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A B S T R A C T   

Megavoltage radiotherapy and cisplatin-based chemotherapy are the primary glioblastoma 
treatments. Novel nanoparticles have been designed to reduce adverse effects and boost thera-
peutic effectiveness. In the present study, we synthesized the SPIO@AuNP-Cisplatin-Alginate 
(SACA) nanocomplex, composed of a SPIO core, a gold shell, and an alginate coating. SACA 
was characterized using transmission electron microscopy (TEM) and dynamic light scattering 
(DLS). U87-MG human glioblastoma cells and the HGF cell line (a healthy primary gingival 
fibroblast) were treated in multiple groups by a combination of SACA, cisplatin, and 6 MV X-ray. 
The MTT assay was used to assess the cytotoxicity of cisplatin and SACA (at various concentra-
tions and for 4 h). Following the treatments, apoptosis and cell viability were evaluated in each 
treatment group using flow cytometry and the MTT assay, respectively. The findings demon-
strated that the combination of SACA and 6 MV X-rays (at the doses of 2 and 4 Gy) drastically 
decreased the viability of U87MG cells, whereas the viability of HGF cells remained unchanged. 
Moreover, U87MG cells treated with SACA in combination with radiation exhibited a significant 
increase in apoptosis, demonstrating that this nanocomplex effectively boosted the radiosensi-
tivity of cancer cells. Even though additional in vivo studies are needed, these findings suggest that 
SACA might be used as a radiosensitizer nanoparticle in the therapy of brain tumors.   

1. Introduction 

Despite advances in radiotherapy techniques and newly developed chemotherapy and surgery methods in the treatment of glio-
blastoma multiforme (GBM), the disease does not efficiently respond to treatments, as the median survival of patients undergoing 
combinational therapy is about 12–15 months [1]. Hypoxia and repopulation of cancerous cells, resistant cancer stem cells, limitations 
in the delivery of radiation dose to the tumor site, and particularly the problems with the delivery of chemotherapy drugs to GBM cells 
because of the blood brain barrier (BBB) drew back the treatment of patients with GBM [2,3]. Chemotherapy based on cisplatin is a 
common first-line treatment for several cancers, including head and neck tumors [4]. Cisplatin has radiosensitizing effects due to the 
presence of a high atomic number element (platinum) in its structure, inhibiting the post-irradiation DNA damage repair process, 
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arresting the cell cycle in the G2/M phase, and having the ability to capture and transfer radicals and low-energy electrons induced by 
radiation to guanine bases in DNA to produce significant DNA double-strand breaks (DSBs) [5,6]. On the other hand, systematic 
distribution of chemotherapeutics in the body causes multiple complications in healthy tissues and induces unwanted side effects, 
including nausea, vomiting, decreased blood cells, kidney, and nervous system damage, as well as hair loss in patients [7]. Limitations 
in the treatment of GBM as a resistant tumor model led researchers to take advantage of nanoparticles (NPs) in cancer treatment 
studies. NPs are smaller than 1000 nm in size and possess special properties that must be tuned up in terms of size, shape, coating with 
functional groups, targeting cancer cells, being used as drug carriers, photothermal agents, imaging contrast agents, and radio-
sensitizers [8,9]. In recent years, multiple studies have suggested that administration of gold nanoparticles (AuNP) into tumors may 
improve radiosensitivity [10–14]. When irradiated by X-ray, AuNPs (with a high atomic number and high photon absorption 
cross-section) are able to generate numerous low-energy electrons and free radicals, resulting in a higher rate of cell death and 
apoptosis [15,16]. 

As another type of NP, superparamagnetic iron oxide (SPIO) has recently opened up a new window to the diagnosis and treatment 
of cancer [17–20]. In addition to its good capabilities in cancer magnetic resonance imaging (MRI), the ability of SPIO to cross the BBB 
and remain in the lesion is one of its properties worth considering in the field of cancer treatment [21]. According to the 
above-mentioned properties of AuNPs, SPIOs, and cisplatin, here we propose a new polymeric nanocomposite containing cisplatin and 
the nano-scaled core-shell structure of SPIO@AuNP. We incorporated these components into a polymeric matrix made of alginate to 
form the SPIO@AuNP-Cisplatin-Alginate nanocomplex, or SACA for short. We chose alginate to make such a polymeric nanocomposite 
because it is a natural and non-toxic polymer and it can enhance the solubility and stability of the NPs in physiological conditions [22]. 
Multiple studies have been published so far on the radiosensitizing effects of cisplatin, SPIOs, AuNPs, and SPIO@AuNP core-shell 
nanostructures [17,23,24]. The aim of the present study was to investigate the radiosensitizing effects of an all-in-one nano-
composite (like SACA) when human glioma U87-MG cells and healthy primary gingival fibroblast HGF cells are irradiated by meg-
avoltage X-rays in vitro. 

2. Materials and methods 

2.1. SACA nanocomplex preparation 

The SPIO@AuNP-Cisplatin-Alginate (SACA) nanocomplex was prepared as previously described [17,25–27]. Using a modified 
version of Massart’s co-precipitation method, Fe3O4 NPs were synthesized [28]. A solution containing iron (II) and iron (III) in a molar 
ratio of 1:2 was immediately given 12 mL of ammonia. The precipitated black Fe3O4 NPs were then re-dispersed in toluene after being 
washed three times with methanol. Then 12.5 mL of Fe3O4 and 0.025 mL of 3-Aminopropyl trimethoxysilane (APTMS) were combined 
and sonicated for 30 min. Magnet separation, methanol washing, and methanol dispersion were all used to separate the precipitate. 
The Jana et al. approach [29] was used to manufacture AuNPs (3.5 nm in diameter), which were then adsorbed onto the surface of 
APTMS-functionalized Fe3O4 NPs to create the gold shell on the surface of the Fe3O4 NPs core. To this end, a 0.02 g solution of 
APTMS-functionalized Fe3O4 NPs in methanol was gently added to a 20 mL colloidal solution of AuNPs. Au shell was formed primarily 
after 2 h of stirring at room temperature. The resultant NPs were magnetically separated, thoroughly washed with distilled water three 
times, and then resuspended in 15 mL of distilled water. Under sonication, a weak redactor (a solution of chloroauric acid) and ascorbic 
acid were added to the above solution to finish making the Au shell. The Fe3O4@Au NPs were separated using a magnet and washed 
three times with distilled water after being stirred at room temperature for 2 h. The surface modification agent was then sodium 
alginate (2%). For this, the NPs solution was rapidly stirred in diluted sodium alginate (2%) at room temperature for 2 h in the dark. 
After that, a magnetic stirrer running at 800 rpm at room temperature was used to mix the Fe3O4@AuNP-alginate hydrogel very well 
as cisplatin solution was added drop by drop to a final concentration of 50 ppm. The synthesis procedure of SACA nanocomposite is 

Fig. 1. (a) The SACA nanocomplex synthesis procedure and (b) its application in the chemo-radiation therapy of brain cancer.  
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demonstrated in Fig. 1. Cell culture medium, Dulbecco’s Modified Eagle Medium (DMEM), penicillin-streptomycin and Trypsin-EDTA 
were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). Fetal bovine serum (FBS) was purchased from Gibco® (USA). 3-(4, 
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell proliferation assay kit were obtained from Sigma (San Diego, CA) 
and a flow cytometry kit was purchased from eBioscience (San Diego, CA). 

2.2. SACA nanocomplex characterization 

The morphology and size distribution of the synthesized nanocapsules were analyzed by transmission electron microscopy (TEM; 
LEO906-ZEISS, Germany). Also, the Malvern Zetasizer Nano ZS-90 instrument was used to measure the hydrodynamic diameter and 
Zeta potential distribution of the nanocapsules that had been made. The release profile of the SACA nanocomplex has been measured in 
our previous studies [25–27]. 

2.3. Cell culture 

U87-MG and HGF cell lines were purchased from the Pasteur Institute of Iran (Tehran, Iran). The cells were routinely cultured in 
DMEM medium supplemented with 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin in a 
humidified atmosphere with 5% CO2 at 37 ◦C. The culture medium was refreshed every 2 days. 

2.4. Cytotoxicity effects of cisplatin and SACA 

A microculture tetrazolium assay (MTT) was applied to evaluate the cytotoxicity of cisplatin and SACA. The cells were cultured at a 
density of 1 × 104 cells per well in 96-well plates. After reaching cells at about 90% confluency, the medium of each well was changed, 
and cisplatin and SACA were added at different concentrations and incubated for 4 h at the standard conditions. Based on the pilot 
studies and previous experiments with the SPIO@AuNP-Alginate nanocomplex [25–27], we chose 4 h of incubation. Tests were 
repeated in six wells for each concentration and incubated for 4 h. Instantly thereafter, the percentage of cell death is evaluated using 
the MTT assay. All experiments were repeated at least three times. 

2.5. Evaluating cytotoxic effects of cisplatin and SACA in combination with radiotherapy 

After determining the optimal concentration of cisplatin and SACA nanocapsule, cells were irradiated at optimal drug doses with 
distinct doses of 6 MV X-ray. Investigating the radiosensitization of SACA and cisplatin, the cells were seeded in a 96-well cell culture 
plate at a density of 1 × 104 cells per well. After 24 h, the indicated agents, cisplatin and SACA, were added to each well at a con-
centration of 5 μg/mL and 30 μg/mL respectively. The wells were washed with phosphate buffered saline (PBS) after 4 h. Immediately 
afterward, plates were irradiated with two doses of 6 MV X-ray (2 and 4 Gy) by an Elekta linear accelerator (Stockholm, Sweden) at a 
dose rate of 2 Gy/min. The flasks were irradiated at the field size of 10*10 cm2 from the posterior at an SSD (source-to-skin distance) of 
100 cm. MTT assay and flow cytometry were accomplished to investigate the effects of combined therapies. 

2.6. MTT assay 

To perform the MTT assay, briefly, U87MG and HGF cells were seeded at a density of 10,000/well into a 96-well culture plate and 
incubated with the agents for 4 h. After removing the media and washing each well 3 times with PBS, the cells were further incubated 
with 100 μL of MTT solution at 37 ◦C for 4 h. The resulting formazan was solubilized with DMSO, and the absorption was measured at 
570 nm in an ELISA reader (DYNEX MRX, USA). 

2.7. Flow cytometry assay 

To investigate the effect of combinational treatment with cisplatin, SACA and radiotherapy on the induction of apoptosis, cells were 
seeded into 12-well plates, and following various treatments, measurements were performed by propidium iodide (PI) staining and 
flow cytometry analysis. Annexin-V-Flous (5 μl per sample) was added, and cell suspensions were incubated for 20 min in the dark. 
Finally, 5 μl of PI was added to the sample, and fluorescence was measured using flow cytometry. Annexin V-positive and PI-negative 
cells were considered to be in the early apoptotic phase, and cells having positive staining for both Annexin-V and PI were considered 
to undergo late apoptosis or necrosis. 

2.8. Statistical analysis 

Experimental data are presented as mean ± standard deviation (SD) of three independent experiments. All tests were done in 
triplicate. For statistical analysis, a one-way ANOVA was performed using GraphPad Prism 6 software, followed by Tukey’s test as the 
post-hoc analysis. The value of p < 0.05 was considered to be statistically significant. 
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3. Results 

3.1. Nanoparticle characterization results 

Fig. 2 (a) depicts a TEM image of the SACA nanocapsule, which clearly shows the surface morphology of SACA with its spherical 
structure. According to Fig. 2 (b), the hydrodynamic diameter of the SACA was measured in the range of 40–100 nm, with the highest 
frequency occurring at 58 ± 10 nm. The fact that the Zeta potential of the SACA nanocapsule was − 18 ± 2 mV supports that the SACA 
nanocapsule had acceptable stability (Fig. 2(c)). Further information on NP characterizations has been reported in our previous 
publications [25–27]. 

3.2. Cytotoxicity effects of cisplatin and SACA nanocapsule 

To assess the cytotoxicity of cisplatin and the SACA nanocomplex, U87MG and HGF, as malignant and healthy cell lines, 
respectively, were treated with different concentrations of the determined agents. The MTT assay results revealed that increasing the 
concentration of each drug significantly reduced cell viability in both treated cell lines (Fig. 3(a) and (b)). Based on Fig. 3, the IC50 
values for cisplatin and nanocomplex have been calculated to be 81.9 ± 8.2 μg/mL and 133.3 ± 13.5 μg/mL respectively. Moreover, 
according to the viabilities in various concentrations, cisplatin and SACA with the doses of 5 μg/mL and 30 μg/mL respectively, have 
been selected as optimal doses for the rest of the experiments. Selected concentrations of cisplatin and SACA did not cause significant 
toxicity compared to the control group, and the degree of toxicity was almost the same in both cell lines. 

3.3. Radiosensitization effects of cisplatin 

To investigate the radiosensitizing effect of cisplatin, U87MG and HGF cells were incubated with cisplatin at a concentration of 5 
μg/mL for 4 h and then exposed to 2 and 4 Gy of 6 MV X-ray. After 24 h cell viability was measured using MTT assay. Cisplatin 
combined with radiation significantly increased cell death compared to cisplatin alone, as shown in Fig. 3(c). Also, Fig. 3(c) dem-
onstrates that the viability of the U87MG cells that received cisplatin alone or in combination with radiation at the dose of 2 Gy is 
92.6% and 73.8%, respectively. Furthermore, the results show that at a dose of 2 Gy, the viability of HGF cells decreased significantly. 

3.4. Radiosensitization effects of SACA nanocapsule 

The radiosensitization of SACA nanocapsules at a concentration of 30 μg/mL following 4 h of incubation was assessed after 
irradiation. The MTT assay was performed 24 h after radiation therapy. As presented in Fig. 3(d), the viability of the U87MG cells 
treated with SACA nanocapsule combined with 2 Gy X-ray was significantly lower compared to SACA nanocapsule alone (p < 0.05), 
while for the HGF cells, the viability difference between the two mentioned groups was not significant (p > 0.05). 

Fig. 2. (a) Transmission electron microscopy (TEM) image of the synthesized nanocomplex, (b) Hydrodynamic size (DLS) distribution of the 
synthesized nanocomplex, and (c) The Zeta potential profile of the synthesized nanocomplex. 
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Fig. 3. (a) The viability of U87-MG and HGF cells treated with different concentrations of cisplatin. (b) The viability of U87-MG and HGF cells 
treated with different concentrations of nanocapsule. (c) The viability of U87-MG and HGF cells treated with cisplatin and then exposed to different 
doses of X-ray radiation (ns stands for not statistically significant, *p < 0.05, **p < 0.01, and ***p < 0.001 when each experimental group was 
compared with its corresponding control group), (d) The viability of U87-MG and HGF cells treated with nanocapsule and then exposed to different 
doses of X-ray radiation (ns stands for not statistically significant, *p < 0.05, **p < 0.01, and ***p < 0.001 when each experimental group was 
compared with its corresponding Control group), (e) the viability of U87-MG and HGF cells received combination therapy of nanocomplex 
(incubated for 4 h) and radiation; 2 Gy and 4 Gy. (ns stands for not statistically significant, *p < 0.05, **p < 0.01, and ***p < 0.001 when each 
experimental group was compared with its corresponding control group). 

Fig. 4. Flow cytometry results obtained after various combinatorial treatments for U87MG cells. In each panel, Q1 shows necrotic cells, Q2 shows 
later period apoptotic cells, Q3 shows normal cells and the Q4 shows early apoptotic cells. 
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3.5. Radiosensitization effects of SACA nanocomplex 

Further, the therapeutic efficacy of the SACA nanocomplex was evaluated after 4 h of incubation and irradiation with X-ray on both 
cell lines using the MTT assay. According to Fig. 3(e), the viability of the U87MG cells after receiving the SACA nanocomplex alone or 
in combination with 2 Gy of radiation is 76.5% and 49.6%, respectively. It can be seen that radiosensitization of the SACA nano-
complex increased significantly in U87MG cells when compared to cells treated only with radiation. Interestingly, the viability of HGF 
cells remains constant across both doses of 6 MV X-ray tested. 

3.6. Apoptosis analysis 

Induction of apoptosis in multiple treatment groups was evaluated on U87MG cells and HGF cells. The results of annexin V/PI flow 
cytometry are shown in Figs. 4–6. Based on our results, in both cell lines treated with 2 and 4 Gy of X-ray alone, no considerable 
apoptosis was seen compared to the control group, and it can also be seen that for the HGF cell line, apoptosis remained constant. 
Further, the SACA nanocomplex alone statistically increased apoptosis compared to the control and cisplatin groups (P < 0.05). The 
number of U87MG cells that died due to apoptosis was much higher in the group that was treated with SACA nanocomplex and 6 MV X- 
ray (4 Gy) than in the group that was only treated with radiation (81.5% vs. 29.6%). However, in the HGF cell line, the apoptosis rate 
was remarkably lower than that of U87MG cells in combinational treatment groups. 

4. Discussion 

Cisplatin is among the major chemotherapy drugs with the ability to crosslink DNA and induce apoptosis by activating various 
signal transduction pathways. This chemotherapy agent has many side effects because it is so toxic to the whole body. These include 
kidney toxicity, nerve toxicity, and ear toxicity [30,31]. To get around the fact that chemotherapeutic drugs can be harmful to the 
whole body, many nanoparticle-based platforms have been made to deliver drugs only to the tumor by using both passive and active 
targeting [32,33]. Conjugating gold nanoparticles with anti-cancer agents may improve the pharmacokinetics and anti-cancer effi-
ciency of the drugs and consequently minimize their adverse effects. Also, the radiosensitizing effect of high Z nanoparticles could 
effectively enhance the therapeutic efficacy of radiotherapy treatment of tumors. In our previous studies, we showed that gold-coated 
iron oxide nanoparticles (Au@Fe2O3) enhanced radiosensitization of KB cells. In the present study, a unique nanocomplex has been 
synthesized that combines both radiosensitization and targeted drug delivery abilities, which can significantly enhance the therapeutic 
effect and treatment outcomes. The SACA nanocomplex is composed of SPIO with a gold shell coated with alginate and, as a carrier, 
delivers cisplatin to the U87MG tumor cells and HGF cells as a healthy cell line. 

As shown in Fig. 2, the SACA nanocapsule is spherical in shape, and the size of the nanocapsule is about 58 nm. HR-TEM and UV–Vis 
spectra of nanoparticles confirmed the formation of a core-shell structure. It was also found that the zeta potential of a nanocapsule is 
− 18 mV, and such a potential seems to be acceptable for having a sample of stable nanocapsules. The alginate that we used as a coating 
material is highly biocompatible, low-toxic, and cost-effective. These characteristics make it very appropriate for biomedical 

Fig. 5. Flow cytometry results obtained after various combinatorial treatments for HGF cells. In each panel, Q1 shows necrotic cells, Q2 shows later 
period apoptotic cells, Q3 shows normal cells and the Q4 shows early apoptotic cells. 
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applications [34]. Moreover, experiments revealed that alginate has a rare interaction with proteins, which decreases the capture of 
alginate-based systems by macrophages and can be utilized as a delivery vehicle in cancer therapeutic methods [35]. Further, alginate 
can extend the blood circulation time of nanocarriers and prevent them from rapid body clearance [36,37]. As shown in Fig. 3, treating 
U87MG and HGF cells with cisplatin and nanocapsule dosage decreased the viability of U87MG cells in a dose-dependent manner. 
Accordingly, in this in vitro experiment, concentrations of 5 μg/mL and 30 μg/mL of cisplatin and SACA, respectively, demonstrated 
minimum toxicity on HGF and U87MG cell lines and were utilized for multiple treatments. We showed that both cisplatin and 
nanocapsules in determined concentrations enhanced radiosensitization of U87MG cells, but nanocapsules showed a selective attitude 
toward healthy and tumoral cell lines at the dose of 2 Gy (Fig. 3(d)). It may be due to the cellular structure of healthy cells that limits 
the permeability of nanocapsules through the cell membrane. Also, it is known that because of the enhanced permeability and 
retention (EPR) effect, molecules of certain sizes (typically liposomes, nanoparticles, and macromolecular drugs) tend to accumulate in 
tumor tissue much more than they do in normal tissues [38]. Moreover, SACA nanocomplex potentially radiosensitized U87MG cells, 
as it can be seen in Figure 3(e), where the percentage of cell death was higher in U87MG cells treated with SACA nanocomplex at the 
dose of 2 Gy in comparison with tumor cells treated with 2 Gy alone, and this reduction in cell death is more significant in U87MG cells 
in similar groups. The SACA nanocomplex could make cells more sensitive to radiation by making ROS, causing DNA damage, and 
stopping DNA repair. Also, the presence of Au (z = 79) and platinum (z = 78) in SACA can physically enhance the radiation dose by the 
emission of secondary ionizing radiation (Auger/photo electrons) [5]. Additionally, we found that combining cisplatin with radiation 
drastically reduced cell survival and induced apoptosis. Accordingly, our results of annexin V/PI analysis (Figs. 4 and 5) confirmed the 
apoptotic death in the multiple treatment groups. Apoptosis is one of the main consequences following combinational therapy with 
SACA, as it is demonstrated in Fig. 4. SACA combined with 6 MV X-ray significantly increased the apoptosis percentage in U87MG cells. 
Moreover, the apoptosis percentage of U87MG cells is significantly higher than HGF cells in groups treated with nanocomplex and 
radiotherapy, indicating that SACA is a potent radiosensitizer for megavoltage X-rays as used in external beam radiotherapy. More-
over, our data showed that the SACA nanocomplex alone has the ability to increase apoptosis in U87MG cells. The results show that 
chemoradiation therapy could control tumors better than each method alone by making radioresistant hypoxic cells more vulnerable, 
stopping the repair of sub-lethal damage caused by radiation, and stopping the cell cycle in radiosensitive G2/M phases [39]. In 
accordance with our study, Davidi et al. synthesized 20 nm gold nanoparticles coated with glucose and cisplatin (CG-GNPs) and 
investigated their chemo-radiosensitization on A431 cells. They found out that their synthesized nanoparticles have a great potential to 
increase antitumor effects and overcome resistance to chemotherapeutics and radiation [40]. Alamzadeh et al. investigated the 
radiosensitization of Au@Alg nanoparticles (ACA) (co–loaded with cisplatin) combined with 6 MV X-ray against KB human mouth 
epidermal carcinoma cells. Their results showed a higher cytotoxicity of their designed nanocomplex combined with radiation than 
applying ACA and radiotherapy individually, which indicated the chemo-radiosensitizing effect of this nanocomplex [41]. Thus, the 
synthesized SACA obtained by applying the SPIO core, gold shell, and alginate coating could efficiently radiosensitize GBM cells and 
enhance the therapeutic efficiency. We showed that the chemotherapy drug cisplatin inside a nanocapsule could cause apoptosis in 
tumor cells much more than in a healthy HGF cell line. 

In this work, we synthesized the SACA nanocomplex and examined its ability to radiosensitize human glioma cells in vitro. Our 
nanocomplex characterization results showed that SACA has a spherical structure and acceptable stability. Notably, we found that 
SACA increased apoptosis and markedly decreased survival in the U87MG cell line compared to HGF cells, which were irradiated by 6 
MV X-ray. Hence, it can be concluded that SACA may enhance the radiation effect in radiotherapy of U87MG cells with megavoltage 
energies and have less effect on HGF normal cells. In the near future, more investigation into the therapeutic efficacy of this nano-
complex will be needed in in vivo experiments. 

Fig. 6. Percentage of apoptosis in U87MG and HGF cell lines after receiving various treatment regimens (ns stands for not statistically significant, 
*p < 0.05, **p < 0.01, and ***p < 0.001 when each experimental group was compared with its corresponding control group). 
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