.
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Photophysical properties and ROS generation

The UV-Vis absorption spectra of Free ZnPC in
DMF exhibit a sharp and intense Q-band absorption
peak at approximately 670 nm, which is
characteristic of its monomeric form. The spectrum
of ZnPC@MIL-101 dispersed in DMF also shows this
characteristic Q-band, confirming that ZnPC was
successfully incorporated into the MIL-101
framework and retains its essential photophysical
properties. The slight broadening of the peak in the
nanocomposite suggests some interaction with the
MOF structure, but critically, the absence of
significant new peaks indicates that aggregation of
ZnPC has been effectively prevented.

The ability of ZnPC@MIL-101 to generate singlet
oxygen, the primary cytotoxic agent in PDT, was
evaluated using DPBF as a chemical trap. The
absorbance of DPBF at 415 nm decreased rapidly
over time when mixed with ZnPC@MIL-101 and
exposed to 660 nm laser light. In contrast, the
control group containing only DPBF showed a
negligible decrease in absorbance under the same
irradiation  conditions.  This result clearly
demonstrates that ZnPC@MIL-101 is highly
effective at generating singlet oxygen upon light
activation, a prerequisite for a successful PDT
agent.

Encapsulation efficiency and loading capacity

The encapsulation of ZnPC within the MIL-101
framework was quantified  using UV-Vis
spectroscopy. Based on the standard calibration
curve for ZnPC, the loading capacity was calculated
to be 8.5%. This indicates a successful loading of the

Cell Viability

photosensitizer into the MOF nanocarrier, which is
consistent with the changes observed in the BET
analysis.

Cellular studies

The viability of MCF-7 cells after treatment with
MIL-101 alone, both in dark conditions and with
laser irradiation, is presented in Fig. 7. In the dark,
MIL-101 exhibited a dose-dependent reduction in
cell viability, with approximately 50% viability
observed at 100 pug/mL. Laser irradiation (660 nm,
2 J/cm?) alone (0 pg/mL MIL-101, red bar) showed
minimal effect on cell viability, which remained
near 100%. When MIL-101 was combined with laser
radiation, a further decrease in cell viability was
observed at higher concentrations compared to
MIL-101 in the dark, although this enhancement
was not substantial across all concentrations.

Fig. 8 shows the effect of ZnPC@MIL-101 on
MCF-7  cell viability. In dark conditions (striped
bars), ZnPC@MIL-101 caused a dose-dependent
decrease in cell viability, with an ICso value
determined to be 25 pg/mL. Upon laser irradiation
(red bars), the cytotoxic effect of ZnPC@MIL-101
was significantly enhanced, resulting in a lower ICso
value of 10 pg/mL. This more than two-fold
decrease in ICso was statistically significant (p <
0.01). This indicates a synergistic effect between
the ZnPC@MIL-101 nanocomposite and laser
activation, leading to a more pronounced reduction

in  cancer cell viability compared to the
nanocomposite alone or MIL-101 with laser
irradiation.

DDark

DLaser

Concentration (mg/mL)

Fig. 7. The effect of different concentrations of MIL-101 on breast cancer MCF-7 cells after 24 h of incubation in the dark and then low-
power laser radiation with a wavelength of 660 nm and an energy density of 2 J/cm?2. Data are presented as mean + SD (n=3). p < 0.01
compared to the corresponding dark group.
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Fig. 8. The effect of different concentrations of ZnPC@MIL-101 combination on breast cancer MCF-7 cells after 24 h of incubation in
the dark and then low-power laser irradiation with a wavelength of 660 nm and an energy density of 2 J/cm?. Data are presented as
mean * SD (n=3). p < 0.01 compared to the corresponding dark group.

DISCUSSION

The successful development of a nanocarrier-
based PDT agent relies on a thorough
characterization of its physicochemical properties
to ensure it can effectively deliver the
photosensitizer and elicit a phototoxic response. In
this study, we employed a suite of analytical
techniques to validate the synthesis and properties
of ZnPC@MIL-101. PXRD (Fig. 1) was essential to
confirm that the crystalline structure of ‘the MIL-
101 framework was preserved - after the
incorporation of ZnPC, which is crucial for
maintaining the stability and porous nature of the
carrier. The BET analysis (Fig. 2) provided
quantitative evidence of ZnPC loading by showing a
significant reduction in surface area and pore
volume, confirming that the photosensitizer
molecules occupy the internal voids of the MOF.
FESEM and DLS (Figs. 3-5) were used to determine
the morphology and size distribution of the
nanoparticles, which are critical parameters for
their biological interactions and potential for
passive tumor targeting via the EPR effect. Finally,
EDX analysis (Fig. 6) confirmed the elemental
composition and, importantly, the uniform
distribution of zinc throughout the nanoparticles,
suggesting a homogeneous loading of ZnPC rather
than simple surface adsorption. Together, these
characterizations provide a comprehensive picture
of the ZnPC@MIL-101 nanocomposite and form the
basis for interpreting its biological activity.

The primary goal of this research was to
investigate the potential of a ZnPC@MIL-101
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nanocomposite as an effective agent for the
photodynamic therapy of MCF-7 breast cancer
cells. ZnPCis a well-regarded photosensitizer due to
its strong absorption in the 600-700 nm range (its
Q-band) [40, 41], which aligns well with the 660 nm
laser used in this study and allows for reasonable
tissue penetration for PDT applications [42-
46]. The photodynamic action of ZnPC is primarily
mediated through the generation of singlet oxygen
and other ROS upon light activation, leading to
oxidative damage of cellular components and
subsequent cell death, often via apoptosis or
necrosis [18, 47]. While ZnPC can interact with
cellular macromolecules like DNA [48] and proteins
such as albumin (which influences its in vivo
transport) [35, 49, 50]. Its therapeutic effect in PDT
stems mainly from this ROS-mediated damage
rather than specific molecular target binding in the
manner of classical enzyme inhibitors or DNA
intercalators.

A significant challenge with free ZnPC is its
hydrophobicity and tendency to aggregate in
aqueous physiological environments, which
quenches its photoactivity [20, 51]. Nanocarriers
like MOFs are employed to address these issues by
improving solubility, preventing aggregation, and
facilitating delivery [52-54]. MIL-101, with its high
surface area and robust porous structure, is a
suitable candidate [55]. Our synthesis of
ZnPC@MIL-101, confirmed by PXRD retaining the
MIL-101 crystallinity (Fig. 1), and the observed
decrease in BET surface area and pore volume (Fig.
2), strongly suggests successful incorporation of
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ZnPC  within the MOF framework. This
encapsulation is crucial for maintaining ZnPC in a
monomeric, photoactive state, which is essential
for efficient singlet oxygen generation [22, 23]. The
FESEM and EDX analyses (Fig. 3, 6) further
supported the formation of the nanocomposite
with a fairly uniform distribution of Zn, indicating
homogenous ZnPC loading rather than mere
surface adsorption. This consistent distribution is
vital for predictable photodynamic performance.
Such loading has been shown in other MOF-PS
systems to enhance PDT efficacy [39].

The cellular studies demonstrated a clear
synergistic effect when ZnPC@MIL-101 was
combined with laser irradiation (Fig. 8). The ICso
value for ZnPC@MIL-101 decreased from 25 ug/mL
in the dark to 10 pug/mL upon laser activation. This
enhanced phototoxicity is attributed to the efficient
ROS generation by the MOF-encapsulated ZnPC. In
contrast, while MIL-101 itself showed some dark
cytotoxicity at higher concentrations (Fig. 7, ICso >
100 pg/mL in dark), its combination with laser did
not vyield a comparable photodynamic
enhancement, underscoring the critical role of
ZnPC as the photosensitizer. It is noteworthy that
MIL-101 in the dark at 100 pg/mL reduced cell
viability to ~50%, whereas laser irradiation alone
had a negligible effect. This inherent cytotoxicity of
the MOF material at high concentrations must be
considered when evaluating the net photodynamic
effect. Such baseline toxicity of carrier materials is
a known factor in nanomedicine. Comparing our
findings with the literature, Ghoochani et al. [32]
reported ICso values of 14.3 pg/mL (light) and 81.6
pg/mL (dark) for Zn[TPP]@MIL-101 on MCF-7 cells.
Our ZnPC@MIL-101 showeda dark ICso of 25 pug/mL
and a light ICsp of 10 pug/mL. The differences can be
attributed to the type of photosensitizer (ZnPC vs.
Zn [TPP]), loading efficiencies (our study found an
8.5% loading capacity), and potentially minor
variations in experimental conditions. However,
both studies highlight the utility of MIL-101 in
enhancing the photodynamic effect of entrapped
photosensitizers. Other studies employing ZnPC in
different nanoformulations for MCF-7 cells have
also reported significant PDT efficacy [34, 56-60],
generally involving apoptotic cell death pathways
triggered by caspase activation and mitochondrial
dysfunction [57, 61, 62]. While the specific signaling
pathways were not delineated here, such
mechanisms are likely operative in the cell death
observed with ZnPC@MIL-101-PDT. The results
indicate that ZnPC@MIL-101 is a promising system
for PDT. The MIL-101 framework likely improves
ZnPC's dispersibility and prevents aggregation,
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thereby enhancing ROS generation upon
irradiation. The observed synergistic effect
confirms that the photodynamic action is the
dominant mechanism for the enhanced cytotoxicity
under laser light.

Potential Applications and Future Directions

The strengths of this study include the
successful synthesis and thorough characterization
of a ZnPC@MIL-101 nanocomposite and the
demonstration of its synergistic photodynamic
effect on MCF-7 breast cancer cells in vitro. The use
of the well-established MIL-101 framework offers a
stable and porous platform for ZnPC delivery,
enhancing its photophysical properties by reducing
aggregation, as confirmed by UV-Vis spectroscopy
and singlet oxygen detection. The successful
synthesis and characterization of ZnPC@MIL-101
and its demonstrated anticancer efficacy open up
several potential applications and avenues for
future = research. The composite material’s
structural stability, high surface area, and effective
photodynamic activity make it fit for biomedical
applications comprising drug delivery and imaging.
Further studies could explore optimizing ZnPC
loading, quantifying encapsulation efficiency, and
tuning the release kinetics. Assessment of ROS and
singlet oxygen generation dosimetry, as well as
photobleaching rates under therapeutic irradiation,
would be essential for refining PDT protocols [16,
63]. Investigation into the cellular uptake
mechanisms and quantification would also provide
valuable insights. Additionally, the uniform
distribution of ZnPC within the MIL-101 framework
suggests that the composite could be used in other
therapeutic contexts, such as antimicrobial
treatments or environmental applications where
photocatalytic activity is desired. Modifying the
MIL-101 framework to incorporate different
photosensitizers or functional molecules could
further expand the material’s versatility and range
of applications. Furthermore, molecular modeling
or simulation approaches, such as Density
Functional Theory (DFT), as reported for other Zn-
phthalocyanine systems [64], could be employed in
future studies to theoretically investigate the
electronic properties of ZnPC@MIL-101 and to
better understand the interactions between the
photosensitizer and the MOF framework,
potentially guiding the design of even more
effective PDT agents.

However, the study has several limitations.
While we have now included foundational
photophysical data, a more comprehensive
photophysical characterization, including

Nanomed J. 13: 1-, 2026
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quantitative ROS/singlet oxygen dosimetry (crucial
for  understanding  PDT  efficiency) and
photobleaching rate determination (important for
assessing sustained activity), was not performed.
Cellular uptake was inferred from phototoxicity
rather than directly quantified (e.g., by ICP-MS for
zinc content or fluorescence microscopy of ZnPC).
Additionally, the study was limited to a single breast
cancer cell line (MCF-7) and did not explore the
effects on normal, non-cancerous cells (to assess
selectivity and potential for minimal side effects) or
employ more complex in vitro models (e.g., 3D
spheroids) or in vivo studies. These latter
investigations are necessary to evaluate systemic
toxicity, biodistribution, and true therapeutic
potential in a more physiologically relevant context.
These aspects were not explored in the current
work primarily due to budgetary constraints and
limitations in the available experimental setup.

CONCLUSION

In  conclusion, this study successfully
synthesized and characterized ZnPC@MIL-101,
demonstrating its potential as an effective agent for
photodynamic therapy against MCF-7 breast cancer
cells.  The structural and  photophysical
characterization  confirmed the  successful
integration of ZnPC into the MIL-101 framework,
with consequent impacts on the material's surface
area, pore size, and morphology, suggestive of
efficient photosensitizer loading. The  cellular
studies highlighted the statistically significant
synergistic effect of ZnPC@MIL-101 and laser
radiation in reducing the viability of MCF-7 cells,
showcasing the‘compaosite's potential for targeted
cancer treatment via PDT. These findings pave the
way for further exploration of ZnPC@MIL-101 in
various biomedical applications, highlighting the
material's versatility and promising therapeutic
potential, provided the acknowledged limitations
are addressed in future research.
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