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A B S T R A C T   

Bovine serum albumin (BSA) coated platinum (Pt) nanoparticles (Pt@BSA NPs) were synthesized, followed by 
the conjugation of an anticancer drug (MTX) with the aim of chemoradiation therapy. The physical and chemical 
properties of Pt@BSA-MTX were evaluated by DLS, FESEM, STEM, UV–Vis and XRD. A release study was per
formed in the presence and absence of the proteinase K enzyme. In terms of morphology, nanoparticles appeared 
to be monodispersed and spherical. The size of nanoparticles was 7.4 ± 1.4 nm. Release behavior of Pt@BSA- 
MTX depended significantly on enzyme presence which accelerated and promoted the release of MTX. The 
improved chemoradiation was demonstrated in vitro using MTT, colony formation and apoptosis assays on 
mouse breast carcinoma cells (4T1). It was concluded that the combination of a nanoradiosensitizer with a 
chemotherapeutic agent resulted in superior anticancer activity after X-ray exposure.   

1. Introduction 

Cancer is one of the most dangerous diseases, and its treatment is still 
challenging. There are many treatment approaches to cancer therapy, 
such as radiotherapy (RT), chemotherapy, hormonal therapy, immu
notherapy and surgery [1–3]. Common clinical practice to cure and 
manage cancer is mostly focused on chemotherapy, radiation therapy 
and surgery [4]. Nevertheless, these treatments, when used individually, 
present many side effects and low therapeutic efficacy due to their 
nonspecific distribution [5]. Lately, combination therapies have 
received significant attention due to their potential to provide higher 
efficacy and reduce adverse effects. Furthermore, combination therapy 
is able to overcome drug resistance and reduce the treatment period due 
to its additive or synergistic effects. 

Radiation therapy was discovered as one a cancer treatment more 
than a century ago [6]. Its mechanism involves damaging cancer cell 
DNA and genes that are responsible for cell growth and replication [7]. 

Radiation can cause DNA damage directly when it hits the DNA struc
ture and indirectly through the induced generation of reactive oxygen 
species (ROS), which can induce oxidative stress and provoke damage to 
biomolecules and eventually cell death [8]. 

Radiosensitizers are agents that possess the capacity to substantially 
enhance the efficacy of radiotherapy on tumor cells through increasing 
tumor radiosensitivity [9]. They are able to reduce side effects because 
there are lower doses of radiation required [10]. The X-ray absorption 
coefficient (μ) describes the relationship between X-ray absorption en
ergy (E), atomic number (Z) and densities (ρ), μ = ρZ4/AE3,where A is 
atomic mass of elements [8,11]. As a result, high Z-elements such as 
platinum (Pt), gold, bismuth, and others have better X-ray absorption 
and the ability to localize ionizing radiation doses at tumor tissue [12]. 
Radiosensitizers can absorb X-ray radiation and then scatter photo/ 
Auger/Compton and other secondary electrons, so they can cause DNA 
damage directly and are also able to react with water and increase ROS 
production, leading to enhanced tumor cell radiosensitivity [13]. 
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Nanoparticles (NPs) can accumulate within tumors via the enhanced 
permeability and retention (EPR) effect and consequently increase ra
diation doses within tumor cells [14]. 

Studies have shown that Pt NPs can be used as a radiosensitizer due 
to the high atomic number (Z = 78) of Pt [15]. Yang et al. presented 
enhanced radiotherapy using Au-Pt NPs as a radiosensitizer, substan
tially inhibiting tumor growth [16]. Pt nanoflowers have also been 
shown to enhance gamma ray-induced killing of HeLa cells with a 
sensitizing enhancement ratio (SER) of 23% [17]. 

NPs can be used for the drug delivery of chemotherapy drugs due to 
their exclusive characteristics [18,19]. Therefore, the high Z based 
nanoparticles can be used not only as a radiosensitizer but also as drug 
carriers to the tumor site. Drug delivery with NPs can overcome multi
drug resistance due to their ability to bypass efflux pumps. NPs can 
transport chemotherapeutic drugs into tumor cells through endocytosis 
and release the payload at the perinuclear site, which is distant from 
efflux pumps. Through the EPR effect and passive targeting, NPs can 
increase the concentration of drugs within the tumor site [20]. 

Methotrexate (MTX), an analog of folic acid, is a non-selective in
hibitor of dihydrofolate reductase (DHFR) [21]. However, there is evi
dence that MTX itself can act as a particular tumor-targeting ligand by 
binding to folate receptors that are overexpressed in the vast majority of 
solid tumors and cancer cell lines [22]. MTX is still a viable ligand for 
tumor-specific drug delivery [23]. In order to be used as carriers of one- 
carbon groups in the synthesis of purine nucleotides and thymidylate, 
and therefore DNA synthesis, dihydrofolates must be converted to tet
rahydrofolates by DHFR. Anti-folates, as inhibitors of DHFR, have 
several therapeutic applications, including as anti-infective, anti- 
neoplastic, and anti-inflammatory drugs. These medications affect more 
actively proliferating tissues such as cancer cells, fetal cells, bone 
marrow, and the buccal and intestinal mucosa. In this line, Koda et al. 
applied pemetrexed, a multitargeted antifolate, in combination with 
cisplatin for the treatment of malignant pleural mesothelioma [24]. 
MTX is a folate antimetabolite that inhibits DNA synthesis, repair, and 
replication, and it is used in the treatment of various types of cancer. In 
the clinics, MTX is commonly utilized as an immunosuppressive, anti- 
inflammatory, and anticancer agent [25]. MTX is also used for the 
treatment of alopecia areata in combination with oral corticosteroids 
and the immune system in the skin (diphencyprone) [26,27]. 

Because of its severe side effects in high doses, researchers attempted 
to use novel drug delivery vehicles in order to reduce side effects and 
enhance therapeutic efficacy. Combination therapies are another way to 
lower the dose needed. When radiation therapy and chemotherapy are 
used together, the outcome of the treatment is much better. 

Albumin is a biological molecule that is one of the most abundant 
plasma proteins, and due to its unique features, it can be used as a carrier 
for medicines [28]. Its most important characteristics include minimal 
toxicity, easy preparation, biodegradability, multiple ligand binding 
sites, a long half-life, and stability in circulation that can be used in order 
to coat and stabilize NPs such as Pt in biological medium [29–31]. 

In this study, we report Pt NPs coated with bovine serum albumin 
(BSA) and loaded with the MTX drug, which functions as both a radio
sensitizer and drug carrier to improve therapeutic efficiency. Combi
nation therapy of chemotherapy along with radiation therapy provided 
enhanced tumor treatment, which was validated using mouse breast 
carcinoma cells (4T1). 

2. Materials and methods 

2.1. Materials 

All material and solutions were purchased from Sigma Aldrich and 
Merck Co. 

2.2. Synthesis of Pt@BSA NPs 

Bovine serum albumin-coated Pt (Pt@BSA) NPs were synthesized as 
follows: First, 5 mL of an aqueous solution of BSA (8 mg/mL) was mixed 
with 5 mL of H2PtCl6 (16 mM), and then 0.5 mL of NaOH (1.5 M) was 
added to the reaction medium. The solution was allowed to react 
overnight at 80 ◦C. After 24 h, as-synthesized Pt@BSA was purified by 
dialysis against deionized water for 24 h [32]. 

2.3. Preparation of MTX conjugated Pt@BSA (Pt@BSA-MTX) 

For the preparation of Pt@BSA-MTX, 100 mg of MTX, 183 mg of 1- 
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), and 21.85 mg of 
N-hydroxysuccinimide (NHS) were first mixed in 20 mL of deionized 
water. After 15 min, 400 mg of Pt@BSA was added to the mixture. So
lution was stirred in dark and room temperature for 24 h. To remove 
excess material, final product was dialyzed against deionized water for 
48 h. 

2.4. Characterization 

Field emission scanning electron microscopy (FESEM) and scanning 
transmission electron microscope (STEM) (ZEISS GeminiSEM) were 
used to characterize the size and morphology of synthesized NPs. The 
hydrodynamic size distributions were evaluated by a dynamic light 
scattering (DLS) device (Malvern Instruments, Worcestershire, UK, 
model Nano ZS). UV–Vis absorption spectra were acquired via a UV–Vis 
spectrophotometer (T80). To reveal the crystal structures, a powder X- 
ray diffractometer system (PANalytical X’Pert Powder Diffractometer) 
was used. 

2.5. Drug loading 

To determine the content of conjugated MTX, 3 mg of Pt@BSA-MTX 
NPs and 3 mg of proteinase K enzyme were added to 2 mL of phosphate- 
buffered saline (PBS) (pH = 7) and incubated for 48 h at 37 ◦C. Then, the 
Eppendorf cells were centrifuged, and the absorbance of the supernatant 
was measured by UV–Vis spectrophotometry at a wavelength of 304 nm. 
Finally, the amount of conjugated MTX was calculated using the cali
bration curve. 

2.6. Drug release study 

The release study of MTX was determined by a dialysis method. Drug 
release was performed in the presence and absence of the proteinase K 
enzyme. Considering the first condition, 2 mg of Pt@BSA-MTX and 1 mg 
of proteinase K enzyme were dispersed in 1 mL of PBS (pH = 7.4 or 4.8) 
and then poured into a dialysis bag (12 kDa). Next, the dialysis bag was 
submerged in a container with 20 mL of PBS that was shaken at 37 ◦C 
and 100 rpm. 2 mL of dialysate medium was taken out of the solution at 
different programmed time intervals and replaced with PBS. Thereupon, 
the absorbance of the isolated solution was measured at 304 nm by a 
UV–Vis spectrophotometer. The same protocol was performed in the 
absence of the proteinase K enzyme. 

2.7. In vitro treatment efficacy 

The viability of mouse breast carcinoma cells (4T1) treated with 
Pt@BSA-MTX NPs under and without X-ray irradiation was examined by 
an MTT assay. First, the cells were seeded into 96-well microplates at a 
density of 5000 cells per well and then cultured in a humidified incu
bator in RPMI medium supplemented with 10% fetal bovine serum at a 
temperature of 37 ◦C and 5% CO2. The cells were incubated for 24 h. 
Then, the medium of each well was substituted for various concentra
tions of Pt@BSA-MTX NPs. After 5 h of treatment, the medium con
taining the sample extract and the wells was washed with PBS and then 
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filled with fresh RPMI. After the exposure of cells to X-rays (4 Gy, 6 MV), 
the cell viability of each well was determined via MTT assays. 

2.8. Colony formation assay 

The colony formation assay revealed the cell survival by measuring 
single cell’s ability to grow and form a colony. Thus, to exploit the po
tential of the radiosensitizing capacity of developed NPs in the presence 
of X-ray irradiation, a clonogenic assay was performed according to the 
previously reported method [9]. 

2.9. Apoptosis assays 

To assess apoptosis, 4T1 cells were seeded into a 12-well plate and 
cultured for 24 h. Then, the medium of each well was substituted for 
various samples. After 5 h of incubation, the medium containing the 
sample was extracted, and the wells were washed with PBS and filled 
with fresh RPMI. The cells were irradiated with X-ray radiation at a dose 
of 4 Gy, followed by incubation. Later, the treated cells were taken out 
and fully washed with PBS, then added to 100 μL Annexin V binding 
buffer, stained with Annexin V-FITC and propidium iodide. In the final 
step, stained cells were determined by flow cytometry, and data analysis 
was carried out by FLOWJO software (Tree Star, Ashland, OR). 

3. Results and discussions 

3.1. Characterization 

The characterization of any developed metal nanoparticle-based 
radiosensitizer in terms of elemental composition, crystal structure, 

morphology, and size mostly involves various types of analytical tools. 
Even in some cases, more than one technique is required to evaluate the 
physical properties of designed nanoparticles. SEM, as a powerful 
technique, was used to investigate the size, homogeneity, and 
morphology of as-synthetized nanoparticles, which is depicted in 
Fig. 1a. In terms of morphology, nanoparticles appeared to be homog
enous and monodispersed. STEM image (Fig. 1b) further shows that the 
shape and size of the nanoparticles were spherical and 7.4 ± 1.4 nm in 
size. Similar to SEM results, STEM images also show monodispersed and 
spherical nanoparticles, confirming the successful preparation of 
Pt@BSA-MTX NPs. The size of the nanoparticles was less than 8 nm, and 
mostly no indication of aggregation was evident, which validates their 
stability. UV–Vis spectrophotometry was performed as the preliminary 
characterization technique to confirm the successful formation of the 
designed nanoradiosensitizers. Also, this technique was applied to study 
possible interactions between different compounds in the structure of a 
prepared metal nanoparticle-based radiosensitizer. Fig. 1c shows the 
UV–Vis spectra of free MTX, Pt@BSA, and Pt@BSA-MTX. It is obvious 
that the main absorbance peaks of MTX drugs are assigned at around 
373 nm and 303 nm. Typically, an absorption peak at around 275 nm is 
assigned for BSA due to the presence of tryptophan and tyrosine groups 
in its structure. Previously, it was well documented that H2PtCl6 solu
tion, due to its d–d transitions, showed bands at approximately 320 and 
380 nm [33]. As shown in Fig. 1c, no peak was detected for Pt@BSA 
nanoparticles between 300 and 400 nm, and the absorption peaks of 
H2PtCl6 were completely disappeared due to the reduction reaction, 
leaving only an absorption peak at around 271 nm, which can be 
attributed to the presence of BSA macromolecules [34]. These results 
were also observed in UV–Vis spectrum of Pt@BSA-MTX nanoparticles, 
in which Pt nanoparticles had no peaks in the range of 300–400 nm and 

Fig. 1. Characterization techniques regarding to the developed nanoparticles. (a) Fe-SEM; (b) STEM image of Pt@BSA-MTX nanoparticles; (c) UV–Vis spectra of 
MTX, Pt@BSA, and Pt@BSA-MTX; and (d) XRD pattern of developed metallic nanoparticles. 
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only characteristic peaks of MTX along with BSA protein were observed 
with slight peak shifting. It can be implied that Pt@BSA-MTX nano
formulations were successfully prepared. These results are consistent 
with previous findings in the literature [35,36]. Besides, UV–Vis analysis 
disclosed the amount of MTX entrapment in the Pt@BSA was approxi
mately 6.3%. X-ray diffraction (XRD) analysis is a non-destructive 
technique, and owing to its speed and simplicity, it has gained much 
popularity in the identification of a wide variety of designed metallic 
nanoparticles [37]. In particular, XRD analysis is performed to assess 
elemental composition, crystallinity, and phase purity. Additionally, 
this technique could provide information regarding the crystalline grain 
size and lattice parameters. Fig. 1d illustrates the XRD spectrum of 
Pt@BSA. There were several index planes for different values of 2θ as 
illustrated by the XRD pattern in Fig. 1d. This finding showed that 
Pt@BSA nanoradiosensitizers possessed face-centered-cubic (FCC) 
structure according to JCPDS file No. 04-0802 [38]. Four characteristic 
reflections were observed in the XRD pattern for Pt@BSA NPs, which 
correspond to the (111), (200), and (220) crystal lattice planes and are 
consistent with the FCC structure. This result further validates that 
Pt@BSA nanoradiosensitizers were properly synthesized and can be 
employed for in vitro analysis. 

3.2. Hydrodynamic size and zeta potential 

Zeta potential is influential in the primary adsorption and interaction 
of nanomaterials with extracellular biological macromolecules, 
including those on the cell membrane [39]. Following initial interaction, 
endocytosis is the next process of immense importance, and the size of 
the nanoparticles plays a key role in the uptake rate. Therefore, hy
drodynamic size and zeta potential were demonstrated for both 
Pt@BSA-MTX and Pt@BSA. The hydrodynamic sizes of Pt@BSA and 
Pt@BSA-MTX are on average 49 nm and 28 nm (Fig. 2a), respectively, 
which are desirable for efficient drug delivery due to their being less 
than 100 nm [40]. Polydispersity indexes (PdI) are also determined as 
0.312 and 0.347 for Pt@BSA and Pt@BSA-MTX, respectively. The 
average particle size of Pt@BSA-MTX is consistent with SEM results but 
higher than that observed in a TEM image, which is probably due to 
minor swelling of nanoparticles in aqueous media. 

Hydrodynamic size monitoring was also further used for the deter
mination of colloidal stability for up to two months (Fig. 2b). Results 

showed that the hydrodynamic size of NPs reached 64 nm, yet it still 
remained desirable for in vivo anticancer performance such as tissue 
penetration and tumor inhibition [41]. Zeta potential is defined as the 
surface charge of nanoparticles, which is necessary for stability and 
preventing aggregation of nanoparticles in biological media, profoundly 
affecting in vivo applications. The zeta potentials measured for Pt@BSA 
and Pt@BSA-MTX were approximately − 22 mV and − 25 mV, respec
tively (Fig. 2c). Data shows that the zeta potentials of prepared nano
particles are favorable, as higher charge values manifest enhanced 
stability [42]. Although there was a significant increase in particle size, 
the zeta potential alternation was negligible after MTX conjugation. 
Evidently, owing to the large negative surface charge of as-synthetized 
nanoparticles, they significantly repel each other in a suspension and 
have the least interaction with blood components (noting their negative 
charge), which makes them favorable for entering blood flow. Negative 
surface charge is superior to positive charge for nanoparticles, which 
provides them with prolonged blood circulation time and improved 
stability. In summary, the size and zeta potential of Pt@BSA-MTX NPs 
nanoparticles were found to be advantageous for cancer treatment and 
stable for medical applications. 

3.3. In vitro drug release study 

MTX release from nanoparticles was investigated with and without 
proteinase K, an enzyme that breaks the amide bond between conju
gated MTX and albumin. The release behavior of MTX under lysosomal 
conditions (intracellular) represents a high enzyme impact on drug 
release from nanoparticles (Fig. 2d). In the absence of enzyme, the cu
mulative amount of drug rose steadily to approximately 17% of the total 
drug amount within 24 h, whereas in the presence of enzyme, the 
amount of drug released increased sharply and reached as high as 71% 
within the same period of time. Following this sharp increase, the 
amount of drug released from nanocarriers increased slightly to 75% 
after 48 h and then plateaued. Similarly, without enzymes, drug release 
remained fairly steady and finally reached 19%. At 24 h, compared to 
the absence of enzyme, cumulative drug release in the presence of 
enzyme drastically. Thus, the release behavior of Pt@BSA-MTX depends 
significantly on the presence of an enzyme, which accelerates and pro
motes MTX release [43]. Previous studies demonstrated that the bond 
between MTX and modified nanoparticles can be hydrolyzed in an 

Fig. 2. (a) Mean hydrodynamic particle size; (b) Size monitoring of Pt@BSA-MTX NPs for two months; (c) zeta potential of Pt@BSA-MTX nanoparticles and (d) Drug 
release profile of developed metallic nanoparticles. 
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intracellular enzymatic condition, which causes the release of MTX and 
cell cycle arrest [44,45]. Thus, the amide bond can be utilized for 
accelerating drug release inside cancer cells. Under physiological con
ditions (pH = 7.4, mimics blood circulation), drug release from nano
particles was significantly higher in enzyme presence compared with its 
absence, implying the existence of the amido bond, which assists with 
the delivery of drug to the targeted cell. This could be another confir
mation of the successful synthesis of Pt@BSA-MTX in our study. In 
summary, this release behavior can alleviate chemotherapy-associated 
side effects and improve treatment efficacy, noting that drug release 
depends greatly on enzyme presence inside the lysosome, the next 
destination of nanoparticles after endocytosis. 

3.4. In vitro radiotherapy of Pt@BSA-MTX nanoparticles 

RT is always a balance between alleviating damage to the healthy 
tissues and destroying the tumor tissues. However, minimizing the 
adverse effects of RT remains an ongoing challenge in cancer radio 
oncology. To this end, vast efforts have been put forth to diminish the 
associated side effects of RT as a result of the non-selective nature of 
radiation. In recent years, metallic radiosensitizers as multifunctional 
nanoplatforms have emerged as a very promising strategy in cancer 
radiotherapy, owing to their effectiveness in therapeutic index 
enhancement and selective tumor responses to RT. The latest advances 
in the development of metal nanoparticle-based radiosensitizers stand 
out as a novel cancer treatment modality with high success and effec
tiveness while being non-invasive and affordable to patients. Further
more, the in vitro anticancer effect of developed Pt@BSA-MTX 
nanoparticles upon X-ray radiation was evaluated in addition to the in 
vitro findings of X-ray radiotherapy, such as apoptosis and colony for
mation assays. Fig. 3 depicts the in vitro radiotherapy or radio
sensitization effects of MTX, Pt@BSA, and Pt@BSA-MTX in the presence 
and absence of X-ray irradiation. Exposure of 4T1 cells to X-ray radiation 
at a dose of 4 Gy resulted in reduced cell viability (82%). This points to 
the pivotal role of X-ray radiation in cancer radiotherapy, but this 
method of cancer treatment alone is not efficient enough to cure cancer 
unless higher doses of radiation are applied. However, a radiation dose 
increase can also pose a greater risk to healthy tissue nearby; thus, the 
importance of X-ray radiation cannot be emphasized enough. It is 
interesting to note that there is a statistically significant difference in cell 
viability rate between treated groups and controls, except for the cells 
treated with Pt@BSA (60 μg/mL). Combined treatment with X-ray ra
diation resulted in a significant reduction of cell viability compared to 
monotherapy for all experimental groups. These results underline the 
superior performance and advantage of combined therapy over mono
therapy. The cell survival rates for Pt@BSA and Pt@BSA-MTX nano
particles at a concentration of 60 μg/mL were 95% and 80%, 

respectively. By increasing the concentration of nanoparticles from 60 to 
300 μg/mL, the corresponding cell viability was reduced to 87% and 
68%, respectively. This indicates that the developed nanoparticles kill 
cancer cells in a dose-dependent manner. Similar results were also 
observed for the Pt@BSA and Pt@BSA-MTX nanoparticles in the pres
ence of X-ray irradiation. At a concentration of 60 μg/mL, the cell 
viability was reduced to 63% and 47% after X-ray exposure for Pt@BSA 
and Pt@BSA-MTX, respectively. Furthermore, by increasing the con
centration of treatment groups from 60 to 300 μg/mL, the cell viability 
dropped from 58% to 39%. In addition to the dose dependency effects, 
these findings highlight the potential ability of prepared nanoparticles to 
sensitize cancer cells to radiation therapy by lowering cancer cell sur
vival rates. We speculate the effect of nanoparticles arises from the 
capability of Pt nanoparticles to enhance ROS production upon X-ray 
irradiation, which is in agreement with previous studies [15,16]. 
Moreover, the addition of BSA to Pt nanoparticles improved their 
biocompatibility and stability, while conjugated MTX contributed to the 
inhibition of cell growth, which is in line with previous findings [15,46]. 
Jiang et al. prepared the multifunctional nanoplatform MnSiO3- 
Pt@BSA-Ce6 (MPBC) for enhanced chemodynamic and sonodynamic 
cancer therapy and diagnosis. The results disclosed that the designed 
nanoplatform, due to the presence of Pt and BSA, had the ability to kill 
cancer cells effectively and safely, augmenting the therapeutic efficacy 
through combined therapy. Overall, in vitro radiotherapy results prove 
that cells are more sensitive to radiation in the presence of designed 
nanoparticles, specifying the usefulness of nanoradiosensitizers in 
radiation-induced cancer therapy. 

3.5. Colony formation assay 

The colony formation assay is the commonly used method to assess 
the potential radiosensitizing capability of nanoparticles, in which sur
vival cell fractions are determined after exposure to ionizing radiation in 
the presence of prepared nanoradiosensitizers. Accordingly, to elucidate 
the effectiveness of the designed nanoparticles, the colony formation 
assay was performed. Fig. 4 illustrates the radiosensitization capability 
of X-ray, MTX, Pt@BSA-MTX and using Pt@BSA-MTX + X-ray using in 
vitro clonogenic assay. Results revealed that cell sensitization occurred 
in 4T1 cells in which suppression of cell growth were observed in cells 
treated with different treatment options including X-ray, MTX, Pt@BSA- 
MTX and using Pt@BSA-MTX + X-ray. In other words, while all of the 
modalities mentioned above can statistically reduce the colony forma
tion numbers when compared to controls, their ability to induce cell 
death varies greatly. The survival fraction of 4T1 cells exposed to X-ray 
alone or MTX decreased to ~0.9% and ~0.73%, respectively, while that 
in groups treated with Pt@BSA-MTX noticeably decreased to ~0.64%, 
meaning that Pt@BSA-MTX nanoparticles display a superior cell 

Fig. 3. In vitro radiosensitization capacity of developed Pt@BSA-MTX nanoplatforms by MTT assay.  
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antigrowth effect compared to MTX or X-ray alone. The most notable 
result from the data is that combined treatment with Pt@BSA-MTX 
nanoparticles and an X-ray modality resulted in a great radio
sensitization effect in which the survival fraction dropped to ~0.51%. In 
summary, the potential capability of these modalities in reduction of the 
colony formation numbers are as follows: X-ray < MTX < Pt@BSA-MTX 
< Pt@BSA-MTX + X-ray. Of note, this result lends support to previous 
findings in the literature and concurs well with them. Yang et al. 
developed PEGylated Pt nanoflowers for enhanced cancer radiotherapy, 
where the cell fraction treated with Pt nanoflowers upon radiation 
dramatically decreased, indicating the radiosensitizing capability of Pt 
nanoflowers [17]. This outcome has further strengthened our conviction 
for the usefulness of the designed Pt@BSA-MTX as a promising nano
radiosensitizer in cancer radiotherapy with positive therapeutic 
efficacy. 

3.6. Apoptosis assay in 4T1 cell line 

Apoptosis rate was assessed after cell treatment with MTX, X-ray, 
Pt@BSA-MTX and Pt@BSA-MTX + X-ray. Results were compared sta
tistically with the control group, indicating a significant change in 
apoptosis level after different treatments. The rate of cell apoptosis 
increased more significantly (by 42 %) when cells were treated with 
Pt@BSA-MTX and irradiation simultaneously, compared to other treat
ments (Fig. 5). Also, apoptotic cell death is clearly higher in the group 
treated with Pt@BSA-MTX in comparison with the group of cells treated 
with the free form of MTX. The apoptosis rate is considerably higher in 
the Pt@BSA-MTX group when accompanied by radiotherapy in 

comparison to the Pt@BSA-MTX group, which is probably due to the 
radiosensitizing feature of Pt. Pt radiosensitizing capability was previ
ously demonstrated in vitro on the cancerous A549 lung cell line by 
inducing apoptosis, but no effect on the healthy cell line, MRC-5 em
bryonic lung fibroblasts, was observed. It could be concluded that 
treatment of cells with Pt-based nanomaterials can amplify the radia
tion’s impact on cancerous cells [47]. It should be noted that apoptosis 
rate is significantly higher in all cell groups, especially Pt@BSA-MTX 
and Pt@BSA-MTX + X-ray group. Apoptosis induced by different 
treatments are as follows: Pt@BSA-MTX + X-ray > Pt@BSA-MTX >
MTX > X-ray > Control. There was a drop in viable cell count trend in 
the graph depicting apoptosis rate after irradiation and exposure to 
therapeutic agents. Thus, it could be concluded that the combination of 
a nanoradiosensitizer with a chemotherapeutic agent in the case of X-ray 
exposure results in a superior apoptotic rate and is thus more efficient in 
cancer treatment. 

4. Conclusion 

In this work, we developed MTX-conjugated Pt@BSA NPs (Pt@BSA- 
MTX) for use in chemotherapy therapy. MTX was conjugated with an 
enzymatically cleavable amide bond. Pt@BSA-MTX was utilized as both 
a radiosensitizer and a MTX carrier. A drug release study revealed an 
enzyme-dependent release characteristic. Mouse breast carcinoma cells 
(4T1) were used to evaluate the tumor-killing efficacy of the treatment 
groups. Both cell viability and clonogenic assays revealed that the su
perior anticancer potential of Pt nanoparticles was observed when the 
anticancer drug and X-ray were applied together, confirming the benefit 

Fig. 4. In vitro radiosensitization capacity of developed Pt@BSA-MTX nanoplatforms by colony formation assay.  

Fig. 5. Apoptosis assay result of cells treated with different samples.  
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of chemotherapy and radiation therapy when applied in a synergistic 
manner. 
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