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ABSTRACT
The present study aimed to develop niosomes (NISM) containing metformin (Met) drugs and silver nanoparticles (AgNPs) as 
radiosensitizer agents. Also, the combinational effect of Met drug and AgNPs in conjunction with x-irradiation exposure in both 
blank and Ag-Met encapsulated niosome (NISM and NISM@Ag-Met) forms on the suppression of cell growth and induction of 
apoptosis in lung cancer (A549) cell line were exploited. Niosomes were prepared by thin-film hydration method and loaded with 
AgNPs and Met drug. The prepared NISM@Ag-Met radiosensitizer was then characterized using various techniques including 
DLS, FTIR, UV–Vis, FE-SEM, and ICP-MS. The feasibility of NISM@Ag-Met nanosystems for cancer treatment was exploited 
using cell viability and apoptosis assay both with and without x-ray irradiation (4 Gy). Both in the presence and absence of x-ray 
irradiation, the encapsulation of AgNPs and Met medication in a niosomal formulation demonstrated reduced cell growth and 
promoted apoptosis; notably, the effects were more pronounced when combined with radiation therapy. It can be concluded that 
NISM@Ag-Met could serve as a radiosensitizer and a potential carrier for drug delivery in combined therapy against lung cancer 
cells. However, more research concentrating on in vivo tests is needed to confirm the effectiveness of developed NISM@Ag-Met 
nanosystems in cancer treatment.
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1   |   Introduction

Lung cancer is the leading cause of cancer-related deaths 
worldwide, accounting for approximately 1.8 million deaths 
annually [1]. The two most common types of lung cancer are 
small cell lung cancer (SCLC) and non–small cell lung cancer 
(NSCLC). Although SCLC is less common, it tends to spread 
and grow more rapidly, whereas NSCLC is more prevalent 
and often grows at a slower rate [2, 3]. NSCLC constitutes 
about 85% of all lung cancer cases and is often diagnosed at 
advanced stages, resulting in poor prognosis and limited sur-
vival rates [4].

Despite advancements in therapeutic modalities including ra-
diation therapy (RT), chemotherapy, immunotherapy, and sur-
gery, the 5-year survival rate for lung cancer patients remains 
extremely low. RT, as the cornerstone modality, is broadly used 
in both early and advanced lung cancer. Although RT is a potent 
tumor suppressor, the presence of radioresistant tumors dimin-
ishes its efficacy, resulting in suboptimal tumor control and a 
higher risk of recurrence [5, 6]. This clinical problem highlights 
the urgent need for strategies that can increase tumor cell sus-
ceptibility to radiation-induced damage.

Radiosensitizers have been developed as a solution to enhance 
the therapeutic impact of RT by sensitizing tumor cells to radi-
ation [7]. These agents function by increasing DNA damage or 
generating reactive oxygen species (ROS) during irradiation, 
thereby amplifying the cytotoxic effects of RT [8]. Although 
several chemical radiosensitizers have been developed, con-
ventional ones suffer from significant drawbacks, including 
systemic toxicity, poor tumor selectivity, and limited clinical 
success.

In recent years, metal-based nanoparticles (NPs) such as sil-
ver (Ag), gold (Au), and platinum (Pt) have emerged as prom-
ising radiosensitizers due to their high atomic number, which 
enables efficient absorption of x-ray energy and emission of 
Compton, photoelectron, Auger, and other secondary electrons 
that amplify DNA damage in cancer cells [9–11]. Among these, 
silver nanoparticles (AgNPs) have illustrated potential radio-
sensitizing and antiproliferative effects through a variety of 
mechanisms, such as glutathione depletion, blockage of efflux 
activity of drug-resistant cells, ROS generation, and apopto-
sis induction. Furthermore, it has been well documented that 
AgNPs can act as radiosensitizing agents that enhance the ef-
fects of RT [12, 13]. Nevertheless, concerns over their potential 
toxicity and nonspecific biodistribution have hindered the clin-
ical translation of metal NPs.

Metformin (Met), a widely used antidiabetic drug, has recently 
attracted attention for its anticancer and radiosensitizing abil-
ities [14–17]. This drug increases tumor cell sensitivity to RT 
by inhibiting mitochondrial complex I, disrupting cancer 
cell metabolism, and selectively amplifying ROS production. 
Additionally, preclinical studies have proposed that metformin 
can alleviate hypoxia in tumor cells, a known contributor fac-
tor to radioresistance, thereby improving tumor cell response to 
radiation [18–20]. Importantly, one of the captivating features 
of metformin is to protect normal tissue from oxidative damage 

by inhibiting endogenous ROS generation to diminish oxidative 
damage in healthy cells [21]. This offers a therapeutic window 
as an adjuvant therapy in conjunction with RT. In this regard, 
the radiosensitizing and anticancer potential of metformin has 
also been demonstrated in pancreatic, rectal, and lung cancer in 
recent studies [22].

The development of novel radiosensitizers may contribute to the 
advancement of radiation treatment. Metformin has just come to 
light as a potentially effective anticancer drug that can increase 
tumor cells' radiosensitivity [23]. Despite these advantages, its 
utility in clinical settings as a radiosensitizer is restricted due 
to its rapid systemic clearance and suboptimal tumor accumu-
lation [24, 25].

To tackle these shortcomings, niosomes have emerged as prom-
ising nanocarrier-based drug delivery systems in the field of 
nanotechnology. Their unique structure, comprising an inner 
aqueous compartment covered by a hydrophobic membrane, 
enables the encapsulation of both hydrophilic and hydrophobic 
agents, thereby improving drug stability, bioavailability, and tar-
geted delivery [26]. Niosomes have shown potential not only in 
drug delivery but also in diagnosis, monitoring, and treatment 
applications [27]. In this regard, encapsulating radiosensitizers 
such as AgNPs and metformin within niosomes offers an effec-
tive strategy to enhance the efficacy of RT by increasing the sen-
sitivity of cancer cells to treatment while minimizing systemic 
toxicity.

This study proposes a novel combinational approach for lung 
cancer therapy by developing niosomal nanocarriers co-
encapsulating metformin and silver nanoparticles (NISM@
Ag-Met) as radiosensitizers in conjunction with RT. We hypoth-
esize that this formulation could synergistically enhance the 
radiosensitivity of A549 lung cancer cells, resulting in greater 
inhibition of cell proliferation and increased apoptosis induction 
compared to single-agent or free-form treatments. Our work 
aims to address the limitations of current cancer treatment 
strategies and provides a novel foundation for more effective and 
safer lung cancer therapies.

2   |   Materials and Methods

2.1   |   Reagents and Materials

The Sobhan Oncology Pharmaceutical Company (Iran) pro-
vided the sorbitan monooleate (span80-CAS.1338-43-8), poly-
oxyethylene sorbitan monooleate (Tween 80-CAS.9005-65-6), 
and cholesterol (CAS.57-88-5). The Sigma-Aldrich Company 
(Germany) provided the chloroform reagent and 5-dimethylt
hiazol-z-yl-2,5-diphenyltetrazolium bromide (MTT). Sigma-
Aldrich Inc. was supplied with the AgNO3 agent. Gibco, Life 
Technologies (NY, USA), supplied penicillin/streptomycin and 
Dulbecco's modified Eagle's medium (DMEM) with high glu-
cose. PBS was used to dissolve the metformin, which was a 
gift from the Tehran University of Medical Sciences, and then 
a 0.22-μm filter was used to filter the mixture. Emertat Chimi 
Company (Tehran, Iran) provided all extra chemicals, solvents, 
and cell culture media.
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2.2   |   Preparation of AgNPs

AgNPs were synthesized using the Frenz technique [28]. Briefly, 
a magnetic stir bar was added to an Erlenmeyer flask contain-
ing 50 mL of a 1 mM AgNO3 solution. The flask was heated to 
boiling and then covered with aluminum foil. 500 μL of sodium 
citrate was added dropwise after the solution reached the boiling 
point and stirred for 20 min. Subsequently, 2 mL of the solution 
was centrifuged for 30 min at 14,000 rpm, discarding the super-
natant and dispersing the leftover sediment in 1 mL of distilled 
water. Ultimately, the mixture was then kept at 4°C in the dark.

2.3   |   Preparation of Niosomes Loaded With AgNPs 
and Met Drug

Niosomes were prepared using the thin-film hydration method, 
also known as the handshaking method. Briefly, 80 mg of choles-
terol and 300 mg of surfactants (Tween 80 and Span 80) were dis-
solved in chloroform in a round-bottom flask [29]. Chloroform 
was evaporated at 55°C under reduced pressure (150 rpm) using 
a rotary evaporator to create a thin lipid film. A 10 mL solution 
containing AgNPs and Met drug was added to the lipid film and 
vortexed vigorously for 1 min. The mixture was then sonicated 
for 5 min in a bath sonicator, followed by additional sonication 
in a 55°C water bath for 15 min to yield the final formulation, 
NISM@Ag-Met.

2.4   |   Characterization of Synthesized NPs

Dynamic light scattering (DLS) was employed to ascertain the 
hydrodynamic size and its corresponding polydispersity index 
using a nano/zeta sizer from Malvern Instruments Ltd. The 
chemical structure and composition of all formulations, in-
cluding NISM, and AgNPs, were characterized using Fourier 
transform infrared (FTIR) spectroscopy on a Bruker Tensor 
27 spectrometer. To prepare samples for analysis, each formu-
lation was thoroughly mixed with potassium bromide (KBr) at 
a 1:10 weight ratio. The resulting mixture was then mechani-
cally ground and pressed into pellets under a pressure of 10 tons 
[30]. UV–visible (T80) spectrophotometer encompassing a wave-
length range of 200–600 nm was used to perform the optical 
examination of NISM, NISM@Ag-Met, AgNPs, and Met drug. 
Field emission scanning electron microscopy (FESEM) was 
used to analyze the morphology and particle size of the NISM@
Ag-Met utilizing an MIRA3 apparatus from TESCAN, which is 
based in Brno, Czech Republic. Before being analyzed using the 
FESEM method, the dried specimen was coated with gold [31].

2.5   |   Encapsulation Efficiency (EE)

Niosomal dispersions were centrifuged at 18,000 rpm for 1 h at 
4°C using a refrigerated centrifuge. Niosomal pellets were sub-
sequently centrifuged, washed, and subjected to methanol treat-
ment. Spectrophotometric quantification of Met was performed 
at a maximum wavelength of 234 nm. To determine the Met con-
centration, niosomes were dispersed in methanol to disrupt their 
structure and release the encapsulated Met [32]. Encapsulation 
efficiency (EE) was calculated using the following equation:

2.6   |   Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS)

A 7500ce octopole reaction system, made in California, USA, 
was used for the inductively coupled plasma mass spectrometry 
(ICP-MS) study. The objective of this investigation was to mea-
sure the concentration of total silver (Ag) following niosome 
breakdown.

2.7   |   In Vitro Drug Release Assay

The in vitro release assays were performed under simulated phys-
iological settings to evaluate the pH-dependent release profile of 
Met from the prepared NISM@Ag-Met nanocarrier. This assay 
was conducted in a variety of pH buffers, including pH 7.4 (which 
mimics intestinal fluid) and pH 5.8 (which mimics the acidic envi-
ronment of cancer cell gaps), at 37°C for 72 h [33]. Pre-soaking the 
dialysis bags in the appropriate release medium (pH 7.4 or 5.8 PBS) 
for 24 h ensured full wetness and avoided any initial burst release.

After that, the dialysis bag containing 1 mL of the NISM@Ag-Met 
suspension was immersed in 20 mL of the corresponding release 
medium and kept at 37°C under gentle agitation. At predeter-
mined time intervals, a known amount of the release medium was 
taken out and immediately replaced with an equivalent volume 
of fresh medium to keep the sink condition constant. Ultimately, 
using the spectrophotometry technique and standard calibration 
curve, the amount of Met released into the medium was measured 
and determined at a wavelength of 234 nm [34].

2.8   |   Cell Line and Culture Conditions

Human lung cancer cell line A549 (ATCC number: CCL-185) was 
acquired from the Pasteur Institute of Iran's Cell Bank (Tehran, 
Iran). 1% penicillin–streptomycin antibiotic and 10% fetal bovine 
serum (FBS), both from Gibco, were added to DMEM high-glucose 
medium for cell growth. A humidified environment containing 5% 
CO2 was used to maintain the cell culture at 37°C.

2.9   |   Radiation Treatment

Using Siemens Primus-type linear accelerator equipment, x-ray 
irradiation was carried out at 6 MV. Samples were exposed to 
a radiation beam after being placed in the x-ray instrument's 
cabinet. The dosage rate and duration of radiation define the 
administered dose. In order to perform apoptosis and cell via-
bility tests under x-ray exposure conditions, the A549 cells were 
seeded into the plates [35, 36]. Next, the cells were subjected to 
a variety of treatment regimens, such as AgNPs, Blank NISM, 
NISM@Ag-Met NPs, and Met at a range of concentrations (12.5, 
25, 50, and 100 μg/mL) and incubated for 6 h. After removing 
the treatment media and adding a fresh medium to each well, 
the cells were exposed to 4 Gy of x-ray radiation and incubated at 
37°C in 95% air and 5% CO2.

Encapsulation efficiency (EE)%=

amount of Met encapsulated into niosomes

amount of Met initially used
×100
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2.10   |   Cell Viability Assay

The MTT cytotoxicity test was used to evaluate the antipro-
liferation effects of AgNPs, Met, NISM@AgNPs, and NISM@
Ag-Met against the A549 lung cancer cell line. The number 
of 1.2 × 104 cells per well in 96-well plates was the density at 
which the cells were cultured overnight at 37°C in 5% CO2. 
The A549 lung cancer cells were exposed to different concen-
trations of the test substances after being incubated for 24 h. 
The media containing the synthesized NPs and Met was with-
drawn after the treatment period of 6 h, and the cells were then 
washed with PBS. Thereafter, the cells were cultured for a fur-
ther 24 h with the addition of a fresh medium. Subsequently, 
each well received MTT solution with a concentration of 5 mg/
mL (20 μL), and following a 4-h incubation period, 100 μL of 
DMSO was introduced to each well. At 570 nm in wavelength, 
the absorbance of each sample was measured to determine 
the cell viability [37]. Every test was run in triplicate. For the 
condition that is exposed to x-ray irradiation (4 Gy, 6 MV), the 
same protocol is followed, with the exception that the cells are 
exposed to radiation after the 6-h treatment and replacement 
of the medium with a fresh medium [38].

2.11   |   Apoptosis Assay

The initial step in evaluating apoptosis was to seed 8 × 104 
A549 cells per well in 12-well plates. The samples were then 
subjected to a 24-h incubation period at 37°C in 5% CO2. 
Following that, the cells were exposed to 50 μg/mL of AgNPs, 
NISM@Ag-Met NPs, and the Met. After the treatment period 
(6 h), the media containing NPs and drug was withdrawn, and 
PBS was used to wash the treated cells. The wells were then 
filled with fresh medium and exposed to x-ray (4 Gy, 6 MV) and 
incubated for 24 h. Following the manufacturer's instructions 
(Sigma-Aldrich), the cells were then stained with Annexin-V 
FITC and PI after being exposed to 100 μL of Annexin-V bind-
ing buffer [37, 39]. The analysis of the data was carried out 
with FlowJo software (Tree Star, Ashland, OR) and flow cy-
tometry equipment (BD Biosciences, San Jose, CA, USA).

2.12   |   Statistical Analysis

With GraphPad Prism 8 software, the data were analyzed and 
shown as mean ± SD (standard deviation). A statistically signifi-
cant p value was defined as one that was less than 0.05. *p < 0.05; 
**p < 0.01; ***p < 0.001; and ****p < 0.0001. Every experiment 
was run in three duplicates.

3   |   Results and Discussion

3.1   |   Particle Size and Polydispersity Index (PDI)

Particle size and particle size distribution along with other 
physicochemical properties of lipidic nanocarriers influence 
their tendency to accumulate in the target tissue. Therefore, 
the development of homogeneous (monodisperse) populations 
of nanocarriers of a certain size is necessary for the success-
ful formulation of efficient, safe, and stable nanocarriers. 

According to Figure 1A–D, the average size of NISM, AgNPs, 
and NISM@Ag-Met was determined by DLS, and the results 
showed that they were around 152.7 ± 1.069 nm, 57.16 ± 1.229, 
and 169.4 ± 0.8021, respectively. The polydispersity index 
(PDI) values for NISM, AgNPs, and NISM@Ag-Met were 
0.249, 0.358 ± 0.045, and 0.413, respectively, as shown in 
Figure 1E. DLS size results were acceptable for cancer investi-
gations because they were less than 200 nm in hydrodynamic 
size. The size findings for the AgNPs were also appropriate, as 
the size range is established as 1–100 nm [40, 41].

The size and PDI of the NISM@Ag-Met nanosystem were 
suitable for application in the treatment of cancer. These sizes 
coincide with the dimensions mentioned in the literature as 
critical to passive nanoscale targeting through an EPR effect. 
For example, NPs of a size close to 150 nm exert a very narrow 
margin and are effective in avoiding significant renal clear-
ance yet are significantly accumulated in tumor tissues by the 
EPR effect [42]. As reported by Gharbavi et al., in their find-
ings, the size of NPs for NISM@BSA and NISM-BSA@SeNPs 
is 118.63 ± 0.666 nm and 149.23 ± 3.164 nm, respectively [43]. 
Similar results were obtained by Mousazadeh et al. for meth-
otrexate and curcumin-coencapsulated niosome NPs [44]. 
Another study demonstrated that monodisperse lipidic nano-
carriers showed higher stability and more effective interac-
tions with cancer cells, therefore providing better therapeutic 
outcomes [45].

3.2   |   FTIR Analysis

As shown in Figure 2A, FTIR spectroscopy was employed to 
identify the functional groups present in Met, free NISM, Ag 
NPs, and NISM-Met-Ag NPs. The FTIR spectrum of Met exhib-
ited a prominent absorption band at approximately 3400 cm−1, 
characteristic of the stretching vibrations of –NH2 groups. 
Additionally, peaks observed around 2900 and 1650 cm−1 
were attributed to C–H stretching and C=N stretching vi-
brations, respectively. The spectrum of free NISM displayed 
a strong peak at around 3400 cm−1, indicative of −OH group 
stretching vibrations from the NISM components. A peak 
near 2900 cm−1 was assigned to C–H stretching vibrations of 
alkyl chains within the niosome structure, whereas the peak 
at 1640 cm−1 corresponded to C=C stretching vibrations of un-
saturated bonds in the niosome components. Previous studies 
have demonstrated that the characteristic absorption peaks of 
niosomes at 1700 cm−1 and 3400 cm−1 correspond to the pres-
ence of a carboxylic acid functional group (C=O) and a hy-
droxyl group, respectively [34]. The FTIR spectrum of AgNPs 
revealed a broad band centered around 3400 cm−1, suggesting 
the presence of surface-bound water molecules or hydroxyl 
groups. Peaks around 1630 and 1380 cm−1 were likely due to 
the bending vibrations of water molecules. Furthermore, a 
peak at 650 cm−1 was observed, often associated with metal–
oxygen bond stretching vibrations, potentially indicating the 
presence of water on the surface of the AgNPs. Mondal et al. 
demonstrated that the characteristic vibrational peaks of 
citrate-functionalized AgNPs (citrate@AgNPs) are observed 
at 1600 cm−1 (C=O stretching) and 1329 cm−1 (C–O stretch-
ing), along with a broad absorption band in the range of 
3200–3420 cm−1 corresponding to O–H stretching [46], which 
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is in line with our findings. As a result, slight changes in the 
peak position could depend on the different materials used to 
synthesize the AgNPs. The most important bands were de-
tected through FT-IR in Begam's study at 3383, 2352, 1601, 
1404, 1113, 675, and 518 cm−1, whereas the band at 2352 cm−1 
matched the O–H stretching vibration to that of the functional 
group carboxylic acid; also at 1601 cm−1, which showed a C=C 
stretching match corresponding to aromatic amino groups. 
The band at 675 cm−1 is assigned to C–H stretching in the phe-
nyl ring of substitution bands, and characteristic stretch for 
AgNPs was found around 518 cm−1 [47]. The FTIR spectrum 
of NISM-Met-AgNPs exhibited absorption bands characteris-
tic of both Met and AgNPs, confirming the successful encap-
sulation of these components within the NISM system.

3.3   |   UV–Vis Analysis

UV–Vis spectroscopy has shown to be an effective method 
for characterizing developed NPs. AgNPs are reported to dis-
play a 400–500 nm UV–Vis absorption due to surface plasmon 

resonance [48]. In this investigation, it was found that the pro-
duced AgNPs' λmax value was 439 nm. Abraham et  al. con-
firmed the biosynthesis of AgNPs from AgNO3 solution through 
UV–Vis spectroscopic analysis. This process was evidenced by 
a color change from greenish to brown, with the maximum ab-
sorbance observed at 420 nm [49]. Begam studied the biosynthe-
sis of AgNPs using marine bacteria. The UV–Vis spectroscopy 
of AgNPs showed the characteristic absorption peak at 420 nm 
due to surface plasmon resonance [47]. A similar study was con-
ducted by Huang et al., which reported the formation of AgNPs 
through the reduction of aqueous AgNO3 (50 mL, 1 mM) using 
0.1 g of biomass derived from Cinnamomum camphora. The syn-
thesis was confirmed by a sharp absorbance peak at approxi-
mately 440 nm, indicative of surface plasmon resonance of the 
NPs [50]. Additionally, the study assessed the maximum UV ab-
sorption of Met and discovered that it was 232 nm, which is con-
sistent with other findings in the literature [51]. In another study 
conducted by Karale et al., the UV–Vis absorption of metformin 
was found to be 234 nm [52]. Figure  2B shows that the λmax 
values of AgNPs and Met show a slight shift, indicating their 
successful encapsulation within the niosomes. This conclusion 

FIGURE 1    |    Hydrodynamic size distribution of the synthesized nanoparticles: (A) NISM, (B) AgNPs, (C) NISM@Ag-Met, (D) analyzed data of 
hydrodynamic diameter, and (E) polydispersity index (PDI) for all groups.

 10990739, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aoc.70279 by U

niversidad N
acional A

utonom
a D

e M
exico, W

iley O
nline L

ibrary on [30/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 of 13 Applied Organometallic Chemistry, 2025

is drawn from a comparison of the UV spectra of empty NISM, 
NISM@Ag-Met, AgNPs, and Met drug.

3.4   |   Morphology of Nanoparticles

The morphology of the NPs was also examined using FESEM, 
and the results are shown in Figure  3A,C. The average size 
of NISM (Figure  3B) and NISM@Ag-Met (Figure  3D) were 
31.92 ± 9.85 and 36.5 ± 8.61 nm, respectively, as evidenced by the 
FESEM images and their corresponding histogram of particle 
size distribution. These results also support the hydrodynamic 
size of the prepared NISM@Ag-Met, as determined by the DLS 
measurements. SEM images of the BSA-coated niosome formu-
lation developed by Jafari et al. showed a homogeneous spher-
ical morphology. The surface morphology of the niosomes was 

also found to be smooth, in accordance with the nature of the 
formulation [34].

3.5   |   Encapsulation Efficiency

In this investigation, we initially assessed the absorption of Met 
at its λmax of 234 nm in order to assess the encapsulation effec-
tiveness of Met within the niosomes following purification by 
centrifugation. The Met concentration was ascertained by utiliz-
ing the calibration curve. Also, one powerful technique for iden-
tifying and measuring AgNPs is ICP-MS. Therefore, ICP-MS 
was employed to ascertain the Ag content in niosomes [53, 54]. 
According to the findings, the percentages of encapsulation effi-
ciency for Ag and Met were 38.56% ± 6.28% and 49.30% ± 7.89%, 
respectively.

FIGURE 2    |    (A) FTIR analysis (B) UV–vis absorption spectrum of NISM, NISM@Ag-Met, AgNPs, and Met drug.
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3.6   |   Drug Release Study

To evaluate the Met release profile from the NISM-Met-Ag NPs 
as a function of pH, in vitro release experiments were performed 
under simulated physiological conditions. The tests were con-
ducted in PBS solution at two different pH levels: 5.8 (to sim-
ulate the acidic tumor microenvironment) and 7.4 (to simulate 
physiological settings). The temperature was maintained at 
37°C for a duration of 72 h. Figure 4 illustrates the release pro-
file of Met from the NISM-Met-Ag NPs. Figure 4 shows a burst 
release in the first 2 h at pH 7.4 and 5.8, followed by a continuous 
and sustained release throughout 3–24 h. After 72 h, a plateau 
phase was achieved, which indicated that the Met release was 
in close proximity to being completed. There was a noticeable 
difference in the release rate of Met between pH 5.8 and pH 7.4 
from the NISM-Met-Ag NPs, indicating that the release rate was 
pH dependent.

The intrinsic features of the NISM nanocarriers are responsible 
for this pH-responsive behavior. These nanocarriers undergo 
structural changes in response to variations in pH.

3.7   |   Cell Viability Assay With and Without 
Radiation Exposure

The MTT assay was performed to evaluate the cytotoxicity of 
blank niosomes (NISM), AgNPs, Met, and NISM@Ag-Met at 
concentrations of 12.5, 25, 50, and 100 μg/mL on A549 cancer 
cells (Figure 5A,B). The results provided good insight into the 
synergistic effect of combination treatments under x-ray expo-
sure conditions.

In the without x-ray exposure condition (Figure 5A), the viability 
of A549 cells was remarkably different according to treatment and 

FIGURE 3    |    FESEM images of (A) free NISM and (B) NISM@Ag-Met and (C, D) corresponding particle size distribution histograms.
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concentration. The cell viability was above 85% for all concentra-
tions of the blank niosomes (NISM), which showed very low cyto-
toxicity. This means the toxicity of the blank NISM is negligible, 
and it is biocompatible. These results confirm that any observed 
cytotoxic effects can be attributed to the active components rather 
than the niosome formulation. Treatment with AgNPs showed a 
dose-dependent loss in cell viability. Although the reduction in vi-
ability at 12.5 μg/mL was slight, a sharp decline was seen as the 
concentration increased to 100 μg/mL, where cell viability fell to 
about 40%. This indicated that AgNPs exhibit intrinsic cytotoxic 
effects due to their capability of induction of oxidative stress and 
interference with cellular processes. Metformin alone revealed a 

mild cytotoxic effect, with cell viability of about 70% even at the 
highest concentration (100 μg/mL). This further points toward the 
moderate anticancer activity that has been ascribed to metformin, 
thus validating its reported role in inhibiting the proliferation of 
cancer cells through the activation of AMPK and mitochondrial 
dysfunction. NISM@Ag-Met presented the highest cytotoxic effect 
among treatments, showing cell viability of around 60% at a low 
concentration of 12.5 μg/mL and decreased below 20% at 100 μg/
mL. This highly improved cytotoxicity emphasizes the synergistic 
effect of using AgNPs and metformin together in a niosome for-
mulation. In such a formulation, the bioavailability and delivery 
at the target site would be enhanced, hence increasing its efficacy.

FIGURE 4    |    The in vitro release profile demonstrates the pH-responsive behavior of NISM@Ag-Met nanocarriers, with accelerated drug release 
under acidic conditions (pH 5.8) compared to physiological pH (7.4).

FIGURE 5    |    The inhibitory effect of Met, AgNPs, and NISM@Ag-Met with different concentrations (12.5, 25, 50, and 100 μg/mL) (A) without 
x-irradiation and (B) with x-irradiation conditions on cell viability of A549 cells. One-way ANOVA was used for analysis. *p < 0.05, **p < 0.01, and 
****p < 0.0001.
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Under x-ray exposure conditions (Figure  5B), the blank nio-
somes maintained high cell viability across all concentra-
tions, reinforcing their biocompatibility and lack of inherent 
cytotoxicity even under x-irradiation. Under x-ray exposure 
conditions, high cell viability was maintained across all con-
centrations by the blank niosomes (NISM), further confirm-
ing their biocompatibility and absence of inherent cytotoxicity 
even under x-ray exposure. A significant enhancement in 
the cytotoxicity of AgNPs was observed in the presence of x-
irradiation. Cell viability was recorded at approximately 60% 
at 12.5 μg/mL, decreasing to below 20% at the highest con-
centration of 100 μg/mL. This increased cytotoxicity is likely 
attributed to the radiosensitizing effect of AgNPs, which is 
associated with their ability to generate ROS under radiation 
exposure. Increased cytotoxic effects were exhibited by met-
formin when combined with radiotherapy, with cell viability 
reducing to approximately 50% at 100 μg/mL. This enhance-
ment aligns with metformin's role in improving radiotherapy 
efficacy by alleviating hypoxia and sensitizing cells to dam-
age induced by radiation. The most pronounced reduction in 
cell viability under x-irradiation conditions was observed with 
the NISM@Ag-Met formulation, with viability decreasing to 
below 10% at concentrations of 50 μg/mL and higher. This 
striking result highlights the potent synergistic effect of the 
combination therapy, with substantial cytotoxicity induced 
by the combined action of the radiosensitizing properties of 
AgNPs and the metabolic disruption caused by metformin. 
The retention and stability of the active agents are likely en-
hanced by the niosome encapsulation, further amplifying 
their therapeutic potential.

The data clearly show that the cytotoxic effects of all treatments 
are significantly enhanced by radiotherapy, with the effects 
being most pronounced in those involving AgNPs and NISM@
Ag-Met. The NISM@Ag-Met formulation was consistently 
found to outperform the individual treatments, both in the pres-
ence and absence of x-ray exposure. These findings emphasize 
the potential of NISM@Ag-Met as a promising candidate for 
combined chemoradiotherapy in the treatment of lung cancer.

It was reported by Guo et  al. that green-synthesized AgNPs 
exhibited significant anticancer activity, with cell viability in 
pancreatic cancer models being reduced through the induction 
of oxidative stress and mitochondrial damage [55]. These find-
ings align with the observations of AgNP-induced cytotoxic-
ity in A549 cells, particularly at higher concentrations. It was 
demonstrated by Karuppiah et al. that biogenically synthesized 
AgNPs, when combined with anticancer drugs, significantly en-
hanced cytotoxic effects in breast cancer cell lines, emphasiz-
ing the potential of AgNPs in combination therapies [56]. It was 
highlighted by Liu et al. that AgNPs amplify radiation-induced 
cell death through the generation of ROS [57]. Additionally, it 
was demonstrated by Jang et  al. that the combination of met-
formin with AKT inhibitors significantly increased its cytotoxic 
effects in NSCLC cells and enhanced their sensitivity to RT [58]. 
Similarly, metformin's activation of AMPK and inhibition of 
mTOR were highlighted by Singh-Makkar et al. as key mecha-
nisms underlying its anticancer effects [59]. In addition, a study 
reported that the proliferation of MCF-7 and A549 cells is inhib-
ited by metformin and gold NPs in a dose- and time-dependent 
manner [60].

3.8   |   Apoptosis Assay With and Without Radiation 
Exposure

The apoptosis assay was performed on A549 cancer cells under 
different treatment conditions, including metformin (Met), 
AgNPs, and NISM@Ag-Met, with and without x-irradiation. 
Under no x-ray exposure condition (Figure 6A,C), the apopto-
sis rates are quite different among the treatment groups. Met 
drug induced a modest increase in apoptosis compared to the 
control, consistent with its reported metabolic stress effects 
on cancer cells. Cytotoxicity of AgNPs is manifested, proba-
bly through the induction of oxidative stress and interference 
with cellular functions, as a more pronounced rate of apop-
tosis. However, NISM@Ag-Met results in the highest degree 
of apoptosis, showing that there is a synergistic effect when 
metformin is delivered with AgNPs. This synergy could po-
tentiate the pathways of oxidative and metabolic stress, am-
plifying apoptosis.

When the x-ray exposure condition is applied, as in Figure 6B,D, 
the rate of apoptosis increases in each group. X-irradiation alone 
usually induces DNA damage, which then leads to apoptosis, but 
its combination with chemical treatments reveals striking trends. 
In this, the control group has a minute increase in apoptosis due to 
the x-irradiation effect. Similarly, the Met drug treatment increases 
apoptosis slightly, at least by interfering with metabolic pathways 
and sensitizing cell populations to radiation-induced injury. It also 
confirms that AgNPs are radiosensitizers and induce a significant 
increase of apoptosis upon x-irradiation, thus exacerbating oxida-
tive stress. Indeed, the highest value of apoptosis was found for the 
treatment with NISM@Ag-Met, far beyond those from other treat-
ments. This result underlines the enhanced therapeutic efficacy of 
the combined nanosystem under x-ray exposure conditions, proba-
bly due to targeted delivery, improved bioavailability, and the dual-
action mechanisms of metabolic disruption and oxidative damage.

It has been documented that Met causes an increase in the apop-
tosis rate of A549 cells [61, 62]. However, another research shows 
that Met causes A549 lung cancer cells to undergo apoptosis via 
influencing ROS levels, changing the bax/bcl-2 ratio, and mod-
ifying the expression of the p-AMPK protein [62]. Furthermore, 
studies have demonstrated that Met causes apoptosis in A549 
cells and makes NSCLC cells more susceptible to celecoxib-
induced apoptosis [63]. These findings, which showed that Met 
might raise the radiosensitivity of NSCLC cells by disrupting 
NRF2, were also published by Sun et  al., which is completely 
consistent with our findings [22]. AgNPs have demonstrated 
substantial apoptotic activity in A549 cells across several stud-
ies. The potent radiosensitizing ability of AgNPs against dif-
ferent cancer types has been extensively reported. Ghaffarlou 
et al. prepared AgNPs through facile biomineralization methods 
and assessed their radiosensitization capability against breast 
cancer. Both in  vivo and in  vitro results confirmed the radio-
enhancing ability of developed NPs [64]. Overall, the enhanced 
incidence of apoptosis seen in cells treated with NISM@Ag-Met 
following x-ray exposure is likely caused by the inclusion of both 
Met and AgNPs in the structure of produced NPs, which operate 
as potent radiosensitizers.

Although AgNPs are highly effective as radiosensitizers, their po-
tential long-term cytotoxic and oxidative stress effects on healthy 
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tissues highlight the need for careful dose optimization and thor-
ough toxicity profiling [65, 66]. A significant challenge on NISM@
Ag-Met delivery is achieving precise and controlled release in vivo, 
given the variability of tumor microenvironments across individu-
als. Future studies should explore functionalizing NISM surfaces 
with ligands to enhance targeted delivery and assess immune re-
sponses. Functionalizing NISM—such as with folate or peptides 
targeting EGFR and CD44—can enable active targeting of lung 
cancer cells, enhancing their therapeutic potential [67].

4   |   Conclusion

The current study demonstrates that the preparation of niosomes 
containing radiosensitizing compounds, such as AgNPs and 
Met, can enhance lung cancer suppression and improve ther-
apeutic efficacy when used in conjunction with RT. The MTT 
assay results revealed that the engineered NISM@Ag-Met NPs 
exhibited significantly higher cytotoxic effects on cell viability 
compared to other treatment groups following x-irradiation. 

This suggests that the combination of NISM@Ag-Met NPs with 
x-ray exposure can effectively inhibit the cell growth of lung 
cancer cells. Furthermore, x-irradiation in combination with 
NISM@Ag-Met NPs markedly induced apoptosis in the A549 
lung cancer cell line, corroborating the findings from the MTT 
assay. Overall, the in  vitro results indicate that the developed 
nanoplatforms (NISM@Ag-Met) possess a high potential for ra-
diosensitization and can efficiently suppress lung tumor cells. 
To fully realize their potential in clinical settings, extensive in-
vestigations across various cancer cell lines are warranted, fol-
lowed by comprehensive in vivo assessments.
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FIGURE 6    |    Apoptosis rate of A549 lung cancer cells treated by Met, AgNPs, and NISM@Ag-Met under (A,C) without x-irradiation and (B,D) 
with x-irradiation conditions. In the flowcharts of apoptosis analysis: fluorescence intensity for Annexin V/FITC is plotted on the x-axis, and PI is 
plotted on the y-axis (Q1, necrosis; Q2, late apoptosis; Q3, early apoptosis; Q4, live cells). One-way ANOVA was used for analysis. *p < 0.05, **p < 0.01, 
and ****p < 0.0001.
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