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ABSTRACT 

Objective: Breast cancer stands as the most prevalent form of cancer among women globally. Conventional chemotherapy, including the use of 6-
Thioguanine (TG), often faces limitations such as poor drug solubility. In this research, we engineered a nanosystem consisting of Mesoporous Silica 
Nanoparticles (MSNs) loaded with TG and coated with Silk Fibroin (SF) to enhance the pharmacokinetic properties of this drug in targeting the 
MCF-7 breast cancer cell line. 

Methods: In this study, we investigated the cytotoxicity of different formulations through MTT assay. Additionally, we analyze apoptosis and cell 
cycle phase distribution using flow cytometry. Furthermore, the absorption of MSN nanoparticles by MCF-7 cells was investigated using the fluores-
cent labeling technique by Dil fluorochrome.  

Results: Our results represented the 48 h Half Maximal Inhibitory Concentration (IC50) values of free TG, MSNs loaded with TG (TG@MSNs) and SF-
coated MSNs loaded with TG (SF/TG@MSN) were 16.69, 10.96 and 8.01 μM, respectively. Moreover, the percentage of total early and late apoptosis 
differed among the treatments. Specifically, cells treated with free TG, TG@MSN and SF/TG@MSN exhibited 13.49%, 76.05% and 84.99% apoptosis, 
respectively. The results also indicated that administering free TG and TG-loaded MSN nanoparticles to MCF-7 cells resulted in cell cycle arrest at 
the G2/M phase after 48 h of treatment. 

Conclusion: Our study demonstrated that the SF/TG@MSN nanosystems effectively increased the cytotoxic effects of TG on the breast cancer cell line. 
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INTRODUCTION 

Breast cancer can have terrible consequences and affects more 
women globally than any other type of disease. Unbelievably, 
685,000 women lost their lives to breast cancer in 2020 and 2.3 
million women received a diagnosis [1, 2]. As a leading cause of 
cancer-related mortality in Iran, it ranks first among female cancers 
and accounts for 21.4% of all cancer cases [3, 4]. While advance-
ments in surgery, chemotherapy, radiation therapy and targeted 
treatments have improved survival rates, challenges persist, particu-
larly in cases of metastatic and treatment-resistant breast cancer [5, 
6]. Conventional chemotherapy, including the use of TG, often faces 
limitations such as poor drug solubility, rapid clearance, lack of se-
lectivity towards cancer cells and severe side effects [7]. These 
limitations can lead to suboptimal therapeutic outcomes and signifi-
cant toxicity for patients. To combat the devastating impact of breast 
cancer, scientists are exploring innovative solutions, such as nano-
technology-based drug delivery systems. This promising approach 
aims to improve the effectiveness and safety of anticancer treat-
ments [8]. Nanotechnology can overcome these limitations by 
improving drug solubility, enhancing targeted delivery to tumor 
sites and reducing systemic toxicity [9]. With their high surface area, 
readily functionalized surface, biocompatibility and varying pore 
size, MSNs have become a valuable platform in drug delivery re-
search. Due to their unique properties, MSNs are well-suited for 
encapsulating and transporting medicinal substances [10, 11]. These 
characteristics empower MSNs to effectively encapsulate hydropho-
bic drugs like TG, enhancing their absorption into cells and 
potentially circumventing multidrug resistance in cancer [12]. MSNs 
are used in targeted drug delivery devices because they are biocom-
patible, have low toxicity and can hold a large dose of the drug. Each 
of these nanoparticles can hold between 200 and 300 mg of the 

drug, with a maximum of about 600 mg per 1 g of silica [13]. Thi-
oguanine, a purine analog antimetabolite, has shown promise in 
treating various cancers, including acute and chronic myeloid leu-
kemia, inflammatory bowel disease and potentially triple-negative 
breast cancer [14, 15]. By interfering with the PI3K-AKT pathway, an 
essential signaling route for cancer cell survival and proliferation, it 
promotes apoptosis and inhibits cell proliferation, thereby exhibit-
ing anticancer actions [16]. However, a significant hurdle lies in TG's 
low solubility in water, hindering its bioavailability and necessitat-
ing higher doses to achieve therapeutic effects. 

Thiopurine treatments, including TG, are also known to cause dose-
dependent side effects like myelotoxicity, skin rash, hair loss, joint 
pain, nausea, flu-like symptoms and diarrhea. High doses can even 
lead to kidney failure [17]. Although current TG treatments have 
limitations, research suggests that TG's mode of action, which in-
volves causing arrest of cell cycle and demise in cancer cells through 
DNA mismatch, offers a promising direction for further investigation 
in developing efficient breast cancer therapies [18, 19]. In recent 
decades, silk has gained prominence in the medical field. Silk 
threads, comprising fibroin and sericin protein fibers [20], offer 
unique advantages. The advantageous qualities of SF, including cell 
adhesion, biodegradability, biocompatibility and minimal immuno-
logical response, lead to its excellent application in tissue 
development and regenerative therapies [21]. Research indicates 
that nanocarriers can enhance TG medication delivery to tumor 
tissue. 

Consequently, this leads to a higher effectiveness in inhibiting cancer 
growth in breast cancer cells while using a smaller drug dose [22, 
23]. Furthermore, SF as a coating for nanocarriers can improve cel-
lular uptake, thereby enhancing the antitumor properties of 
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nanosystems [24, 25]. Due to its unique properties, SF has garnered 
significant attention in drug delivery applications. The amphiphilic 
properties of SF, characterized by its hydrophobic crystalline do-
mains and hydrophilic amorphous regions, enable it to interact with 
the surface of nanoparticles and the cell membrane [26]. Recent 
advancements in nanocarrier designs also support this approach, 
emphasizing the importance of surface modification for improved 

cellular uptake [27]. Combining MSNs, TG and SF coating may be an 
innovative strategy to treat breast cancer. This synergistic combina-
tion aims to leverage the high loading capacity of MSNs, TG's 
anticancer properties and SF's biocompatibility and cellular uptake-
enhancing potential. We hypothesize that this SF/TG@MSN system 
will improve TG's pharmacokinetic profile and enhance its cellular 
uptake and cytotoxic effects against breast cancer cells. 

 

 

Fig. 1: Schematic illustration of study design. (a) 6-TG loaded mesoporous silica nanoparticle coated with SF. (b) Cytotoxicity was evaluat-
ed using an MTT assay and formazan absorbance was measured at 570/630 nm. (c) flow cytometric assessment of apoptosis, cell cycle 

phase distribution and cellular uptake of nanoparticles 

 

MATERIALS AND METHODS 

Materials 

This study utilized the following materials: MTT (3-(4,5-
Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide), trypan blue, 
propidium iodide, Dil (3′-tetramethyl indocarbocyanine perchlorate) 
and ribonuclease A (Sigma-Aldrich Chemical Co. Ltd) 6-thioguanine 
and Dimethyl Sulfoxide (DMSO) (Merck, Darmstadt, Germany) Dulbec-
co’s Modified Eagle’s Medium (DMEM) with high glucose, trypsin 
EDTA, Fetal Bovine Serum (FBS), Penicillin-Streptomycin (10,000 
U/ml) and Phosphate-Buffered Saline (PBS) (Idea Zist Recombinant 
Company, Iran) MCF-7 cell line (Pasteur Institute of Iran) FITC Annex-
in V Apoptosis Detection Kit with PI (Padza Padtan Pajooh Co). 

Characteristics of nanoparticles 

The method described by Altememy et al. (2020) [28] was followed 
for synthesizing the nanoparticles in their study on SF-coated MSNs 
for targeted TG delivery in leukemia. The MSNs were produced using 
a sol-gel method with Cetrimonium Bromide (CTAB) as a cationic 
surfactant template. The resulting MSN nanoparticles had an ap-
proximate size of 100 nm and a pore diameter of 3.2 nm. 

The TG Loading Efficiency (LE) and Loading Capacity (LC) were 
determined to be 51.04% and 33.79%, respectively, for TG@MSN 
and 18.75% and 14.45% for SF/TG@MSN. Dynamic Light Scattering 
(DLS) analysis revealed zeta potentials of-25,-28 and-20.65 for MSN, 
TG@MSN and SF/TG@MSN, respectively. 

Cell culture 

MCF-7 cells were cultured in a high-glucose Dulbecco's Modified 
Eagle's Medium (DMEM) supplemented with L-glutamine (4 mmol), 
10% heat-inactivated FBS and 1% penicillin-streptomycin (10,000 
U/ml). The cells were cultured in a controlled environment at 37 °C, 
with a humidity level of 95% and a carbon dioxide concentration of 
5%. The adherent cells were separated using a 0.25% trypsin-EDTA 
solution and the cell viability was determined using a Neubauer 
Hemocytometer and the trypan blue exclusion method [29, 30]. 

In vitro cytotoxicity assay 

The MTT assay assessed the cytotoxic effects of free TG, TG@MSNs, 
SF/TG@MSN, MSNs and MSNs@SF on MCF-7 cells. The cells were 

seeded at 10,000 per well in 96-well Microplates and treated under 
CO2 for 24 h. TG, TG-MSNs and TG-MSNs@SF were added at various 
concentrations (5, 10, 20, 40, 80, 100 and 200 μM) and incubated for 
48 h. After that, MTT (5 mg/ml) was applied to the treated and vehi-
cle control cells (with 1% DMSO) and incubated at 37 °C for 3 h. 

After removing MTT, DMSO was used to dissolve the insoluble forma-
zan crystals formed by mitochondrial reductase enzymes in live cells. 
The plates were gently shaken for 15 min and then cell viability was 
measured by reading the plates at 570 nm on a microplate reader (Stat 
fax-2100 Awareness Technology, Inc.). The IC50 of free TG, TG@MSNs 
and SF/TG@MSN, which reduce cell growth by 50%, were calculated 
using dose-response curves. Cell viability was graphed as TG, TG-MSN 
and TG-MSN@SF concentrations increased [31, 32]. To determine the 
IC50 values, a nonlinear regression equation was used:  

Cell viability (%) = 
OD570−630 treatment

OD570−630 control
 ×100 

Apoptosis assay 

Cell apoptosis was assessed using the annexin V-FITC/PI assay and a 
CyFlow™ Space-Sysmex flow cytometer. MCF-7 cells were seeded at 
3x105/well and grown at 37 °C in 5% CO₂ for 24 h. For 48 h, cells 
were treated with free TG, TG@MSNs, SF/TG@MSN, MSNs and 
MSNs@SF at their IC50 concentrations. We suspended the cells in 
100 μl of 1X annexin V binding buffer at 106 cells/ml following 
treatment and washing with the same buffer. Annexin V-FITC solu-
tion (1 μl) was added, followed by a 15-minute dark incubation at 
room temperature. After adding one μl of PI solution to each sample, 
the mixture was incubated for 5 min in dark conditions. After cen-
trifugation at 300 g for 10 min, the cells were washed with 1X PBS 
and resuspended in 400 μl for flow cytometry analysis [33, 34]. 

Cell cycle distribution analysis 

They incubated 3×105 MCF-7 cells per well in a 6-well plate for 24 h 
to assess cell cycle distribution. For 48 h, the cells were treated with 
free TG, TG@MSNs, SF/TG@MSN, MSNs and MSNs@SF at their IC50 
concentrations. After treatment, cells were washed, trypsinized and 
fixed in cold ethanol. After fixation, the cells were rinsed again, 
treated with RNase A and stained with propidium iodide. Then, flow 
cytometry with the FL2 channel and ModFit LT version 5 was used 
to determine cell cycle stage distribution [33]. 
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In vitro cellular uptake 

Dil (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlo-
rate) fluorescent labeling was used to determine whether MCF-7 
cells internalize MSNs. Dil (1 mg/ml, 100 μl) dissolved in ethanol 
was combined with 20 mg of calcinated MSN, subjected to continu-
ous agitation in darkness for 24 h and subsequently centrifuged. The 
resulting precipitate was subjected to multiple ethanol washes to 
eliminate unbound dye, followed by a 24-hour freeze-drying process 
to yield Dil@MSN as a dry powder. The synthesis of SF/Dil@MSN 
nanoparticles followed a similar protocol, adding 1 ml of fibroin 
solution (2.2 mg/ml in DMSO) post-Dil loading. 

For the cellular uptake assay, MCF-7 cells (3x105 cells/well) were 
seeded into a 6-well plate and allowed to adhere for 24 h. Dil@MSN 
and SF/Dil@MSN nanoparticle suspensions (100 μg/ml) were intro-
duced into the wells and the plates were incubated at 37 °C for 48 h. 
Flow cytometry was used with the FL2 channel to quantify the mean 
fluorescence intensity of Dil within the cells. Results were analyzed 
using FlowJoTM software version 7.6 [33]. 

Statistical analysis 

Each experiment was repeated three times using GraphPad Prism 8. 
A one-way analysis of variance (ANOVA) was used to determine 
treatment group statistical differences in the treatment group. The 
mean±SD is displayed for each result. Statistical significance was 

determined at p<0.05 and post-hoc analyses were conducted to 
differentiate groups [35]. 

RESULTS 

In vitro cytotoxicity assay 

The MTT assay demonstrated a dose-dependent cytotoxic effect of free 
TG, TG@MSNs and SF/TG@MSN on MCF-7 cells, with cell viability 
decreasing significantly as concentrations increased from 5 to 200 μM 
(fig. 1A). In contrast, MSNs and SF@MSNs did not exhibit significant 
cytotoxicity and were considered non-toxic to MCF-7 cells (fig. 1B). 
According to table 1, the IC50 values following 48 h of treatment for 
free TG, TG@MSNs and SF/TG@MSN were 16.69 μM, 10.96 μM and 
8.01 μM, respectively. These findings suggest that MSN nanoparticles 
enhanced the cytotoxic effect of TG on MCF-7 cells, with the IC50 value 
of SF/TG@MSN being approximately half that of free TG. 

 

Table 1: IC50 values (48 h) of free TG, TG@MSN and SF/TG@MSN 

Treatment IC50 (μM) 

Free TG 16.69±0.25 
TG@MSN 10.96±0.15 
SF/TG@MSN 8.01±0.12 

Results are expressed as the mean±standard deviation (n = 3).
 

 

 

Fig. 2: A histogram illustrates the dose-dependent cytotoxic effects of (a) free TG, TG@MSNs and SF/TG@MSN, as well as (b) MSNs and 
SF@MSNs on MCF-7 cells compare to control group. The results are expressed as mean±SD. Statistical significance is denoted by ns for no 

significance (p-value>0.05) and *** for p<0.001 

 

Apoptosis assay 

The apoptotic effect of various formulations, such as free TG and MSN 
nanoparticles, was assessed using annexin V/FITC and PI staining (fig. 
2). The analysis demonstrated varying percentages of total early and 

late apoptosis among treatments. Specifically, cells treated with free 
TG, TG@MSN and SF/TG@MSN exhibited 13.49%, 76.05% and 
84.99% apoptosis, respectively (table 2). Unlike the control group, 
MSN and SF@MSN formulations showed no significant apoptosis, 
supporting the cytotoxicity assay results for these nanoparticles. 
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The apoptosis assay revealed that TG@MSN and SF/TG@MSN in-
duced apoptosis at rates significantly higher (approximately 5.63-
fold and 6.3-fold, respectively) than free TG. These findings suggest 
that the MSN nanoparticle delivery system substantially improves 

the pharmacokinetics of TG, resulting in greater therapeutic efficacy. 
Additionally, the use of SF as a coating agent in the delivery system 
further demonstrates its potential to enhance the efficacy of the 
treatment against MCF-7 cells. 

 

Table 2: Distribution of normal cells, early and late apoptosis and necrotic cells following 48 h of treatment 

Group Normal cell Early apoptosis Late apoptosis Necrosis 
Control 99.14±0.33 0.35±0.07a 0.17±0.04 0.075±0.03 
Free TG 87.58±1.65 9.62±2.28b 2.65±0.67 0.13±0.06 
TG@MSN 23.56±0.43 73.37±0.04c 3.01±.43 0.04±0.04 
SF/TG@MSN 11.93±4.30 81.66±5.11d 6.37±0.81 0.03±0.02 
MSN 94.64±2.75 2.54±0.57a 2.15±1.71 0.2±0.15 
SF@MSN 93.22±2.34 3.1±0.55a 3.42±1.93 0.27±0.17 

Value are reported as mean±SD (n=3). Significant differences are observed between values in columns marked by various superscripts (p<0.05). 

 

 

Fig. 3: Quadrant representation of flow cytometry analysis of apoptosis in MCF-7 cells following the application of annexin V-FITC/PI 
staining: (a) Control, (b) free TG, (c) TG@MSN, (d) SF/TG@MSN, (e) MSN and (f) SF@MSN 

 

 

Fig. 4: A histogram representation of cell population percentage in a different stage of apoptosis and necrosis after 48 h of treatment with 
free TG, TG@MSN, SF/TG@MSN, MSN and SF@MSN, value are mean±SD (****p<0.0001, **p<0.01) 

 

Cell cycle analysis 

Cell cycle analysis using flow cytometry was conducted to assess the 
inhibitory effect of TG on the proliferation of MCF-7 cells. Free TG 

and nanoparticle formulations affected cell cycle distribution, as 
seen in fig. 4 and 5. Free TG, TG@MSN and SF/TG@MSN increased 
the G2/M phase cell population compared to the control group. Ta-
ble 3 shows the cell age distribution in each cell cycle phase 
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(mean±SD, n=3), with G2/M populations of 5.02±0.73, 18.99±0.26, 
28.2±3.18 and 39.11±3.24 for control, free TG, TG@MSN and 
SF/TG@MSN groups, respectively. 

These findings indicate that treatment with free TG and TG-loaded 
MSN nanoparticles caused MCF-7 cells to enter a cell cycle arrest at 

the G2/M phase following 48 h. This arrest is likely attributable to 
Mismatch Repair (MMR) pathway activation, which activates ATM-
Chk2 and ATR-Chk1 protein kinases. These kinases, in turn, increase 
p21 protein activity and inhibit the CDK1/cyclin B complex, culmi-
nating in G2/M phase arrest. 

  

 

Fig. 5: A histogram showing the percentage of cells in different stages of the cell cycle after being treated for 48 h with free TG, TG@MSN, 
SF/TG@MSN, MSN and SF@MSN, value are mean±SD and ****p<0.0001 and **p<0.01 

 

The increased G2/M arrest seen with SF/TG@MSN treatment 
suggests that the SF/MSN system amplifies TG's impact on the 
cell cycle. This enhanced effect is likely attributed to improved 

nuclear delivery of TG, which results in more widespread DNA 
damage and the subsequent triggering of cell cycle checkpoints 
[36]. 

 

Table 3: Parts of the MCF-7 cell population in each stage of the cell cycle after 48 h of treatment 

Phase Control (%) Free TG (%) TG@MSN (%) SF/TG@MSN (%) MSN (%) SF@MSN (%) 
G0/G1 54.1±2.69 76.64±0.11 57.16±0.82 58.02±2.49 65.46±6.51 64.84±10.47 
S 40.9±1.95 4.37±0.16 14.62±4 2.86±0.74 26.18±6.32 27.61±15.92 
G2/M 5.02±0.73 18.99±0.26 28.2±3.18 39.11±3.24 8.35±0.18 7.54±5.45 

Results are expressed as the mean±standard deviation (n = 3). 

 

 

Fig. 6: PI/RNase tagging was used to look at the MCF-7 cell cycle distribution using flow cytometry. The following categories are included: 
(a) Control, (b) free TG, (c) TG@MSN, (d) SF/TG@MSN, (e) MSN and (f) SF@MSN 
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Fig. 7: Quantification of cellular uptake of different nanoparticle formulations after 48 h of exposure. (a) Fluorescence intensity of 
Dil@MSN and SF/Dil@MSN compared to control groups. (b) MFI values of Dil@MSN and SF/Dil@MSN, Value are mean±SD (***p<0.001) 

 

In vitro cellular uptake 

The cellular uptake of different nanoparticle formulations was as-
sessed in vitro by measuring the emission intensity of fluorescent-
labeled nanoparticles in the FL2 channel. Fig. 6A shows that the 
unstained control group had negligible fluorescence, confirming no 
autofluorescence. Notably, cells treated with SF/Dil@MSN exhibited 
higher intensity than those treated with Dil@MSN, suggesting that 
SF/MSN nanoparticles labeled with DiI were taken up more effi-
ciently by the MCF-7 breast cancer cells. These findings are 
consistent with the results of the cytotoxicity and apoptosis assays. 

Quantitative analysis in (fig. 6B) further supports this. The mean 
fluorescence intensity (MFI) was significantly higher in the 
SF/Dil@MSN group compared to Dil@MSN (3.57±0.09 vs. 
1.35±0.07), indicating more effective uptake of SF/MSN nanoparti-
cles. Interestingly, cells treated with free Dil showed the highest 
fluorescent intensity, suggesting greater uptake or accumulation. 
The higher fluorescence intensity of free Dil may be due to its lipo-
philic nature, which allows it to readily integrate into cell 
membranes. 

DISCUSSION 

Ongoing research and development of more efficacious medicines 
for breast cancer is imperative due to its status as the leading cause 
of mortality among women [37], constituting 21.4% of all cancer 
cases in Iran. Recent research has focused on enhancing drug deliv-
ery systems to improve medication efficacy [38-42]. This study 
investigated the therapeutic impact of SF-coated MSNs containing 
TG on MCF-7 breast cancer cells, focusing on their anticancer prop-
erties. Cytotoxicity tests revealed that the 48-hour IC50 values 
(concentrations causing a 50% reduction in cell growth) for free TG, 
TG@MSN and SF/TG@MSN were 16.69, 10.96 and 8.01 μM, respec-
tively, underscoring the superior efficacy of the fibroin-coated 
nanoparticle system in delivering TG to MCF-7 breast cancer cells. 
Based on these findings, it appears that encapsulating TG with SF 
and loading it into MSNs increases the cellular toxicity of the medica-
tion in breast cancer cells. The finding that encapsulation increases 
toxicity is supported by Bhavsar et al. (2020) [43], who showed that 
doxorubicin-loaded chitosan folate-capped MSNs were more haz-
ardous to MCF-7 and MDA-MB-231 cells than either free doxorubicin 
or doxorubicin-MSN. Additionally, Aghevlian et al. (2013) [44] dis-
covered that in MCF-7 cells, TG-loaded gold nanoparticles had a 
more decisive antiproliferative action compared to free TG, also 
found that TG-loaded gold nanoparticles exhibited higher antiprolif-
erative activity than free TG in MCF-7 cells. 

Apoptosis tests demonstrated that combining MSNs and SF coating 
significantly enhances apoptosis induction in MCF-7 cells. The per-
centage of cells undergoing early and late apoptosis increased from 

13.49% with free TG to 84.99% with SF/TG@MSN. This observation 
aligns with the findings of Deka et al. (2023), who reported a substan-
tial increase in apoptotic signals in HeLa cells treated with hyaluronic-
dodecyl amide conjugate nanoparticles loaded with TG [45]. 

The study further revealed that free TG and TG-loaded nanoparticles 
(TG@MSN and SF/TG@MSN) induce G2/M cell cycle arrest in MCF-7 
cells. This observation is consistent with prior research demonstrat-
ing TG's ability to trigger G2/M arrest [23, 46]. The enhanced 
cytotoxicity and apoptosis in TG@MSN and SF/TG@MSN groups are 
likely due to increased TG delivery to cancer cells facilitated by these 
nanosystems. 

The SF/TG@MSN system's improved efficacy is attributed to several 
factors. The amphiphilic nature of SF enhances cellular uptake [47] 
and specific amino acid sequences like RGD (Arg-Gly-Asp) promote 
binding to cell surface integrins. The pH-responsive behavior of SF 
may also facilitate endosomal escape, releasing TG into the cyto-
plasm [48]. This efficient intracellular delivery could explain the 
enhanced cytotoxicity and apoptosis induction observed with 
SF/TG@MSN compared to free TG. 

The increased apoptosis and G2/M arrest reported with 
SF/TG@MSN therapy may have multiple molecular causes. TG, a 
purine analog, damages DNA during replication and activates the 
DDR (DNA Damage Response) pathway [49]. The increased delivery 
of TG to the nucleus via the SF/MSN system may cause more exten-
sive DNA damage, overwhelming the cell's repair mechanisms. This 
mechanism aligns with findings from recent studies that highlight 
the role of enhanced drug delivery systems in augmenting DNA 
damage and apoptosis in cancer cells [50].  

ATM/ATR kinases phosphorylate downstream effectors such as 
Chk1 and Chk2 to activate the DDR pathway [36]. These effectors, in 
turn, can activate p53, leading to the upregulation of pro-apoptotic 
proteins like Bax (BCL2 Associated X, Apoptosis Regulator) and 
PUMA (p53 Upregulated Modulator of Apoptosis). Simultaneously, 
p53 can induce p21, a cyclin-dependent kinase inhibitor that pro-
motes G2/M arrest by inhibiting the Cdc2/Cyclin B complex. The 
strong G2/M arrest observed with SF/TG@MSN therapy suggests 
strong cell cycle checkpoint activation. This arrest gives cells time to 
repair DNA damage or apoptosis if it is too significant. The study's 
large percentage of apoptotic cells suggests that many cells cannot 
overcome TG-induced damage due to the SF/MSN system's persis-
tent and higher TG levels. 

SF/TG@MSN's increased apoptosis may be due to the mitochondrial 
pathway. TG-induced DNA damage releases mitochondrial cyto-
chrome c, activating caspase-9 and caspase-3, causing apoptosis 
[49]. Effective TG administration by SF/TG@MSN may enhance this 
cascade, contributing to this study's elevated apoptosis. The finding 
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shows SF/TG@MSN can induce mitochondrial apoptosis in breast 
cancer cells. 

This study, while insightful, has limitations. An in vitro model is 
insufficient to replicate human breast cancer complexity. Studies are 
needed to evaluate the pharmacokinetics, biodistribution and poten-
tial toxicity in vivo [51, 52]. Additionally, the study did not account 
for variability between breast cancer subtypes [53]. 

Despite limitations, SF/TG@MSN shows promise as a therapeutic 
strategy. However, the clinical application requires comprehensive 
preclinical studies, safety and efficacy evaluations [54, 55], regulato-
ry approval [56], clinical trials [57] and scalable manufacturing 
processes [58]. Recent reviews have outlined the critical steps in 
translating nanomedicine from bench to bedside, highlighting the 
challenges and strategies for successful clinical adoption [59]. 

CONCLUSION 

This study examines the toxic effects of silk fibroin-coated mesopo-
rous silica nanoparticles containing thioguanine compared to free 
thioguanine while targeting the MCF-7 breast cancer cell line in a 
laboratory setting. The findings indicated that the SF/TG@MSN 
nanosystems significantly increased the toxicity of TG against this 
particular breast cancer cell line. Furthermore, the administration of 
free TG resulted in cell cycle arrest, specifically at the G2/M phase. 
This arrest was significantly more significant in the TG@MSN and 
SF/TG@MSN groups. Additional in vitro research on breast cancer 
cell lines, such as MDA-MB-231, is recommended to thoroughly 
assess the anticancer characteristics of SF/TG@MSN. Furthermore, 
in vivo experiments are essential to authenticate these discoveries 
and bolster the clinical use of this nano-drug. The results of this 
research are crucial to furthering the practical application of 
SF/TG@MSN in breast cancer treatment. 
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