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tumor-selective uptake and pro-apoptotic effects. However, its clinical potential is hindered by poor
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stability, rapid dissociation in polar environments, low quantum yield, and suboptimal tumor
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accumulation. In this study, we developed a multifunctional nanoplatform by encapsulating IR783
into UiO-66, a zirconium-based metal-organic framework (MOF), to enhance the delivery and
photodynamic performance of the dye (IR783@Ui0-66). The system was structurally characterized,
and its biocompatibility and drug release profiles were evaluated. In vitro experiments were
conducted to assess the cytotoxic and phototoxic effects of IR783, UiO-66, and IR783@UiO-66 on
breast cancer cell lines (MCF-7, MDA-MB-231) and normal breast epithelial cells (MCF-10A), under
LED irradiation at varying light intensities (18—144 J/cm?) and exposure durations (7.5—60 min). The
results demonstrated that IR783@Ui0O-66 significantly reduced cancer cell viability in a dose- and
light-dependent manner while sparing normal cells. Free IR783 showed slightly higher phototoxicity,
attributed to differences in release kinetics and loading efficiency. UiO-66 alone exhibited negligible
cytotoxicity under irradiation, confirming its safety profile. This study highlights the potential of UiO-
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Graphical abstract

IR783@Ui0-66 for Enhanced Photodynamic Therapy
of Breast Cancer
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1. Introduction

Breast cancer remains the most frequently diagnosed
malignancy among women worldwide, posing a
significant global health challenge [1,2]. Although rare in
men, it still accounts for approximately 1% of all breast
cancer diagnoses [3,4]. According to the International
Agency for Research on Cancer (IARC) GLOBOCAN,
2.6 million new cases of breast cancer were reported
among women in 2020, making it the most commonly
diagnosed cancer worldwide during that year [5]. The
primary treatment modalities for breast cancer include
radiation therapy, chemotherapy, surgical procedures
(mastectomy or breast-conserving surgery), endocrine
therapy, and targeted therapies [6,7]. Despite
advancements, limitations in imaging and therapeutic
effectiveness highlight the need for novel treatment
strategies [8].

PDT has emerged as a potential alternative to
conventional treatments, especially for patients who are
not candidates for surgery [9,10]. PDT leverages the
photochemical reaction between a specific wavelength of
light and a systemically administered, non-toxic
photosensitizer to generate singlet oxygen ('O2) and ROS,
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leading to localized cell death through necrosis or
apoptosis [11,12]. The therapeutic efficacy of PDT is
attributed to its direct cytotoxic effects on cancer cells,
modulation of the immune response, and disruption of
blood and lymphatic vessels [13,14]. However, PDT
efficacy is highly dependent on the photosensitizer’s
ability to produce singlet oxygen efficiently [15].

Among the promising photosensitizers, NIRF
heptamethine cyanine dyes, including IR783, have
demonstrated significant potential as theranostic agents
for antitumor PDT [16,17]. These dyes exhibit unique
photophysical properties, including substantial Stokes
shifts, which facilitate both imaging and therapeutic
applications [18,19]. However, a fundamental challenge
of PDT using these dyes is the limited tissue penetration
of visible light, which restricts therapeutic efficacy to
superficial lesions [20]. In this context, NIRF
heptamethine cyanine dyes offer an advantage by
minimizing background noise and autofluorescence,
thereby enhancing imaging sensitivity and enabling
deeper tissue penetration [19].

IR783, a NIRF heptamethine cyanine dye, has gained
attention for its potential in cancer diagnosis and therapy.
Notably, IR783 demonstrates selective uptake and
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accumulation in cancer cells while maintaining low
toxicity in normal tissues [21]. It has been shown to target
various tumors, including breast, brain, bladder, prostate,
and colon cancers [8,22]. Moreover, IR783 is known to
promote apoptosis in breast cancer cells by inducing
mitochondrial fission, suggesting a role of mitochondria
in inhibiting cancer cell proliferation and migration [23].
Nevertheless, clinical application of IR783 in PDT is
limited due to challenges such as low tumor accumulation
and poor light penetration [24,25] . To overcome these
challenges, various nanocarrier-based delivery systems
have been developed to enhance the accumulation and
retention of photosensitizers in tumors [25,26]. Notably,
no study to date has reported the incorporation of IR783
into MOF, despite their favorable characteristics for such
applications.

MOFs are a class of hybrid materials formed by the
coordination of metal ions or clusters with organic
ligands, resulting in highly porous, crystalline
architectures [27]. Their high surface area, tunable pore
size, and excellent drug-loading capacity make them ideal
nanocarriers for biomedical use. Moreover, their
biodegradability attributable to labile coordination bonds
allows for safe degradation into non-toxic components
under physiological conditions [28]. In cancer therapy,
MOFs facilitate site-specific drug delivery and improve
therapeutic efficacy through the enhanced permeability
and retention (EPR) effect [29]. Their intrinsic porosity
also enables efficient diffusion of ROS and the storage or
release of gases such as oxygen, making them particularly
well-suited for PDT applications [30,31].

UiO-66, a prototypical zirconium-based MOF
composed of Zrs clusters and 1,4-benzenedicarboxylic
acid (BDC) linkers, has attracted considerable attention
due to its exceptional thermal and chemical stability [32].
Its structure can be modified post-synthetically to tailor its
physicochemical properties for specific therapeutic
purposes [33]. Importantly, tumor hypoxia characterized
by low oxygen levels and elevated glutathione (GSH) and
H:20: concentrations remains a major barrier to PDT, as
oxygen is essential for ROS generation [34]. Additionally,
PDT itself can worsen hypoxia, contributing to drug
resistance and metastasis [35]. Recent advances have
demonstrated that nanoscale MOFs can alleviate hypoxia
by serving as oxygen carriers or generators, thereby
enhancing PDT outcomes [34]. UiO-66’s high loading
capacity, biocompatibility, tunable porosity, and gas
adsorption properties make it a compelling candidate for
addressing these limitations. Zirconium-based MOFs,
particularly UiO-66, have been increasingly recognized
for their advantageous properties in photodynamic
therapy applications. Zirconium nodes confer exceptional
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chemical and thermal stability, while the high porosity and
tunable pore size facilitate efficient photosensitizer
encapsulation and oxygen storage/release [31,34]
Furthermore, the strong Zr—O coordination bonds provide
structural robustness under physiological conditions,
which is critical for maintaining photophysical
performance during PDT [36]. These properties
collectively contribute to enhanced singlet oxygen
generation, improved photosensitizer stability, and
sustained photodynamic activity, making UiO-66 a
promising platform for IR783 delivery [37,38]. In this
study, a multifunctional nanosystem was developed by
encapsulating the near-infrared dye IR783 into UiO-66
MOF (IR783@UiO-66) to enhance breast cancer
treatment. This approach aims to address the limitations
of IR783, including its poor stability, rapid degradation in
polar solvents, low quantum yield, and limited tumor-
targeting ability, despite its known pro-apoptotic effects
in breast cancer cells via mitochondrial fission.
Leveraging the nanoscale size and high loading capacity
of UiO-66, the combined platform was designed to
improve cellular uptake and PDT efficiency. Following
structural  characterization and  biocompatibility
assessments, the cytotoxic and phototoxic effects of
IR783, UiO-66, and IR783@UiO-66 were evaluated in
vitro on MCF-7 and MDA-MB-231 breast cancer cell
lines, as well as MCF-10A normal epithelial cells.
Phototoxicity was examined under LED light at varying
doses (18—144 J/cm?) and exposure times (7.5—60 min).
To further evaluate the impact of UiO-66 encapsulation
on photodynamic efficiency, singlet oxygen generation
was comparatively assessed before and after IR783
loading using both DPBF and ABDA chemical probes.
Results demonstrated that both IR783@UiO-66 and free
IR783 significantly reduced cancer cell viability in a dose-
and light-dependent manner, while exhibiting minimal
cytotoxicity toward normal cells. In contrast, UiO-66
alone showed negligible phototoxicity under identical
conditions. The slightly reduced efficacy observed for the
loaded system compared to free IR783 is likely
attributable to slower dye release kinetics and potential
inefficiencies in loading capacity.

2. Materials and methods

2.1. Materials

Zirconyl chloride octahydrate (ZrOCl:-8H20) and
terephthalic acid (BDC) were purchased from Xi’an Ruixi
Biotechnology Co., Ltd. IR783 and all other chemicals
were obtained from Sigma-Aldrich, unless otherwise
specified.
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2.2. Synthesis of UiO-66 and IR783@UiO-66
Nanoparticles

Ui0O-66 nanoparticles were synthesized by making minor
modifications to the methods previously reported in the
literature. In a typical procedure, zirconyl chloride
octahydrate (ZrOCL-8H.O 1.6 g, 5.0 mmol) and
terephthalic acid (BDC 0.80 g, 4.8 mmol) were dissolved
in N,N-dimethylformamide (DMF 30 mL) at room
temperature. Then, formic acid (15.0 mL, 397.5 mmol)
was added to the mixture and stirred at 140 °C for 2 h
using a reflux apparatus. The resulting white precipitate
was cooled to room temperature, then filtered and washed
once with 20 mL of DMF and 50 mL of acetone and dried
to obtain white UiO-66 nanoparticles [39].

To synthesize IR783-loaded UiO-66 nanoparticles
(IR783@Ui0-66), 100 mg of UiO-66 was dispersed in 25
mL of deionized water under ultrasonic agitation.
Subsequently, 5 mL of aqueous IR783 solution (8, 1.4, 2,
1, and 0.5 mg/mL) was added dropwise to the dispersion
and stirred in the dark for 3 h to allow dye adsorption. The
resulting green-colored IR783@UiO-66 nanoparticles
were collected by centrifugation and washed repeatedly
with deionized water until the supernatant became
colorless, indicating that unbound dye was removed. The
final product was dried at room temperature to obtain a
dry powder [33]. All steps were carried out under light-
protected conditions to prevent photodegradation of the
dye.

2.3. Characterization of UiO-66 and IR783@UiO-66
Nanoparticle

2.3.1. Structural Characterization

The synthesized UiO-66 and IR783@Ui0O-66
nanoparticles were characterized using various analytical
techniques. Particle size and zeta potential were
determined by Dynamic Light Scattering (DLS) (Nano
Particle Size Analyzer, Particulate Systems—NanoPlus) to
evaluate colloidal stability and predict cellular uptake
behavior. Scanning Electron Microscopy (SEM) (FEI
QUANTA 250 FEG) and Scanning Transmission Electron
Microscopy (STEM) (FEI QUANTA 250 FEG equipped
with a STEM detector) were used to assess morphology
and particle size, while Energy-Dispersive X-ray
Spectroscopy (EDX) (FEI QUANTA 250 FEQG)
confirmed elemental composition. Crystallinity and phase
A dialysis membrane with a molecular weight cut-off
(MWCO) of 14,000 Da (34 mm, TX0111, BioBasic) was
employed to separate the nanoparticle dispersion from the
release medium. Aliquots were withdrawn at
predetermined time intervals, and the concentration of
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purity were analyzed by X-ray Diffraction (XRD) (Philips
X'Pert Pro Diffractometer - Royal Philips Electronics,
Amsterdam, The Netherlands), and functional groups
were identified using Fourier Transform Infrared
Spectroscopy (FT-IR) (PerkinElmer Spectrum Two FTIR
Spectrometer). Thermogravimetric Analysis (TGA)
(Perkin Elmer Diomand TG/DTA) evaluated thermal
stability, and Brunauer—Emmett-Teller (BET) analysis
was used to determine surface area and porosity.

2.4. IR783 Loading Efficiency

The loading efficiency of IR783 into UiO-66
nanoparticles was determined using UV-Visible
spectrophotometry  (Shimadzu-UV-2550, Japan and

PekinElmer LAMBDA Bio+). A standard calibration
curve was first generated by measuring the absorbance of
IR783 solutions at 783 nm, its maximum absorption
wavelength, using known concentrations. Following the
synthesis of IR783@Ui0-66, the nanoparticle suspension
was centrifuged at 13,500 rpm for 15 minutes to separate
unbound IR783. The absorbance of the supernatant was
measured, and the concentration of unencapsulated dye
was calculated based on the standard curve. The loading
and encapsulation efficiency were then determined using
the following equations:

Drug Loading Efficiency % =

Amount of IR783 encapsulated
100

Total amount of nanoparticle

Encapsulation Efficiency % =

Amont of IR783 encsapsulated

x 100
Amount of the prepared solution of IR783

2.5. IR783 Release Profile from UiO-66 Nanoparticles

The release profile of IR783 from IR783@UiO-66
nanoparticles was evaluated using a dialysis method. In
this technique, a dialysis membrane serves to retain the
nanoparticles while allowing the free drug to diffuse into
the surrounding release medium.

For the experiment, IR783@UiO-66 nanoparticles were
dispersed in phosphate-buffered saline (PBS) at pH 7.4
and 5.5, and incubated at 37 °C with gentle agitation.

released IR783 was quantified by measuring the
absorbance at 783 nm using a UV-Vis spectrophotometer.
The cumulative release of IR783 was calculated and
plotted as a function of time. The release kinetics were
assessed under both neutral and acidic pH conditions to
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simulate physiological and tumor microenvironments,
respectively. This analysis provided insights into the
stability and controlled release capability of the UiO-66
nanocarrier. The cumulative release percentage of IR783
was determined using the following equation[40]:

Mr
Cumulative release percentage % = Mt x 100

where M; is the mass of IR783 release from IR783@UiO-
66 nanoparticles , M is the total mass of loaded IR783.

2.6. Biocompatibility Assessment

The biocompatibility of IR783 and synthesized UiO-66,
IR783@Ui0-66 nanoparticles was evaluated by serum
protein binding capacity and hemolysis assays. The serum
protein binding capacity of UiO-66 and IR783@Ui0O-66
nanoparticles was evaluated using a modified version of
the method described by Cole et al. and Semete et al.
[41,42]. Various volume ratios of fetal bovine serum
(FBS) to IR783@Ui0O-66 nanoparticle suspensions were
prepared (20:80, 40:60, 50:50, 60:40, and 80:20) to a final
volume of 500 pL (v/v). The mixtures were incubated at
37 °C with gentle shaking at 150 rpm for 2 hours to allow
protein—nanoparticle interactions. Following incubation,
the samples were centrifuged at 14,000 rpm for 10
minutes to separate protein-bound nanoparticles from
unbound proteins. The resulting pellets were washed
twice with phosphate-buffered saline (PBS, pH 7.5), and
the supernatants were collected after each wash. The
initial FBS sample and all three collected supernatants
were analyzed for protein concentration using the
Bradford assay [43]. The amount and percentage of serum
proteins bound to the IR783@UiO-66 nanoparticles were
calculated based on the difference between the initial and
residual protein concentrations in the supernatants using
the following formula:

Protein Binding % =

Concn (Initial protein) — Concn (unbound protein) % 100

Concn (initial protein)

The hemocompatibility of IR783, UiO-66, and
IR783@Ui0-66 nanoparticles was assessed by evaluating
their hemolytic potential. The extent of hemolysis was
determined according to the protocols described by Mayer
et al. [44] and Yallapu et al. [45]. Whole blood collected
into EDTA tubes was centrifuged at 13,500 rpm for 15
min to isolate erythrocytes. The resulting red blood cells
were washed twice with phosphate-buffered saline (PBS)
and resuspended in PBS. The erythrocyte suspension was
then incubated with IR783, UiO-66 and IR783@Ui0-66
nanoparticles at concentrations of 1, 20, and 50 ug/mL at
a 1:1 volume ratio (v/v) at 37 °C for 6 h. PBS and 1%
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Triton X-100 were used as negative and positive controls,
respectively. After incubation, all samples were
centrifuged at 4,100 rpm for 10 min to remove
nanoparticles.  Supernatants were collected, and
hemoglobin release was measured spectrophotometrically
at 540 nm. The percentage of hemolysis was calculated
using the following formula:

Hemolysis % =

Absorbance (sample) — Absorbance (negative control)

Absorbance (positive control)

x 100

2.7. Evaluation of the photodynamic properties of the
synthesized nanoparticles

2.7.1. Singlet oxygen generation (SOG) assay

The ability of IR783@UiO-66 nanoparticles to generate
singlet oxygen ('0.) was assessed using two established
chemical probes: 1,3-diphenylisobenzofuran (DPBF) and
9,10-anthracenediyl-bis(methylene)dimalonic acid
(ABDA). For the DPBF assay, IR783@UiO-66
nanoparticles were prepared at concentrations of 5, 10, 20,
50, 100, and 200 pg/mL and incubated with an 8§ mM
solution of DPBF in a suitable solvent. DPBF reacts with
singlet oxygen to form 1,2-dibenzoylbenzene, resulting in
a measurable decrease in its characteristic absorbance
peak at 410 nm. Samples were irradiated using a 630 nm
LED light source (output power: 40 mW, energy dose:
144 J/cm?, exposure time: 3600 s). Absorbance spectra
were recorded using a microplate reader before and after
irradiation. The percentage reduction in absorbance at
410 nm was used to quantify singlet oxygen generation, as
previously described [46]. To further confirm 'Oz
production under physiologically relevant conditions,
ABDA was employed as a complementary water-soluble
probe. IR783 and IR783@Ui0-66 (at 5, 10, 20, 50, 100,
and 200 pg/mL) were incubated with ABDA (20 uM) in
phosphate-buffered saline (PBS). The samples were
exposed to 630nm LED irradiation under identical
conditions (40mW, 144J/cm? 3600s), and the
absorbance at 378 nm was measured before and after light
exposure. The decrease in ABDA absorbance was directly
correlated with singlet oxygen production [47].

2.8. Photostability
The photostability of free photosensitizer IR783 and

IR783@Ui0-66 nanoparticles was evaluated under 630
nm LED irradiation according to a modified method
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described by Usama et. al. [48]. Samples were prepared at
10 uM concentration in dimethyl sulfoxide (DMSO).
The decrease in absorbance at 630 nm was monitored
using a fluorescence spectrophotometer. Measurements
were recorded every 2 min for the first 10 min and then
every 10 min for a total of 60 min. The photostability
profile was evaluated by plotting the decrease in
absorbance as a function of irradiation time .

2.9. Fluorescence quantum yield measurements

The fluorescence emission spectra of the free
photosensitizer IR783 and IR783@Ui0O-66 nanoparticles
were  recorded using an  Edingburg  FS-5
spectrophotometer.

The measurements were carried out DMSO where the
samples were placed in 1 cm path length quartz cuvettes
and excited. The emission was integrated over the 550—
800 nm range and all samples were prepared such that
their maximum absorbance was below 0.1 to minimize
internal filter effects. A solution of free IR783 in DMSO
was used as an internal standard for quantum yield
calculations. The fluorescence quantum yields of IR783
and IR783@Ui0O-66 nanoparticles were calculated by the

instrument [49].
2.10. Fluorescence lifetime detection

The fluorescence lifetime emission spectra of free
photosensitizer IR783 and IR783@Ui0O-66 nanoparticles
were  recorded Edingburg  FS-5
spectrophotometer. Each sample was placed in 1 cm path
length quartz cuvettes and excited in DMSO. The
fluorescence lifetimes of IR783 and IR783@UiO-66
nanoparticles were measured by the instrument and the
fluorescence lifetimes were calculated using the results
[50,51].

using  an

2.11. In vitro evaluation of synthesized nanoparticles
2.12. Cell lines and culture conditions

In this study, two human breast adenocarcinoma cell lines
(MDA-MB-231 and MCF-7) and one non-tumor forming
epithelial cell line (MCF-10A) were used to evaluate the
The light intensities were calculated according to the
formula below.

) Power (W)
Energy density (J/cm2) = m x 100

After irradiation, 5 pg/mL MTT was added and incubated
at 37°C for 3.5 h. The obtained formazan crystals were
dissolved in DMSO and the absorbance was measured at
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biological effects of the synthesized nanoparticles. MCF-
7 and MDA-MB-231 cells were cultured in DMEM
medium, while MCF-10A cells were maintained in
DMEM/F-12 medium. 10% fetal calf serum (FBS), 1% L-
glutamine, and 1% penicillin/streptomycin were added to
DMEM medium, while 5% horse serum, 1% pen/strep, 10
pg/mL insulin, 20 ng/mL hEGF, 0.5 ng/mL
hydrocortisone, and 100 ng/mL chlorotoxin were added to
DMEM/F-12 medium. Cultures were incubated at 37°C in
a humidified 5% CO: atmosphere. Subculturing was
performed when cells reached 80% confluence, and only
actively dividing cells in the logarithmic growth phase
were used in the experiments.

2.13. Cell viability and cytotoxicity assay

To assess cytotoxicity, MDA-MB-231, MCF-7, and
MCF-10A cells were seeded in 96-well plates at a density
of 5x103 cells/mL (100 pL per well) and incubated for 24
h. After incubation, the medium was treated with various
concentrations (2.5-200 pg/mL) of IR783 and UiO-66,
IR783@Ui0-66 nanoparticles.

The nanoparticles were sterilized by UV irradiation before
cell treatment. Cell viability was determined using the
MTT assay after 12, 24, and 48 h of incubation. 10 pL of
MTT solution (5 mg/mL PBS) was added and incubated
at 37 °C for 3.5 h.

The plates were then centrifuged at 1800 rpm for 10 min
and the supernatant was removed. The obtained formazan
crystals were dissolved in DMSO and the absorbance was
measured at 570 nm using a microplate reader (Thermo
Fisher Scientific Multiskan GO). Cell viability was
calculated as previously described [52].

2.14. Phototoxicity assay

For phototoxicity analysis, MDA-MB-231, MCF-7, and
MCF-10A cells were seeded in 96-well plates at 5x10°
cells/mL per well and incubated for 24 h. After incubation,
the cells were treated with various concentrations of
IR783 and UiO-66, IR783@UiO-66 nanoparticles (5-50
pg/mL).

After 24 h of incubation LED light (light intensities of 18,
36, 72, and 144 J/cm?) with 40 mW output power was
applied for different times (7.5, 15, 30, and 60 min).

570 nm using a microplate reader (Thermo Fisher
Scientific Multiskan GO). Cell viability was calculated as
previously described [52].

2.15. Reactive species (ROS) level detection

Cells at a concentration of 5x103 cells/mL were incubated
in an incubator with 95% humidity and 5% CO; using
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MDA-MB-231, MCF-7, and MCF-10A 96-well well
plates for 24 h and treated with IR783, UiO-66, and
IR783@Ui0-66 for 24 h. After incubation, the well plates
were irradiated with LED light (0.04 W) for 60 min. In
order to compare the effects of two different environments
on the amount of ROS, the same procedures were carried
out in the dark. Then, all samples were washed with PBS
(2x) and then reacted with 2'7'-dichlorofluorescin
diacetate (DCFH-DA, 10 pM) for 30 min at 37 °C in cell
culture medium. Relative fluorescence intensity was
measured with a UV-vis spectrophotometer (Excitation
Wavelength (Ex) = 560 nm and Emission Wavelength
(Em) = 612 nm).

2.16. Apoptosis analysis

The apoptotic effects of the samples used in this study on
MCEF-7, MDA-MB-231, and MCF-10A cell lines were
evaluated using the Annexin V-FITC kit. For this purpose,
1980 pL of cell suspension at a concentration of 3x10°
cells/mL was seeded into 6-well cell culture plates. The
cells were incubated at 37 °C in a humidified atmosphere
containing 5% CO: for 24 hours. Subsequently, the
samples were added at a final concentration of 50 pg/mL
(prepared in DMSO) to bring the total volume to 2 mL per
well. To evaluate the PDT effect, LED light at an output
power of 40 mW was applied to the treated cells for 60
minutes, corresponding to a light dose of 144 J/cm?. The
cells were then incubated for an additional 24 hours.
Parallel experiments were conducted in the dark to assess
the specific contribution of light activation and to compare
apoptotic responses under light and dark conditions.
Following incubation, all cells were washed with cold
PBS, harvested using trypsin, and centrifuged at 800 rpm
for 5 minutes. The resulting pellet was resuspended in 5
mL of cold PBS and centrifuged again. The final pellet
was then resuspended in 50 pL of binding buffer, followed
by the addition of 2.5 pL of Annexin V-FITC and 5 pL of
propidium iodide (PI). The cells were incubated at room
temperature in the dark for 15 minutes. After staining, 200
puL of binding buffer was added, and apoptotic analysis
was performed using a flow cytometer.

2.17. Statistical analysis
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All experiments were performed in triplicate to ensure
accuracy and reproducibility. Values are expressed as
percentage (%) or mean + standard deviation of replicates
(n=2 or 3). Statistical analysis was done with Excel and
GraphPad Prism 9.0.0. MTT analysis results were
evaluated by two-tailed paired t-test (for two-group
comparison) and one-way ANOVA followed by Tukey
multiple comparison test for multiple comparisons (more
than two groups). A p-value of <0.05 was considered
statistically significant.

2. Results and discussion

3.1. Synthesis and Characterization of UiO-66 and
IR783@Ui0O-66 Nanoparticles

UiO-66 and IR783@Ui0O-66
synthesized via a modified solvothermal method, adapting

nanoparticles were

protocols commonly used for metal-organic frameworks
to ensure optimal dye encapsulation. Several formulations
were prepared by varying the concentration of the near-
infrared dye IR783, aiming to optimize encapsulation
efficiency, drug loading capacity, and nanoparticle
morphology.

Structural analysis was conducted using SEM, DLS, and
EDX. Among the tested formulations, the nanoparticles
synthesized with 2 mg/mL of IR783 exhibited the most
favorable physicochemical characteristics, including
well-defined morphology in SEM images, high
encapsulation efficiency (84.62%), and an optimal drug
loading capacity of 9.08%, equivalent to approximately
1.69 mg of IR783 per nanoparticle batch (Table 1). This
optimized formulation was subsequently selected for
further evaluations.

SEM imaging revealed uniform particle dispersion for
both unloaded UiO-66 and IR783@UiO-66 nanoparticles,
with mean diameters 0f 292.0 + 20 nm and 317.8 + 43 nm,
respectively, as determined by the analysis of 100
individual particles using ImageJ software (Figure 1A, B).
These results align with previous studies that describe the
crystalline morphology of UiO-66 nanoparticles[53]. DLS
analysis reported hydrodynamic diameters of 453.1 = 13
nm for UiO-66 and 533.8 & 13.1 nm for IR783@Ui0-66,
reflecting the expected increase in particle size upon dye
encapsulation.
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Figure 1. (A) SEM image of UiO-66 nanoparticles; (B) SEM image of IR783@UiO-66 nanoparticles; (C) STEM image of UiO-66 nanoparticles; (D) STEM

image of IR783@Ui0-66 nanoparticles

Table 1. Physicochemical properties of UiO-66 and IR783@UiO-66 nanoparticles, including particle diameter, hydrodynamic radius, drug loading

efficiency, encapsulation efficiency, and zeta potential

Sample Diameter Hydrodynamic  Drug Loading  Encapsulation Efficiency (%) Zeta Potential
(nm) radius (nm) Efficiency (%) (mV)

Ui0-66 292.0 nm 453.1 nm - - 18.91

IR783@Ui0-66  317.8 nm 533.8 nm 9.08 84.62 26.30

The discrepancy between SEM and DLS results is
attributed to solvation effects and nanoparticle
aggregation in suspension, consistent with earlier
observations in MOF-based systems [54]. STEM analysis
provided further insights into the morphology and
dispersion state of the nanoparticles. Figure 1C shows
well-dispersed UiO-66 particles with uniform contrast and
spherical-to-polyhedral ~ shapes, confirming  the
monodispersity observed in SEM. In Figure 1D,
IR783@Ui0-66 nanoparticles appear slightly darker and
exhibit increased electron density, indicative of successful
dye loading. The absence of significant agglomeration in
both images supports good colloidal stability, while the
clear particle boundaries reinforce the nanoscale integrity
of the structures post-encapsulation. Polydispersity index
measurements indicated a narrow size distribution for
both nanoparticle formulations, comparable to values
reported in other MOF-related studies [28]. Additionally,
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zeta potential analysis revealed positive surface charges of
+18.91 = 1.76 mV for UiO-66 and +26.30 + 1.61 mV for
IR783@Ui0-66, suggesting stable colloidal behavior and
the potential for enhanced cellular interactions. This
increase in surface charge following IR783 loading is
likely due to the ionic functional groups present in the dye,
facilitating favorable electrostatic interactions with
negatively charged cell membranes [28]. EDX elemental
analysis confirmed successful dye encapsulation.

While the elemental composition of UiO-66 matched its
theoretical formula (CasH28030Z16), the detection of
sodium (Na), sulfur (S), and chlorine (Cl) peaks in the
IR783@UiO-66 spectrum was consistent with the
molecular structure of IR783 (CssHasCIN2NaOsS:),
supporting effective dye integration within the MOF
framework [55]. FTIR spectroscopy was used to verify the
structural integrity of UiO-66 and confirm IR783
encapsulation within the


https://doi.org/10.57647/pibm-2025-17593

d

Sahinoglu et.al., Prog. Biomater. 2025; 14(3)

nanoparticle matrix (Figure 2A). The FTIR spectrum of
IR783 showed characteristic bands for C-H stretching
(3000-3100 cm™), C=C and C=N stretching (1500-1650
cm'), and S=0 stretching (1030-1080 cm™), consistent
with previous reports on cyanine dyes [56]. UiO-66
exhibited typical signals from the terephthalic acid linker,
including carboxylate stretching at 1597 and 1406 cm™,
and the absence of a peak at 1685 cm™ confirmed
complete linker coordination [57]. The IR783@Ui0O-66
spectrum displayed vibrational features of both the dye
and MOF framework, suggesting successful dye
integration.  Although FTIR cannot conclusively
distinguish between surface adsorption and internal
encapsulation, the coexistence of these signals, along with
the absence of IR783 peaks in unloaded UiO-66, supports
effective dye incorporation into the MOF structure.
Complementary for  successful
encapsulation was provided by the observable color
change of the nanoparticles. While UiO-66 nanoparticles
appeared white, IR783-loaded samples exhibited a

visual evidence

incorporation. Such colorimetric shifts have been widely
reported as indicative of successful dye loading into
porous nanocarriers [57]. XRD analysis was performed to
evaluate the crystallinity of UiO-66 nanoparticles and to
confirm framework integrity after IR783 encapsulation
(Figure 2B). UiO-66 exhibited characteristic diffraction
peaks at 20 values of 7.37°, 8.57°, and 25.72°, consistent
with the (111), (002), and (022) planes, matching previous
reports [33]. These peaks were retained in the
IR783@Ui0-66 pattern, indicating preserved crystalline
structure after dye loading. However, a reduction in peak
intensity suggested partial loss of long-range order, likely
due to guest molecule incorporation within the pores [58].
Additionally, the diminished diffraction signals of
crystalline IR783 in the loaded formulation implied that
the dye was predominantly encapsulated in an amorphous
or molecularly dispersed state, favorable for enhancing
solubility and bioavailability.

the results successful  dye
incorporation without compromising MOF structural

Overall, confirm

distinct green coloration, consistent with dye integrity.
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Figure 2. (A) FTIR spectra of IR783, UiO-66, and IR783@Ui0-66; (B) XRD patterns of IR783, UiO-66, and IR783@Ui0-66; (C) TGA curves of IR783,
Ui0-66, and IR783@Ui0-66; (D) Nitrogen adsorption—desorption isotherms of UiO-66 and IR783@UiO-66

10.57647/pibm-2025-17593


https://doi.org/10.57647/pibm-2025-17593

d

10

Sahinoglu et.al., Prog. Biomater. 2025; 14(3)

TGA was performed to assess the thermal stability and
decomposition behavior of IR783, UiO-66, and
IR783@Ui0-66 nanoparticles (Figure 2C). Free IR783
exhibited a multi-stage decomposition, with the most
significant weight loss (43.56%) between 55°C and
500 °C, consistent with the thermal degradation of its
organic components [59]. In comparison, unloaded UiO-
66 showed three distinct weight loss stages, corresponding
to water desorption (~90 °C), removal of residual DMF,
and framework decomposition with ZrO. formation
around 599 °C, in line with previous reports [60]. The
IR783@Ui0-66 nanocomposite displayed a similar
profile, confirming structural integrity after dye loading.
Notably, the higher initial weight loss (81.86% between
30 °C and 500 °C) reflected the combined degradation of
both the MOF structure and encapsulated IR783,
supporting high dye loading and successful incorporation
within the framework. MOFs are known for their high
porosity and large surface areas. To evaluate the textural
properties of UiO-66 and IR783@UiO-66 nanoparticles,
nitrogen adsorption—desorption measurements were
performed, and the BET surface area, pore size
distribution, and pore volume were determined (Figure
2D). Both samples exhibited Type [ isotherms,
characteristic of microporous materials, indicating that
dye loading did not compromise the structural integrity of
the UiO-66 framework.

The BET and Langmuir surface areas were calculated as
922.76 m?*/g and 1188.80 m*g for UiO-66, respectively. A
slight decrease in surface area was observed for
IR783@Ui0-66, attributed to interactions between the Zrs
clusters and the sulfonic acid groups of IR783, rather than
simple pore blockage by dye encapsulation, consistent
with previous findings [33]. The minimal change in pore
size further supports that the microporous structure of
Ui0-66 largely unaffected after dye
incorporation. These results align well with reported data
for dye-loaded MOF systems.

remained

3.2. pH-Dependent release profile of IR783 from UiO-
66 nanoparticles

The pH-responsive release behavior of IR783@UiO-66
was investigated under conditions simulating the tumor
microenvironment (pH 5.0) and normal physiological
conditions (pH 7.4). Such pH-dependent release profiles
are critical for enhancing the therapeutic index of
nanocarrier systems by promoting targeted drug
accumulation at acidic tumor sites while minimizing
systemic toxicity [61,62].

The IR783@UiO-66 nanoparticles were dispersed in
phosphate-buffered saline (PBS, pH 7.4) and acetate
buffer (pH 5.0) and incubated at 150 rpm for four days.
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Figure 3. pH-dependent release study of IR783 from IR783@UiO-66
nanoparticles. Release profiles were monitored at pH 7.4 (physiological)
and pH 5.0 (tumor-simulated) over 96 hours using UV-Vis
spectroscopy. Data are presented as mean £+ SD (n = 3)

At defined time intervals, supernatant samples were
collected, and the released IR783 content was quantified
via UV-Vis spectrophotometry, using the characteristic
absorbance peak of the dye. As shown in Figure 3, the
release of IR783 was significantly accelerated at pH 5.0
compared to pH 7.4. After 96 hours, the cumulative
release of IR783 reached approximately 71% at acidic pH,
whereas only 34% was released under neutral conditions.
This enhanced release at lower pH is likely attributed to
the partial destabilization of metal-ligand coordination
bonds in the UiO-66 framework under acidic conditions,
which facilitates the diffusion of encapsulated dye
molecules. The observed pH-sensitive release behavior is
consistent reports on MOF-based
nanocarriers, where acidic environments trigger selective
drug release by weakening the interaction between the
MOF framework and the guest molecules [61]. These
results confirm that IR783@UiO-66 exhibits effective
pH-responsive release properties, supporting its potential
application as a smart drug delivery system for tumor-
targeted PDT.

with  previous

3.3. Biocompatibility evaluation of IR783@UiO-66
nanoparticles

3.3.1. Protein binding assay

The interaction of nanoparticles with plasma proteins
significantly affects their biodistribution, cellular uptake,
and clearance rates. Protein adsorption studies were
performed to evaluate the binding of serum proteins to
IR783@Ui0O-66 nanoparticles, using fetal bovine serum
(FBS) as a model system. Nanoparticles were incubated
with varying serum-to-nanoparticle ratios (20:80 to 80:20)
at 37 °C for 2 hours to simulate physiological conditions.
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Figure 4. Hemolysis assay of IR783, UiO-66, and IR783@UiO-66
nanoparticles. Blood compatibility was evaluated at concentrations of 1,
20, and 50 pg/mL using a standard hemolysis assay

Table 2. Binding percentages of IR783 dye, UiO-66, and IR783@UiO-
66 nanoparticles to serum proteins

Protein Binding (%)
Viserum: Vianoparicle:  IR783  Ui0-66  IR783@Ui0-66
20:80 5.48 0.3 6.82
40:60 8.40 0.14 7.68
50:50 14.10 3.56 3.65
60:40 6.37 9.71 3.37
80:20 16.81 7.11 6.32

The concentration of unbound serum proteins in the
supernatant was measured using the Bradford assay [43].
Results demonstrated low serum protein binding across all
tested nanoparticle formulations (Table 2), indicating
favorable biocompatibility and suggesting minimal
opsonization, a desirable feature for prolonged circulation
and reduced immune recognition. These findings are
consistent with previous studies highlighting the role of
positive surface charge and particle size in modulating
protein corona formation [63].

3.4. Hemolysis assay

The hemolytic potential of the nanoparticles was assessed
to determine their compatibility with erythrocytes (red
blood cells). Nanoparticles were incubated with human
erythrocytes at concentrations of 2, 50, and 100 pg/mL,
and hemoglobin release was quantified
spectrophotometrically. Triton X-100 and PBS served as
positive and negative controls, respectively. As shown in
Figure 4, all nanoparticle formulations exhibited
hemolysis levels below 5%, well within the acceptable
range for Dblood-compatible materials. Notably,
IR783@Ui0-66 nanoparticles displayed comparable or
lower hemolytic activity than free IR783, suggesting that
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encapsulation within the MOF matrix mitigates potential
cytotoxic effects on red blood cells. These results align
with previous reports indicating that nanoparticle surface
charge and size influence hemolytic activity [44,64].
Together, these biocompatibility assays confirm the safety
of IR783@Ui0-66 nanoparticles for potential intravenous
administration.

3.5. Singlet oxygen generation and photophysical
characterization

The photodynamic activity of IR783-loaded UiO-66
nanoparticles (IR783@UiO-66) was evaluated by
assessing their singlet oxygen ('02) generation capacity
using two complementary chemical probes: 1,3-
diphenylisobenzofuran (DPBF) and 9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABDA). In the DPBF
assay, IR783@UiO-66 and bare UiO-66 were tested at
concentrations of 5, 10, 20, 50, 100, and 200 pg/mL. Upon
630 nm LED irradiation (40 mW, 144 J/cm?, 60 min), a
progressive, concentration-dependent decrease in DPBF
absorbance at 410 nm was observed in IR783@Ui0-66
samples, confirming efficient photoinduced 'O
production (Figure 5A). The maximum reduction
occurred at 200 pg/mL, consistent with previous reports
showing enhanced reactive oxygen species (ROS)
generation at higher photosensitizer concentrations
[28,65]This photobleaching effect, which arises from the
reaction between DPBF and singlet oxygen, confirmed the
photosensitizing activity of the nanoparticles under light
exposure. These results underscore the robust light-
activated ROS-generating capacity of the nanoparticle
formulation [66]. To further validate 'O. production under
aqueous and physiologically relevant conditions, the
ABDA assay was employed. Both free IR783 and
IR783@Ui0-66 (5-200 pg/mL) were incubated with
ABDA (20 uM) in PBS and irradiated under identical
conditions (630nm, 40mW, 144 J/cm? 3600s). A
measurable reduction in ABDA absorbance at 378 nm was
recorded post-irradiation, with IR783@UiO-66 showing
significantly greater decreases at all tested concentrations
(Figure 5B). This enhancement is attributed to improved
photostability, dispersibility, and singlet oxygen quantum
yield conferred by MOF encapsulation[28]. Collectively,
these findings (summarized in Table 3) confirm that
IR783@Ui0-66 nanoparticles possess superior singlet
oxygen generation efficiency compared to free IR783,
supporting their potential as highly effective
photosensitizers for PDT. To better understand the
mechanism underlying this enhancement, photophysical
properties of free IR783 and IR783@UiO-66 were
examined.
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Fluorescence quantum yield (®F) measurements revealed
a marked increase from 0.93% for free IR783 to 3.32%
upon UiO-66 encapsulation (Table 4). This increase likely
results from reduced aggregation-induced quenching and
improved spatial distribution of dye molecules within the
MOF pores, which minimizes non-radiative decay[26].
Time-resolved fluorescence studies further support this
interpretation. The average fluorescence lifetime (t.) of
IR783 increased from 11.99 ns in its free form to 33.64 ns
when encapsulated. This prolonged lifetime suggests
restricted non-radiative relaxation and enhanced
intersystem crossing, both of which are beneficial for
singlet oxygen production [67].

Table 3. Singlet oxygen generation (%) by IR783@UiO-66
nanoparticles at varying concentrations determined using 1,3-
diphenylisobenzofuran (DPBF) and 9,10-Anthracenediyl-
bis(methylene)dimalonic acid (ABDA) as a chemical probe

IR783@Ui066  SOG (%) with  SOG (%) with
(ng/mL) DPBF ABDA

200 85.00 % 90.00 %

100 36.68 % 7521 %

50 18.60 % 60.10 %

20 9.74 % 40.00 %

10 3.88 % 18.48 %

5 2.35% 5.04 %

Table 4. Fluorescence lifetime and quantum yield values of free IR783
and IR783@UiO-66 nanoparticles

ti(ns) t2(ns) 713(ns) Ta (nS) 2}2)
IR783 0.532 3.369 44.9699 11.9866 0.928
IR783@ 0.9656  4.1533 78.7935 33.6384 3.32
Ui0-66

The correlation between improved photophysical
properties and 'O» generation confirms the role of the
MOF in stabilizing the dye’s excited state and promoting
efficient photodynamic action. Although absolute singlet
oxygen quantum yields (SOGQY) were not calculated
using a standard reference dye, the combination of
comparative DPBF/ABDA results and photophysical
enhancements provides a robust and reliable assessment
of the relative SOGQY before and after IR783 loading.
These findings confirm that UiO-66
encapsulation substantially improves the photodynamic
performance of IR783, validating the design of the
IR783@Ui0O-66 nanosystem for effective PDT
applications.

collectively

3.6. Photostability assessment

Photostability is a critical parameter for photosensitizers
used in PDT, as excessive photobleaching can diminish
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therapeutic efficacy by reducing ROS generation during
light exposure.

To assess the protective effect of UiO-66 encapsulation,
the photostability of free IR783 and IR783@UiO-66
nanoparticles was evaluated under continuous LED
irradiation (630nm, 40 mW) for 60 minutes. Both
formulations were prepared at 50 pg/mL in DMSO, and
absorbance was recorded at the maximum wavelength of
IR783 at regular intervals every 2 minutes for the first 10
minutes, followed by every 10 minutes up to 60 minutes
(Figure 6). The results showed that free IR783
experienced a gradual and substantial decrease in
absorbance, indicating notable photobleaching over time.
In contrast, IR783@UiO-66 maintained significantly
higher absorbance levels throughout the irradiation
period, demonstrating enhanced photostability. This
observed improvement can be attributed to the physical
confinement of IR783 molecules within the porous
framework of UiO-66, which likely restricts their
rotational and vibrational freedom, thereby reducing the
likelihood of non-radiative decay and degradation
pathways. Additionally, the MOF matrix may provide a
shielding effect, protecting the encapsulated dye from
direct light-induced damage and limiting its interaction
with surrounding reactive species.

These findings are consistent with previous studies
reporting enhanced stability of photosensitizers when
incorporated into nanocarriers or rigid architectures
[68,69]. The superior photostability of IR783@UiO-66
complements the improvements observed in singlet
oxygen generation and photophysical properties, further
supporting its utility as a robust and efficient
nanoplatform for photodynamic therapy.
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Figure 6. Photostability analysis of free IR783 and IR783@UiO-66.
Samples were exposed to 630nm LED irradiation to compare
photobleaching behavior and evaluate the effect of MOF encapsulation
on dye stability
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3.7. In vitro cytotoxicity, phototoxicity, and ROS
generation studies

3.7.1. Cytotoxicity evaluation under dark conditions

The biocompatibility and cytotoxic effects of free IR783,
unloaded UiO-66 nanoparticles, and IR783-loaded UiO-
66 nanocomposites were systematically evaluated on
healthy breast epithelial cells (MCF-10A) and two human
breast cancer cell lines (MDA-MB-231 and MCF-7).
Cytotoxicity assays were performed using the MTT
method at three different incubation periods: 12, 24, and
48 hours. As shown in Figure 7, cell viability decreased in
a concentration- and time-dependent manner across all
treatment groups. Unloaded UiO-66 nanoparticles

exhibited minimal cytotoxicity toward both healthy and
cancerous cell lines, even at higher concentrations and
extended exposure times (Fig. S1, Fig. S3, Fig. S4). This
result supports previous findings regarding the inherent
biocompatibility of UiO-66-based nanocarriers [70,71].
In contrast, free IR783 displayed higher cytotoxicity
toward healthy MCF-10A cells compared to the cancerous
MDA-MB-231 and MCF-7 cells, suggesting non-
selective toxicity. Notably, IR783 encapsulation within
Ui0-66 significantly reduced cytotoxic effects on healthy
cells while retaining activity against cancer cells (Fig. S1,
Fig. S3, Fig. S4). This protective effect is attributed to
controlled dye release and reduced exposure of non-target
tissues to free IR783, aligning with earlier studies on
MOF-based drug delivery systems [72,73].
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Figure 7. Cytotoxicity and phototoxicity assessment of IR783, UiO-66, and IR783@UiO-66. MCF-10A, MCF-7, and MDA-MB-231 cells were incubated
with samples for 24 h, followed by LED irradiation (144 J/cm?) or dark conditions. Cell viability was evaluated using the MTT assay. Statistical analysis
was performed using one-way ANOVA (*p <0.03, **p <0.02, ***p <0.002, ****p <(.0001)
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3.8. Phototoxicity evaluation (photodynamic therapy
assessment)

Following  initial  cytotoxicity  screening, the
photodynamic efficacy of IR783-loaded UiO-66
nanoparticles was systematically evaluated under LED
irradiation (630 nm, 40 mW) across varying light doses
(18, 36, 72, and 144 J/cm?) and exposure times (7.5, 15,
30, and 60 minutes). Nanoparticle concentrations ranging
from 5 to 50 pg/mL were selected based on cytotoxicity
results to minimize off-target effects while ensuring
therapeutic Under light exposure, a
concentration- and light dose-dependent reduction in cell
viability was observed in both cancer cell lines (MCF-7
and MDA-MB-231), with the most pronounced
phototoxicity achieved at 144 J/cm? (Fig. 7, Fig. S2, Fig.
S4, Fig. S6). Notably, free IR783 exhibited strong
phototoxicity but also higher cytotoxicity toward healthy
MCF-10A  cells. In contrast, IR783@Ui0-66
nanoparticles enhanced  selectivity,
effectively reducing cancer cell viability while largely
sparing healthy cells, particularly at lower nanoparticle
concentrations. The unloaded UiO-66 nanocarrier did not

relevance.

demonstrated

exhibit photodynamic activity, consistent with the
absence of intrinsic photosensitizing properties[72].
Among the tested conditions, 50 pg/mL was identified as
the most effective concentration for PDT-induced
cytotoxicity. While free IR783 exhibited higher
immediate  cytotoxicity, IR783@UiO-66 achieved
comparable photodynamic effects with reduced off-target
toxicity, likely due to controlled release dynamics and
encapsulation within the MOF framework. These findings
highlight the potential of IR783@Ui0O-66 as an effective
and selective photosensitizer system for PDT, offering
improved safety profiles by minimizing damage to
healthy cells. This selective cytotoxicity underscores the
promise of MOF-based delivery systems for enhancing
the therapeutic index of PDT agents, providing a strong
foundation for future preclinical studies.

3.9. Apoptosis analysis

To confirm that the observed cytotoxicity was due to cell
death, apoptosis analysis was conducted using Annexin
V-FITC/PI staining followed by flow cytometry. This
experiment was performed on MCF-10A (normal), MCF-
7, and MDA-MB-231 (cancer) cell lines treated with
IR783, UiO-66, and IR783@Ui0-66, under both dark and
LED-irradiated conditions. As shown in Figure 8§,
minimal apoptosis was detected in the control and dark-
incubated groups, indicating that the compounds
themselves do not induce significant toxicity in the
absence of light. Upon LED irradiation (144 J/cm?), a
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marked increase in apoptotic cell populations was
observed, particularly in cancer cells treated with
IR783@Ui0-66. In both MCF-7 and MDA-MB-231 cell
lines, IR783@UiO-66 significantly enhanced the
percentage of early and late apoptotic cells compared to
IR783 or UiO-66 alone, confirming its superior
photodynamic effect. Notably, MCF-10A cells exhibited
lower apoptotic rates under the same conditions,
suggesting selective cytotoxicity toward cancer cells.
These findings validate that the reduction in cell viability
upon treatment was indeed due to apoptosis, supporting
the potential of IR783@UiO-66 as an effective and
selective agent for photodynamic cancer therapy.

3.10. ROS generation

Intracellular ROS levels were measured to confirm the
mechanism of phototoxicity and assess oxidative stress
induction. ROS detection was performed using the
fluorescent ~ probe  2',7'-dichlorodihydrofluorescein
diacetate (DCFH-DA), which fluoresces upon oxidation
to 2',7'-dichlorofluorescein (DCF)[74,75]. Cells were
treated with IR783, UiO-66, or IR783@Ui0-66 for 24
hours, followed by LED irradiation (630 nm, 40 mW) for
60 minutes. The results demonstrated a significant,
concentration-dependent increase in ROS generation,
with 50 pg/mL producing markedly higher ROS levels
than 20 pg/mL across all cell lines. Under light activation,
IR783@Ui0-66 induced robust ROS production in MDA-
MB-231 and MCF-7 cancer cells, while ROS levels
remained relatively low in healthy MCF-10A cells (Figure
9). In contrast, free IR783 generated comparable ROS
levels in both cancerous and healthy cells, underscoring
its limited selectivity. Unloaded UiO-66 nanoparticles did
not show significant ROS generation under either
condition, confirming the
photosensitizing activity. Notably, light exposure
substantially amplified ROS production for both IR783
and IR783@Ui0-66, with the highest levels observed in
cancer cells treated with 50 pg/mL IR783@Ui0-66 under
irradiation. Encapsulation of IR783 within the UiO-66
framework effectively reduced off-target oxidative stress
in normal cells while maintaining potent ROS-mediated
cytotoxicity in cancer cells, likely due to controlled

absence of intrinsic

release and localized dye accumulation. These findings
confirm that IR783@UiO-66 nanoparticles enable
selective ROS generation upon light activation, offering a
promising strategy for enhancing the therapeutic index of
PDT. By minimizing collateral damage to healthy tissues
and selectively inducing oxidative stress in cancer cells,
IR783@UiO-66 represents an effective platform for
targeted PDT applications.
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Figure 8. Apoptosis analysis of IR783, UiO-66, and IR783@UiO-66 in
MCEF-10A, MCF-7, and MDA-MB-231 cell lines following 24-hour
incubation under dark conditions and after LED irradiation (144 J/cm?)

3. Conclusion

This study presents a novel nanosystem, IR783@UiO-66,
developed to enhance the efficacy of PDT for breast
cancer by combining the tumor-targeting properties of
IR783 with the high loading capacity and structural
stability of the UiO-66 metal-organic framework.
Encapsulation of IR783 within the UiO-66 matrix

@ 10.57647/pibm-2025-17593

Figure 9. Intracellular ROS levels in MCF-10A, MCF-7, and MDA-
MB-231 cells. Cells were treated with IR783, UiO-66, or IR783@UiO-
66, followed by incubation with DCFH-DA. ROS levels were measured
via fluorescence after 630 nm LED irradiation (60 min) or under dark
conditions

effectively addressed key limitations of the free dye,
including poor solubility, low fluorescence quantum
yield, and limited tumor selectivity. The resulting
nanoplatform exhibited dose- and light-dependent
cytotoxicity against breast cancer cell lines (MCF-7 and
MDA-MB-231), while maintaining minimal toxicity
toward normal epithelial cells (MCF-10A). Although free
IR783 demonstrated slightly greater phototoxicity likely
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due to faster cellular uptake IR783@UiO-66 offered a
more controlled, stable, and biocompatible delivery
system. Importantly, a comparative assessment of singlet
oxygen generation before and after encapsulation revealed
that the MOF architecture significantly enhances
photodynamic  activity, supported by improved
fluorescence lifetime and quantum yield parameters.
These findings validate the IR783@UiO-66 nanosystem
as a promising photosensitizer delivery platform and
highlight the broader potential of UiO-66-based MOFs in
PDT applications. Overall, this work underscores the
therapeutic promise of IR783@UiO-66 and provides a
foundation for further optimization and future in vivo
studies targeting breast cancer.
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