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Abstract: Efficient drug delivery to target tissue is a major challenge in many cancer treatment modal-
ities. Silica nanoparticles (SiNPs) have been identified as an ideal drug carrier due to their unique
properties. In Photodynamic therapy (PDT), one of the key challenges in utilizing photosensitizers
(PS) lies in effectively delivering the PS to the targeted tissue. Using Silica nanoparticles encapsulation
will effectively prevent the leakage of entrapped PS from the particles, protects against reduction
by the retinal endothelial system, and reduces PS toxicity. In this study, Silica nanoparticles (SiNPs)
were used as carriers for Safranin (SF) as a photosensitizer agent to treat MCF-7 breast cancer cells
in vitro. The SiNPs nanoparticles were synthesized, and their size and shape were measured using
Transmission Electron Microscopy (TEM). Cytotoxicity was evaluated for different concentrations of
encapsulated and naked SF. The optimal concentrations and exposure times required to eliminate
the MCF-7 under light (Intensity ~110 mW/cm2, red laser) were determined. The results indicated
that encapsulated SF by SiNPs exhibited higher efficacy than naked SF with a +50% concentration
efficacy and +78% exposure time efficacy. This confirmed the superior ability of encapsulated SF
to eliminate MCF-7 cells compared to naked SF. The use of synthesized silica nanoparticles loaded
with SF improved photodynamic therapy by increasing the bioavailability of SF in the target cells.
Our results demonstrate that SiNP encapsulation significantly improves the efficacy of SF in elim-
inating MCF-7 cells compared to bare SF. This study underscores the potential of SiNPs as a drug
delivery system for photodynamic therapy and could pave the way for developing more effective
cancer treatments.

Keywords: photodynamic therapy; safranin; silica nanoparticles; encapsulation; MCF-7 cells

1. Introduction

Photodynamic cancer therapy (PDT) has been considered a highly successful cancer
treatment technique in recent years. In comparison to other cancer treatment techniques,
PDT is both effective and has limited side effects. Several more effective photosensitizers
have been discovered and utilized to achieve this improvement [1,2]. By activating a
photosensitizer (PS) with light, PDT generates reactive oxygen species (ROS), ultimately
leading to cell death [3,4]. In PDT therapy, a primary challenge is delivering sufficient pho-
tosensitizer to the targeted tissues, as insufficient delivery may lead to reduced production
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of reactive oxygen species. As photosensitizer molecules travel to the target tissue, the
retinal endothelial system consumes some of them. The use of silica nanoparticles for en-
capsulation will prevent PS leakage from the particles. This reduces PS toxicity and protects
against reduction by the retinal endothelial system. Apparently, this can be attributed to the
fact that the silica nanoparticles form a protective layer around the PS molecules, thereby
preventing them from escaping and PS molecules from interacting with the environment,
thus ensuring the formulation remains stable and less likely to degrade over time. Addi-
tionally, the nanoparticles act as a buffer, reducing the amount of PS absorbed by the body
and thus decreasing its toxicity [5]. The delivery of photosensitizers by Silica nanoparticles
(SiNPs) is highly efficient and prevents their absorption by macrophages [6–8]. Previous
studies have shown that SiNPs can encapsulate photosensitizers and protect them during
delivery [9,10]. SiNPs exhibit a range of advantageous attributes that render them highly
suitable for integration into drug delivery systems. These desirable features encompass
their capacity for synthesis at low temperatures, low polydispersity, minimal toxicity,
remarkable biocompatibility, the potential to encapsulate photosensitizers within their
interior surfaces, and the ability to bind biomolecules onto their exterior surfaces [11–14].
To overcome the challenges of delivering therapeutic agents effectively and efficiently, silica
nanoparticles have emerged as promising carriers for photosensitizers. These nanoparticles
not only provide a protective shield but also ensure the precise delivery of the photosensi-
tizer to its intended target. This circumvents potential interactions with the body’s defense
mechanisms. This can be attributed to the fact that the mechanism by which encapsulated
photosensitizers are targeted is based on passive accumulation through enhanced perme-
ability and retention, as well as active targeting through interactions between the ligand
and the receptor. This process ensures that the photosensitizers are delivered specifically to
the target cancer cells. Consequently, therapeutic effectiveness is increased by delivering
a suitable PS concentration to the target tissue [15]. Silica nanoparticles enable precise
control over the photosensitizer loading and release, thereby maximizing its therapeutic
efficacy [9,10]. The SF release mechanism of Si NPs involves the activation of encapsulated
photosensitizer molecules that undergo changes when exposed to light. As a result of this
activation process, a large amount of singlet oxygen is produced, which breaks or passes
through the pores of the silica nanoparticles [16]. This innovative approach holds immense
potential for transforming photodynamic therapy and enhancing its precision as a targeted
treatment for cancer.

Safranin (SF), a phenazium dye-derived photosensitizer, exhibits remarkable photo-
cytotoxicity against tumor cells, making it a promising candidate for PDT. SF possesses
several advantageous properties that make it suitable for PDT applications. Firstly, it
demonstrates a high quantum yield of ROS generation when excited within the therapeutic
window of 500–520 nm. This specific wavelength range ensures efficient activation of SF
during PDT. Additionally, SF exhibits low toxicity in the absence of light, enhancing its
safety profile as a therapeutic agent [17,18]. Furthermore, SF has found applications beyond
PDT, particularly in the field of photo-oxidation of organic compounds [19–21].

References [15–17]. SF’s versatility makes it a highly appealing option for diverse
research domains, encompassing tissue structure, cellular studies, and investigations involv-
ing bacteria [22–24]. Furthermore, SF has been shown to be effective in inhibiting various
microorganisms, including Staphylococcus aureus, Escherichia coli, Shigella flexneri, Bacil-
lus subtilis, and bacteria associated with oral pathology [25–27]. Additionally, SF has
demonstrated efficacy in mitochondrial oxidation processes [28–30]. Phenazines, including
SF, have been identified as highly suitable photosensitizers for photodynamic therapy. This
is primarily due to their strong absorption in the visible region of the electromagnetic
spectrum, enabling efficient light absorption during treatment. Moreover, their interaction
with biological substances further contributes to their effectiveness in PDT [29]. By utilizing
SF’s unique properties, researchers can explore its potential for advancing PDT as a targeted
cancer treatment. The high ROS generation, low toxicity, and broad applicability of SF
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make it a promising candidate for further investigation and optimization in the field of
photodynamic therapy.

MCF-7 breast cancer cells are a serious global health concern due to treatment resis-
tance and the persistence of the disease [29]. Despite the development of therapeutic strate-
gies, current treatments are impeded by drug resistance and disease persistence [30,31].
New strategies are required to target and treat drug-resistant breast cancer cells and re-
duce the risk of relapse. Such strategies need to be developed to truly tackle the global
health challenge posed by MCF-7 breast cancer cells. Therefore, innovative and powerful
treatment approaches are needed to effectively eliminate these cells. Safety and simplicity
are important factors to consider when developing novel therapeutic options. Research
should be dedicated to exploring treatments that target MCF-7 cells while ensuring patient
safety and ease of administration. Such treatments should also have minimal side effects
and be cost-effective. Moreover, they should be tailored to the individual patient to ensure
optimal efficacy. In addition, they should be designed to target the most aggressive forms
of cancer and work to prevent the spread of MCF-7 cells to other parts of the body. Ad-
vanced methods are required to eradicate MCF-7 cells [32,33]. It is crucial to create new and
effective treatment strategies to tackle this aggressive type of breast cancer. Consequently,
there is a need for thorough research in order to create innovative therapeutic options that
specifically target MCF-7 cells yet also ensure safety and ease of administration for patients.
To guarantee optimal results, studies should focus on developing novel therapeutic options
that concentrate on these cancerous cells and their safety and simplicity. Furthermore,
the results of the research must be carefully evaluated in terms of safety, efficacy, and
cost-effectiveness before they are implemented in clinical practice. This would ensure that
MCF-7 cells are targeted in the most efficient and safe way possible.

This study aimed to investigate the potential of SiNPs as carriers for safranin (SF) in
PDT targeting MCF-7 breast cancer cells. Specifically, the study focused on evaluating the
impact of encapsulating SF within SiNPs on its effectiveness in MCF-7 PDT. To the best of
our knowledge, this is the first investigation to explore the effects of SF encapsulation by
SiNPs on MCF-7 cells. The study encompassed several key aspects. Firstly, the cytotoxicity
of SF-SiNPs was assessed to determine their biocompatibility and ensure their suitability
for use in PDT. Additionally, the optimal concentration and exposure duration of SF-SiNPs
were determined to maximize their therapeutic effectiveness. Comparative evaluations
were conducted between encapsulated SF and naked SF, examining their performance
at different concentrations and exposure times to assess any differences in their efficacy
against MCF-7 cancer cells. By encapsulating SF within SiNPs, the study aimed to enhance
the targeted delivery of SF to MCF-7 cells and potentially improve the overall PDT outcome.
Evaluating the cytotoxicity, optimal concentration, and exposure parameters of SF-SiNPs
provides valuable insights into their potential as a powerful therapeutic approach for
MCF-7 breast cancer. The novel findings from this study contribute significantly to the
emerging field of nanomedicine-based cancer therapies by providing insight into the
specific application of SF-SiNPs in MCF-7 PDT. It is intended that these findings will pave
the way for further advancements in drug delivery systems and open up new avenues for
the development of highly effective treatments for MCF-7 breast cancer.

2. Materials and Method

The encapsulation of SF by SiNPs was accomplished using the microemulsion tech-
nique [33], while the reverse-micellar method was utilized for the encapsulation process [34].
The process commenced by blending 200 mL of pure water, a minuscule quantity of ammo-
nia (0.1 mL), and 5.5 g of Tween 80, which were constantly mixed for roughly 15 min. Next,
the pH level was gauged and regulated to 9.0, and subsequently, 1-butanol was added, and
its mixture was again stirred for an extra 5 min [35]. The solution was then transferred
to a reactor enclosed by aluminum foil, and 15 mL of SF was blended in and mixed at
320 rpm and 27 ◦C for one hour. Afterward, 2 mL of TEVS was added and stirred under
the same conditions for 20 h. The solution was further cleared of nanoparticles through
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dialysis using a dialysis membrane, with the duration depending on the concentration of
the photosensitizer [34].

SiNPs enclosed six different concentrations of SF at diverse final concentrations as
stated in [36], specifically 52.0, 26.0, 13.0, 6.5, 3.3, and 1.6 µM. MCF-7 (HTB-22 from ATCC)
procured from the minus 80 ◦C freezer were mixed with 6 mL of DMEM medium in a
15 mL plastic tube and later centrifuged at 2000 rpm for 15 min. The cells, now concentrated
and cleaned, settled at the bottom of the centrifuge tube. The MCF-7 cell culture in DMEM
medium was treated with 1% antibiotic (penicillin) and 10% fetal bovine serum for six
hours under 37 ◦C in a 5% CO2 environment. The culture was then left overnight to allow
cell growth. They were then washed three times with PBS and incubated with 5 mL of
fresh DMEM medium containing SF-encapsulated SiNPs in all concentrations [35]. All the
samples were exposed to the light source (intensity ~110 mW/cm2 red laser, with a 40 cm
distance between the sample and the laser source) for 60 min. The medium was removed,
and the cells were rinsed twice with PBS solution. Fresh DMEM medium (3 mL) was added,
and the cells were incubated overnight. The cytotoxicity and optimal concentration of
SF-SiNPs were assessed via the MTT cell counting method; then, the previous protocol was
repeated three times [36].

Silica nanoparticles were studied using Transmission Electron Microscopy (TEM)
and a Malvern Nano-ZS90 particle size analyzer to perform morphological examinations.
Progressive hydrodynamic size recordings were accomplished for SF-SiNPs over 0, 2, 4, and
6 days. Cell count calculations were executed with the use of an inverted light microscope
and hemocytometers. The cells were suspended in 4 mL of fresh medium, and a blend
of 10 µL of cells and 10 µL of trypan blue was incubated for 15 min. Then, 8 µL of the
combination was positioned onto the hemocytometer through a micropipette and covered
with a coverslip. The hemocytometer was attached to the stage of the light microscope,
and cell counting was performed on four squares, each containing 16 small squares. The
bright cells counted were averaged, then multiplied by 104/4 to compute the cell count
per ml of the suspension sample. Based on the total cell count, including both living and
dead cells, cell viability was assessed. Two samples of cells were evaluated to gauge the
cell viability. The first sample was untreated cells without exposure to any photosensitizer
or light source and was used to determine the total number of untreated cells.

After undergoing PDT, the ratio of living cells in the second sample was calculated as
a percentage compared to the untreated sample to determine cell viability [35]. The cytotox-
icity of MCF-7 cells with encapsulated SF-SiNPs was assessed by comparing the number
of untreated control cells to those treated with SF-SiNPs and incubated for 7 h without
exposure to light in a controlled environment. The IC50 was subsequently determined to
measure the half-maximal inhibitory concentration.

The dead cell percentage was measured by performing MTT analysis on cells treated
with SF-SiNPs at different concentrations (52.0, 26.0, 13.0, 6.5, 3.3, and 1.6 µM). The optimal
concentration was determined before subjecting it to varying exposure durations ranging
between 0 to 90 min to ascertain the ideal duration. Similarly, naked SF was also tested for
its efficacy over 60 min at the optimal concentration with varying exposure at (0, 15, 30,
45, 60, 75, and 90 min). The efficacy equation was used to compare the concentration and
exposure time effectiveness of SF-SiNPs against naked SF [37]:

CE = [(Cencapsulated − Cnaked)/Cencapsulated] × 100% (1)

where CE is the concentration efficacy, Cencapsulated is the concentration of encapsulated
SF, and Cnaked is the concentration of naked SF. Additionally, we used the same method to
measure the exposure time efficacy.

3. Results and Discussion
3.1. Characterization of the SF-SiNPs

Figure 1 presents the UV-vis spectrophotometer spectrum of naked SF, providing
valuable insights into its optical properties. The spectrum clearly indicates that SF demon-
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strated a maximum peak absorbance at 512 nm, signifying its strong absorption within the
desired range for effective photodynamic therapy. For the subsequent experiment, a red
laser radiation source with a power intensity of 110 mW/cm2 was utilized. The sample was
positioned at a 40 cm from the radiation source, ensuring appropriate exposure conditions
for the photodynamic therapy procedure. These parameters were carefully selected to
optimize the therapeutic outcome of the experiment.
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To validate the morphological characteristics and particle sizes of the SF-SiNPs, trans-
mission electron microscopy (TEM), micrographs were employed and presented in Figure 2.
The micrographs provided visual evidence of the well-dispersed spherical shape of the
encapsulated SF within SiNPs. Through two-dimensional imaging analysis, the average
diameter of the SF-SiNPs was determined to be approximately 30 nm. These observations
confirm the successful encapsulation of SF within SiNPs and provide crucial information
regarding the size and structure of the composite particles.
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The stability of the SiNPs was carefully evaluated by measuring their hydrodynamic
size using a zeta-sizer machine over six days after their synthesis. Figure 3 illustrates the
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results, demonstrating that the average size of the SiNPs remained relatively constant at
approximately 31 nm throughout the measurement period. Notably, no precipitate was
observed, and the suspended solution exhibited no significant alteration in size. These
findings indicate that the SF-SiNPs exhibited remarkable stability over the course of the
treatment duration [38,39]. The observed stability of the SiNPs is crucial for their effective
utilization as carriers for SF in photodynamic therapy applications. When the encapsulated
PS was purified using a dialysis membrane for several days, the exchanged water was
found to be pure, indicating that free safranin was not present. This finding demonstrates
the effective encapsulation of safranin within the silica nanoparticles and its stability post-
purification. Hence, it can be concluded that all safranin within the PS was successfully
encapsulated and maintained in a stable state.
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3.2. Cytotoxicity of Naked and Encapsulated SF on MCF-7 Cells

To assess the effects of photodynamic therapy in vitro, the cytotoxic effects of SF
needed to be evaluated on MCF-7 cells. Figure 4a illustrates the cytotoxicity of pure
SiNPs, indicating that there was no significant toxic effect observed after 24 h of incubation.
The evaluation involved incubating the cells with various concentrations of naked and
encapsulated SF. The cytotoxicity was demonstrated in Figure 4 through five different
concentrations (52.0, 26.0, 13.0, 6.5, 3.3, and 1.6 µM) of both SF formulations. It was
observed that IC50 values for both formulations were lower than 13 µM, indicating their
potential to induce cytotoxicity in MCF-7 cells. These results endorse the promise of both
formulations as photodynamic therapy candidates for treating breast cancer.

Encapsulated SF was observed to have increased cytotoxicity compared to naked SF,
which can be attributed to the presence of silica nanoparticles on its outer surface. It is
imperative to consider the physicochemical properties of SiNPs and the type of cell being
targeted when evaluating their cytotoxicity [40]. The presence of certain chemicals on the
outer surface of SiNPs may also contribute to their cytotoxic effects such as 1-butanol and
Tween 80. Figure 4b illustrates that encapsulated and naked SF can be effectively used to
achieve desired cytotoxic effects at concentrations below 13 mM.
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Figure 4. (a) Cytotoxicity measurements of pure SiNPs on MCF-7 for 24 h incubation. (b) Cytotoxicity
of naked (green color) and encapsulated SF (red color) on MCF-7 cells at different concentrations.

3.3. The Optimal Concentration of Encapsulated and Naked SF

The SF-SiNPs were tested on MCF-7 cells at varying concentrations (52.0, 26.0, 13.0,
6.5, 3.3, and 1.6 µM) using a hemocytometer to determine the number of dead cells. The
results in Figure 5 show the percentage of cell death for both naked and encapsulated SF
under different light exposure conditions. Samples that were exposed to light underwent
continuous irradiation for an hour.
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Figure 5a reveals that when SF-SiNPs were introduced to MCF-7 cells without light
at concentrations of 52.0, 26.0, and 13.0 M, over 50% cytotoxicity was observed. However,
when the same SF-SiNPs were exposed to light at concentrations of 52.0, 26.0, 13.0, 6.5,
and 3.3 M, more than half of the cells were eliminated. The efficacy of SF-SiNPs at 3.3 M
was demonstrated in Figure 6 by examining the difference in dead cell percentage under
light and dark conditions. Under dark conditions, naked SF showed a cytotoxic level of
over 50% at 52.0, 26.0, and 13.0 m. However, naked SF killed over 50% of cells at 52.0,
26.0, 13.0, and 6.5 M concentrations, as shown in Figure 5b. The dead cell percentage
ratio when comparing light irradiation to dark conditions provided evidence that the ideal
concentration for the naked SF, yielding the maximum ratio, was 6.5 µM, as depicted in
Figure 6. The results suggest that the concentration of encapsulated SF required to achieve
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a similar level of cell destruction in MCF-7 cells is roughly half that of naked SF. As a result,
the concentration efficacy was calculated to be 50% using the efficacy equation.
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Nevertheless, the cell death percentage rose as the concentration of encapsulated and
naked SF increased during light exposure due to the production of singlet oxygen or ROS
resulting from SF’s exposure to light [35]. Furthermore, the cytotoxicity generated in the
absence of light was elevated as the concentration of SF increased.

3.4. The Optimal Exposure Time for Encapsulated and Naked SF

The previous section concluded the ideal concentrations necessary to evaluate the
time-dependent repercussions of treatment on both encapsulated and naked SF. MCF-7 cells
underwent treatment with 3.3 µM and 6.5 µM of encapsulated and naked SF, respectively.
Encapsulated SF underwent exposure to light for varying time spans (0, 15, 30, 45, 60, 75,
and 90 min), as apparent in Figure 7a. Figure 7c revealed nearly 28 min as the optimal
duration required to eliminate 50% of the MCF-7 cells employing encapsulated SF, whereas
the same durations showed that 50% of the cells were destroyed post-50 min with naked
SF (Figure 7c). As such, encapsulated SF was more effective at destroying the target cells
than naked SF, requiring less exposure time. Therefore, the exposure time efficacy was
calculated to be 78% using the efficacy equation.

Figure 8 displays microscope images of MCF-7 cells subjected to photodynamic ther-
apy using naked and encapsulated SF at various exposure times. The images highlight the
contrasting efficacy of the two types of SF.

The photodynamic effect required a lower concentration of encapsulated SF to achieve
the same level of toxicity compared to naked SF as a treatment for MCF-7 cells. However,
the photodynamic effect by naked SF necessitated more irradiation time to destroy half of
the target cells at the optimal SF concentration than the encapsulated SF. The use of light
irradiation resulted in effective damage to cancer cells, which was attributed to the ability
of encapsulated SF molecules to absorb more light and generate singlet oxygen in ROS [41].
This was due to the clustering of SF molecules in SiNPs through encapsulation, in contrast
to naked SF, which was dispersed in the solution and had weaker interactions with light,
leading to less effective damage [33,41].
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4. Conclusions

In conclusion, the study reveals that encapsulation of SiNPs improves SF therapeutic
efficacy in MCF-7 photodynamic therapy. This result shows that the use of SiNPs can
be a promising approach to the treatment of breast cancer. Furthermore, it is suggested
that the combination of SiNPs and SF can be a more effective and safe choice for cancer
photodynamic therapy. As a result of enhanced light accessibility, encapsulated SF produces
higher ROS levels and displays enhanced PDT efficacy compared to naked SF. Moreover,
encapsulated SF exhibits an optimal treatment concentration of 3.3 µM, reducing exposure
time to only 28 min compared to 50 min for naked SF. The results of this study demonstrate
the potential of encapsulated SF as a treatment for cancer that is more targeted and efficient.
Furthermore, the study provides valuable insights into the promising use of nanotechnology
to improve the effectiveness of photosensitizing agents. As a result, cancer treatments are
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enhanced with fewer side effects. The findings of this study have significant implications
for how cancer treatments are designed and administered. This research could lead to
better and more targeted treatments for cancer that are more effective and less damaging
to the body. This opens up new avenues for nanotechnology-driven approaches to cancer
treatment that have the potential to be more effective.
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