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Abstract: Photodynamic therapy (PDT) is a cutting-edge cancer treatment that utilizes both light
and photosensitizers (PSs) to attack cancer cells. Methylene blue (MB) has emerged as a highly
promising photosensitizer (PS) in PDT therapy due to its exceptional ability to produce singlet
oxygen, which is attributed to its high quantum yield. However, the main challenge in utilizing
MB in photodynamic therapy is its effective delivery to the target tissue. This challenge can be
addressed by utilizing silica nanoparticles (5iNPs) as a drug delivery agent. Silica nanoparticles
encapsulate MB and prevent its leakage, offering a novel approach to improving PDT therapy by
reducing the toxicity of MB and increasing its bioavailability at the target cell. In this study, an
extensive analysis of the size and shape evolution of the synthesized silica nanoparticles loaded
with MB was conducted using TEM. Various encapsulated and bare MB concentrations were tested
for cytotoxicity against osteosarcoma cells. Moreover, the optimal concentration and exposure time
under light (with an intensity of approximately 8.9 mW /cm? in the visible range) were determined to
achieve maximum cell elimination. The results revealed that encapsulated MB in SiNPs exhibited a
higher efficacy compared to naked MB, with a 50% increase in concentration effectiveness and a 90%
increase in exposure time efficacy. This confirms that encapsulated MB in SiNPs is more effective in
killing osteosarcoma cells than bare MB, thereby enhancing photodynamic therapy through increased
bioavailability of MB in target cells. The enhanced bioavailability of MB in target cells as a result
of its encapsulation in SiNPs makes it a highly promising drug delivery candidate for significantly
enhancing the efficacy of photodynamic therapy against osteosarcomas.
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1. Introduction

Over the past few years, extensive research has been conducted to improve the efficacy
of photodynamic therapy (PDT) in treating cancer [1,2]. PDT therapy relies on two key
components, a light source, and a photosensitizer (PS). By combining the two components
together, PDT has the potential to be an effective cancer treatment with minimal side
effects. By exposing the PS to light, the PS is activated and transfers its energy to oxygen

J. Compos. Sci. 2023, 7, 137. https:/ /doi.org/10.3390/jcs7040137

https://www.mdpi.com/journal/jcs


https://doi.org/10.3390/jcs7040137
https://doi.org/10.3390/jcs7040137
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcs
https://www.mdpi.com
https://orcid.org/0000-0002-6740-6975
https://doi.org/10.3390/jcs7040137
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/article/10.3390/jcs7040137?type=check_update&version=1

J. Compos. Sci. 2023, 7, 137

20f11

molecules, resulting in high production of reactive oxygen species (ROS) and, thus, cancer
cell death [3]. ROS are highly reactive molecules that can damage cancer cells, leading
to their death. This damage is localized to the cells that are exposed to light, meaning
that the surrounding healthy cells are not affected. This results in minimal side effects
compared to other cancer treatments. The challenge of delivering a sufficient amount of PS
to the target tissue results in low ROS production efficiency. This difficulty is due to the
reticuloendothelial system, which intercepts some of the PS molecules as part of the body’s
defense mechanism [4]. To tackle this challenge, researchers have been increasing their
efforts to utilize silica nanoparticles, which are easily delivered and biocompatible to target
cells [5-7]. Silica nanoparticles are small enough to penetrate cell membranes, and they can
be engineered to carry drugs, genes, or other molecules directly to targeted cells. This allows
for more precise and efficient delivery of the desired agents. The encapsulation properties
of silica nanoparticles protect the PS during delivery and prevent it from interacting with
the body’s macrophages [8,9]. Silica nanoparticles have desirable characteristics that make
them an ideal material for a drug delivery system (DDS). These include easy synthesis with
low polydispersity at low temperatures, low toxicity, high biocompatibility, a tendency for
biomolecular compounds to adhere to their outer surface, and the ability to encapsulate PS
in their inner surface [10-12].

Methylene blue (MB) has emerged recently as a highly effective photosensitizer for
photodynamic therapy due to its high quantum yield of reactive oxygen species generation
and strong photocytotoxicity to tumor cells [13]. It is a second-generation phenothiazine
dye with a therapeutic window between 600 and 900 nm, making it a promising candidate
for PDT [14,15]. MB is also an inexpensive and widely used NIR fluorescent dye for
bioanalysis [16]. However, naked MB in PDT has low efficiency, making its integration
into nanoparticle-based systems an attractive option [14,15]. Encapsulated MB has been
shown to improve PDT efficacy by providing better protection and delivery of the PS to the
target tissue [17]. Nanoparticles loaded with MB can be further modified to enhance their
targeting capabilities. Furthermore, the combination of silica nanoparticles and MB can
reduce the side effects of PDT, such as toxicity and photobleaching. These nanosystems
may also be utilized to deliver other agents in combination with MB in order to create
synergistic effects. The reason for this is that they are capable of selectively targeting tumor
cells, increasing the bioavailability of the photosensitizer, and increasing the rate at which
the photosensitizer accumulates within the tumor. The silica nanoparticles also act as a
protective layer around the photosensitizer, preventing it from being degraded before it
can reach its target. Consequently, better control over the delivery of the photosensitizer
can be achieved, thereby increasing the effectiveness of PDT.

Osteosarcoma is one of the most common bone tumors that threaten the lives of
humans worldwide [18]. This type of cancer has a high metastatic potential and is most
commonly found in adolescents and young adults. A child or young adult is most likely to
develop this type of bone cancer as it is the most common type in this age group. A variety
of treatment options are available, depending on the stage and location of the tumor. The
disease usually begins in the bones, yet can spread to other areas of the body. Chemotherapy,
surgery, and radiation therapy are some of the options for treatment. However, despite
advancements in therapy [19,20], the long-term effectiveness of these treatments is limited
by drug resistance and the likelihood of cancer recurrence [21,22]. Therefore, alternative
treatments are actively being explored, such as immunotherapy, gene therapy, and targeted
therapy. Additionally, researchers are focusing on developing new drugs and strategies to
improve efficacy and reduce the side effects of existing therapies [23]. As a result, more
effective treatments are required to eradicate osteosarcoma cells. In order to improve the
long-term outcome of patients with osteosarcoma, novel therapies targeting more effective
treatments are urgently needed. Therefore, increasing research efforts to improve existing
therapies and develop novel treatments for osteosarcoma are essential for ensuring the best
outcomes for patients.
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In this study, the utilization of silica nanoparticles loaded with methylene blue (MB-
SiNPs) was investigated to assess the potential benefits of encapsulating MB for photody-
namic therapy of osteosarcoma. To the best of our knowledge, no previous research has
been conducted on the effects of MB encapsulated by SiNPs on osteosarcoma. As part of this
research, we evaluated the cytotoxicity of MB-SiNPs, determined the optimal concentration
and exposure duration of MB-SiNPs, and compared the efficacy of encapsulated MB with
bare MB in treating osteosarcoma cells at different concentrations and exposure durations.
By preventing leakage of the photosensitizer, this innovative approach has the potential
to reduce MB toxicity and increase its bioavailability to the target cells. The results of the
study indicated that MB-SiNPs were more effective at treating osteosarcoma cells than bare
MB, indicating that the encapsulation strategy was effective. Our research suggests that
MB-5iNPs could be a promising strategy for targeted photodynamic therapy.

2. Materials and Method

The encapsulation of methylene blue by silica nanoparticles was performed using the
reverse micellar method [24-26]. To start the process, 200 mL of distilled water, 0.1 mL of
ammonia, and 5.5 g of Tween 80 were mixed and stirred for about 15 min. After verifying
that the pH value of the solution was 9.0 at room temperature, 1-butanol was added and
stirred for 5 min [27]. Then, the solution was transferred to a protected reactor covered
with aluminum foil and 15 mL of MB was added and mixed at 320 rpm and 27 °C for
1 hour. In total, 2 mL of triethoxyvinylsilane (TEVS) was added and stirred under the same
conditions for 20 h. The solution was dialyzed using a dialysis membrane for a few days to
clear the nanoparticles, depending on the concentration of the photosensitizer [25].

The base concentration of MB used in the experiments was 15 mg/L (3.9 uM), which
was then diluted 5 times. In total, 5 concentrations of MB (2.50, 1.25, 0.63, 0.31, 0.16,
and 0 pM as the final concentration after filtration) were encapsulated with SiNPs [28].
Osteosarcoma cells (U-2 OS from ATCC) were removed from the minus 80 °C refrigerator,
defrosted, and transferred from the cryogenic vial to a 15 mL plastic tube. The sample
was mixed carefully with 6 mL of McCoy’s medium, and the suspension solution was
centrifuged at 2000 RPM for 15 min. The precipitated solution at the bottom of the centrifuge
tube was the concentrated and cleaned cells. The osteosarcoma cells were cultured in the
incubator for 6 hours at 37 °C in McCoy’s medium containing 1% antibiotic (penicillin) and
10% fetal bovine serum (FBS) in a 5% CO, environment. The cells were then allowed to
grow overnight. Phosphate-buffered saline (PBS) was used to wash the cells 3 times, then
they were resuspended in 5 mL of fresh McCoy’s medium containing MB-encapsulated
SiNPs, at all MB concentrations [27]. All the samples were exposed to a light source
(intensity approximately 8.9 mW/cm? from an arc lamp, with a 40 cm distance between
the sample and the light source) for 60 min. After removing the medium, the cells were
washed twice with PBS solution. A total of 3 mL of fresh McCoy’s medium was added
before placing the cells back in the incubator overnight. A manual method was used to
count and determine cytotoxicity and the optimal concentration of MB-SiNPs. The process
was repeated three times [28].

The morphological studies of the silica nanoparticles were conducted using transmis-
sion electron microscopy (TEM) and a Malvern Nano-Z5S90 particle size analyzer. The hy-
drodynamic size measurements of the MB-5iNPs were performed and data were recorded
at 0, 2, 4, and 6 days. An inverted light microscope and hemocytometer were used for
cell counting. The cells were suspended in 4 mL of fresh medium, and 10 pL of the cells
were mixed with 10 uL of trypan blue for 15 min. Then, 8 uL was inserted between the
hemocytometer and its coverslip via a micropipette. The hemocytometer was fixed on
the stage of the light microscope, and the cells were counted in 4 squares, each containing
16 small squares. The average sum of all counted cells (bright cells) was recorded and
multiplied by 10"4/4 to calculate the number of cells in 1 mL of the suspension sample. Cell
viability was determined based on the ratio of living to dead cells in the total cell sample.
Two samples of cells were used to measure cell viability. For the first sample, we used a
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sample without any treatment with a photosensitizer or light source in order to determine
the total number of untreated cells.

In the second sample, photodynamic therapy was applied to the sample. The ratio of
the number of living cells in the treated sample to the number of living cells in the untreated
sample, expressed as a percentage, is referred to as cell viability [27]. The cytotoxicity of the
encapsulated MB-SiNPs on the osteosarcoma cells was measured by calculating the ratio
of the number of untreated cells (as a control sample) to the number of treated cells (that
were mixed with the encapsulated MB without a light source after incubating for 7 h in the
incubator at 37 °C and 5% CO, environment). The half-maximal inhibitory concentration
(ICs50) was determined.

The percentage of dead cells was measured by analyzing the cells treated with MB-
SiNPs at various concentrations (2.50, 1.25, 0.63, 0.31, 0.16, and 0 uM), using a hemocy-
tometer, to find the optimal concentration. The optimum exposure time was determined by
exposing the optimal concentration to the light source for different durations (0, 15, 30, 45,
60, 75,90, 105, and 120 min). Naked MB was also tested for 60 min, and the optimal concen-
tration was exposed to the light for different exposure times (0, 15, 30, 45, 60, 75, 90, 105, 120,
135, and 150 min). The results of all MB-SiNPs were compared to the results of naked MB
by measuring the concentration and exposure time efficacy using an efficacy equation [29]:

CE = [(Cencapsulated — Cnaked)/Cencapsulated] x 100% 1)

where CE represents concentration efficacy, Cencapsulated represents the concentration of
encapsulated MB, and Cnaked represents the concentration of naked MB. Additionally, we
used the same method to measure the effectiveness of the exposure time. To determine the
impact of exposure time, we also observed the change in the concentration of encapsulated
MB (Cencapsulated) and naked MB (Cnaked) with respect to concentration efficacy (CE).

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

The UV-vis spectrophotometer was used to analyze the spectrum of bare MB, as
illustrated in Figure 1. The spectrum revealed that the maximum absorbance peak of MB
was at a wavelength of 664 nm. To determine the power intensity of the radiation source
during the photodynamic therapy experiment, the intensity was measured at a wavelength
of 664 nm, which was approximately 8.9 mW/cm? from the arc lamp.
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Figure 1. UV-vis spectrophotometer spectrum of naked MB and MB-SiNPs.

The morphological structures and particle sizes of the encapsulated MB by SiNPs were
confirmed using TEM micrographs, as shown in Figure 2. The samples were found to be
well-dispersed and spherical in shape, with an average diameter of approximately 26 nm.
These results demonstrate that the MB molecules have been successfully encapsulated in
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SiNPs. Furthermore, due to the small particle size of the SiNPs, the MB molecules will be
more easily transported throughout the target cell. This ensures that the MB molecules will
reach their desired target and be more effective in their therapeutic effects. In addition, the
SiNPs provide a protective barrier for the MB molecules, shielding them from degradation
and increasing their bioavailability. As such, encapsulating MB molecules in SiNPs provides
an effective and reliable delivery system for MB molecules, leading to increased efficacy
and decreased degradation.
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Figure 2. TEM visualization and analysis of methylene blue (MB) encapsulated within silica nanopar-
ticles (SiNPs).

The hydrodynamic size of the NPs was measured using a zeta sizer machine multiple
times within the first 6 days after synthesis to evaluate their stability. Figure 3 displays
the average size of the SiNPs as approximately 28 nm. The results of the measurement
indicate that the NPs remained stable, as the suspended solution showed no precipitate
and no significant change in size. This highlights the high stability of the MB-SiNPs over
the treatment time [30]. This result demonstrates the robustness of MB-SiNPs, providing
assurance of their stability throughout treatment.
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Figure 3. Particle size analysis of the SiNPs at several times during the first 6 days.
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3.2. Cytotoxicity of Naked and Encapsulated MB on Osteosarcoma Cells

To determine the cytotoxicity of both bare and encapsulated MB on osteosarcoma
cells, various concentrations of MB were incubated with the cells prior to conducting
in vitro PDT studies. A total of 5 different concentrations of naked and encapsulated MB
(0.16, 0.32, 0.64, 1.25, and 2.5 M) were evaluated for their cytotoxicity on osteosarcoma
cells. Figure 4 displays the results of the cytotoxicity test, showing the half-maximal
inhibitory concentration (ICs) for encapsulated MB was 0.81 uM and 2.45 uM for naked
MB. Remarkably, the ICs( for encapsulated MB was lower than that of naked MB, indicating
that the encapsulation protocol was successful in improving the cytotoxic properties of MB.
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Figure 4. Cytotoxicity of bare and encapsulated MB on osteosarcoma cells at different concentrations.

The results indicated that naked MB had lower cytotoxicity compared to encapsulated
MB. The higher cytotoxicity of encapsulated MB can be attributed to the outer surface of
the silica nanoparticles. The silica nanoparticles form a protective shell around the MB
molecules, preventing them from easily diffusing into the cells. This makes it difficult for
the cells to recognize and process the MB molecules, which results in higher cytotoxicity.
The toxicity of SiNPs to cells is dependent on their physicochemical properties and the type
of cell [31]. Additionally, chemicals such as 1-Biotanol and Tween 80 that attached to the
outer surface of SiNPs enhanced their cytotoxicity. Based on the results shown in Figure 4,
concentrations below 0.81 uM for encapsulated MB and 2.45 uM for naked MB can be used
effectively in PDT.

3.3. The Optimal Concentration of Encapsulated and Naked MB

The effects of MB-SiNPs at different concentrations (2.50, 1.25, 0.63, 0.31, 0.16, and
0 uM) on osteosarcoma cells were analyzed using a hemocytometer to determine the
percentage of dead cells. Figure 5 displays the percentage of osteosarcoma cell death
resulting from the incubation of different concentrations of naked and encapsulated MB
with osteosarcoma cells, both in the absence and presence of light exposure. The results
indicated that the cell death percentage increased with increasing concentrations of MB-
SiNPs and that cell death was more pronounced when MB-5iNPs were exposed to light.
The samples exposed to light were subjected to continuous irradiation for 120 min.
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Figure 5. Comparison of cell death percentage with and without irradiation for (a) MB encapsulated
within SiNPs and (b) naked MB.

For encapsulated MB-SiNPs, the results indicated that in the dark, the cytotoxicity of
these MB-SiNPs was greater than 50% for concentrations of 1.25 and 2.50 uM. However,
under light exposure conditions, the MB-SiNPs, with concentrations of 0.63, 1.25, and
2.50 uM, destroyed more than 50% of the cells (as seen in Figure 5a). According to these
results, MB-SiNPs can be utilized as an effective antiosteosarcoma agent when combined
with light to target tumor cells.

The comparison of dead cell percentage under light irradiation to that under dark
conditions confirmed that the optimal concentration for MB-SiNPs with the maximum
ratio was 0.63 pM, as shown in Figure 6. Regarding naked MB, the results showed that
in the dark, the cytotoxicity of naked MB was greater than 50% for the concentration of
2.50 uM. However, under light exposure conditions, naked MB with concentrations of 1.25
and 2.50 uM destroyed more than 50% of the cells (as seen in Figure 5b).
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Figure 6. The ratio of percentage cell death under light irradiation to that without light irradiation
for encapsulated and naked MB.
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According to Figure 6, based on a comparison of dead cell percentages under light
irradiation and dark conditions, 1.25 M is the optimal concentration for naked MB with the
maximum ratio. The results suggest that the concentration of encapsulated MB needed to
achieve the same destruction efficiency for osteosarcoma cells was about half that of naked
MB. Hence, the concentration efficacy was calculated to be 50% using the efficacy equation.
However, in the presence of light, the percentage of dying cells increased as both naked
and encapsulated MB concentrations were elevated over time. As a result, the production
of singlet oxygen and reactive oxygen species was enhanced by exposure to light [32-34].
Similarly, cytotoxicity produced without light increased with an increase in MB concentra-
tions. These findings indicate that light and MB concentrations can both contribute to the
excessive production of reactive oxygen species, leading to enhanced cytotoxicity.

3.4. The Optimal Exposure Time for Encapsulated and Naked MB

The time dependence of the treatment for encapsulated and naked MB was measured
using the optimal concentrations obtained in the previous section. Experiments were con-
ducted using 0.63 uM of encapsulated MB and 1.25 uM of naked MB on osteosarcoma cells.

Encapsulated MB was exposed to light at various exposure times (0, 15, 30, 45, 60, 75,
90, 105, and 120 min), as illustrated in Figure 7a. Using the results shown in Figure 7c, it can
be concluded that approximately 41 min was the optimal time for 50% of the osteosarcoma
cells to be destroyed. However, exposing naked MB to the same 10 different durations
revealed that it took 78 min to kill 50% of the cells, as depicted in Figure 7c. This indicates
that encapsulated MB was more effective at destroying the target cells, requiring less
exposure time compared to naked MB. The exposure time efficacy was calculated using
the efficacy equation as 90%. This provides a clear illustration of the effectiveness of
encapsulated MB, as it has demonstrated 90% efficacy even when exposing it for shorter
periods of time.

As a treatment, the photodynamic effect required a lower concentration of encapsu-
lated MB than naked MB to achieve the same level of toxicity on osteosarcoma cells. On the
other hand, the photodynamic effect of naked MB required a longer exposure time to kill
half of the target cells using the optimal MB concentration compared to encapsulated MB.
Irradiation with light resulted in effective damage to the cancer cells due to the increased
absorption of light and singlet oxygen production in ROS by encapsulated MB molecules,
which are collected together by the encapsulation in SiNPs, compared to naked MB, which
is dispersed in solution. As a result, its interaction with light and its effects were weaker
and dispersed [24,35].

As a treatment, to achieve the same level of toxicity on osteosarcoma cells, the photo-
dynamic effect of MB encapsulated required a lower concentration of MB than bare MB.
On the other hand, the photodynamic effect of bare MB required a longer exposure time to
kill half of the target cells using the optimal MB concentration compared to encapsulated
MB. Irradiation with light resulted in effective damage to the cancer cells due to increased
absorption of light and singlet oxygen production in ROS, as a result of encapsulated MB
molecules being collected together by their encapsulation in SiNPs, compared to naked MB
being dispersed in solution. In this case, MB molecules encapsulated in a small area of the
cell are unable to move around freely. Therefore, the same amount of light can cause more
photochemical reactions than what occurs with free MB molecules, which are dispersed
in solution. This, ultimately, results in more effective damage to cancer cells. As a result,
its interaction with light and its effects were stronger and more concentrated compared
to bare MB [24,34]. This makes photodynamic therapy with MB-SiNPs more efficient and
effective, leading to improved PDT treatment outcomes.
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4. Conclusions

In conclusion, this study has significantly contributed to advancing the field of pho-
todynamic therapy by demonstrating that MB encapsulated in SiNPs is more effective
against osteosarcoma. The research findings indicate that encapsulation of MB allows
for better light penetration, leading to an increase in the production of reactive oxygen
species (ROS). The results indicated that encapsulated MB was more effective, with an
optimal concentration of 0.63 M and exposure time of 41 min, in comparison to naked MB,
which required a higher concentration of 1.25 M and a longer exposure time of 78 min. The
ROS generated by encapsulated MB led to the death of cancer cells, while leaving healthy
cells unharmed. This indicates that encapsulated MB could have potential as a targeted
treatment for cancer. The findings of this study are expected to have significant implications
for the treatment of cancer in the future, particularly in terms of photodynamic therapy.
The achievement of this research opens up new avenues for exploring the potential of
photodynamic therapy in a variety of cancer treatments by improving the delivery and
efficacy of MB through nanoparticle encapsulation.
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