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Abstract
Breast cancer is the most common cancer among women, with over 1 million new cases and around 400,000 deaths annu-
ally worldwide. This makes it a significant and costly global health challenge. Standard treatments like chemotherapy and 
radiotherapy, often used after mastectomy, show varying effectiveness based on the cancer subtype. Combining these 
treatments can improve outcomes, though radiotherapy faces limitations such as radiation resistance and low selectivity 
for malignant cells. Nanotechnologies, especially metallic nanoparticles (NPs), hold promise for enhancing radiotherapy. 
Gold nanoparticles (AuNPs) are particularly notable due to their high atomic number, which enhances radiation damage 
through the photoelectric effect. Studies shown that AuNPs can act as effective radiosensitizers, improving tumor damage 
during radiotherapy increasing the local radiation dose delivered. Traditional AuNPs synthesis methods involve harmful 
chemicals and extreme conditions, posing health risks. Green synthesis methods using plant extracts offer a safer and 
more environmentally friendly alternative. This study investigates the synthesis of AuNPs using Laurus nobilis leaf extract 
and their potential as radiosensitizers in breast carcinoma cell lines (MCF-7). These cells were exposed to varying doses 
of X-ray irradiation, and the study assessed cell viability, morphological changes and DNA damage. The results showed 
that green-synthesized AuNPs significantly enhanced the therapeutic effects of radiotherapy at lower radiation doses, 
indicating their potential as a valuable addition to breast cancer treatment.

1  Introduction

Breast cancer is the most prevalent cancer among women, with over 1 million new cases and approximately 400.000 
deaths reported globally each year, according to the World Health Organization [1]. Consequently, this illness is one of 
the most significant and expensive health challenges worldwide. Chemotherapy and radiotherapy (RT) can be employed 
either before or after mastectomy for cancer treatment [2]. Specifically, neoadjuvant chemotherapy is often used in 
patients with locally advanced breast cancer to reduce tumor size before surgery, allowing for more conservative surgi-
cal options and improving operability [3]. Similarly, neoadjuvant radiotherapy, although less commonly used, may be 
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considered in specific cases to enhance local control, particularly in cases where the tumor is fixed to the chest wall or 
there are concerns about achieving negative surgical margins [4].

The effectiveness of X-ray therapy varies depending on the breast cancer subtype. Combining these treatments can 
significantly enhance therapeutic outcomes [5]. Therefore, radiotherapy for breast cancer can reduce its efficiency and 
affect normal tissues for several reasons. Among these the radiation resistance induces the loss of susceptibility to dam-
age from the treatment and the low selectivity to malignant cells.

In the pursuit of new strategies to enhance the effectiveness of radiotherapy at tumor sites, nanotechnologies offer 
promising potential due to their unique properties. [6–8].

Nanomaterials, especially metallic nanoparticles (NPs), are emerging as pivotal tools in revolutionizing the treatment 
of severe diseases, including cancer [9]. In particular, gold nanoparticles (AuNPs) have garnered and continue to receive 
considerable attention due to their physicochemical properties. Au has a high atomic number (Z = 79), that significantly 
amplify targeted radiation damage in both in vitro and in vivo settings. This enhancement is believed to occur through 
the photoelectric effect, which results in the emission of short-range Auger electrons and characteristic X-rays. These 
properties make AuNPs particularly suitable for radiotherapy (RT). [10, 11]. Indeed, AuNPs acting as effective radiosensi-
tizers against cancer cells when exposed to RT significantly enhancing tumor damage in the localized site [12].

Additionally, the action of cancer-incubated and irradiated metallic NPs triggers biological mechanisms such as the 
suppression of thioredoxin reductase activity [13]. This is significant because numerous tumor cells express elevated 
levels of Thioredoxin (Trx) and thioredoxin reductase (TrxR), which may contribute to drug resistance during tumori-
genesis. Therefore, inhibiting the Trx system could play a role in enhancing cancer therapy and improving the efficacy 
of chemotherapeutic agents [14], and equally important the radio sensitizing activity of metal NPs [15].

In literature, different kinds of AuNPs were used in combination with radiotherapy. Different works demonstrated the 
effectiveness of this kind of nanomaterial.

Wu et al. [16] conjugated (RGD)4 peptides on polyethylene glycolylated (PEGylated) 15 nm AuNPs (P-AuNPs) (RGD/P-
AuNPs), and tested them on three breast cancer cell lines such as MDA-MB-231, Hs578T and SK-BR-3. After irradiating 
at 130 kV with doses up to 4 Gy, they found that RGD/P-AuNPs enhanced radiation effects by inhibiting the invasive 
activity of breast cancer cells.

Teraoka et al. [17] conducted an in vitro study on the impact of AuNPs in RT, using the HSC-3 cell line derived from 
human head and neck carcinoma. Cancer cells were exposed to 5 nm AuNPs at four concentrations of 0.1 nM, 0.4 nM, 
1.0 nM and 10 nM. The cell count was reduced to 50%, with the most significant effects at 4 Gy and 8 Gy radiation levels.

Rahman et al. [18] performed experiments on bovine aortic endothelial cells to simulate endothelial tissue and 
assessed cell survival as a measure of dose enhancement. They observed dose enhancement factors, based on 90% 
cell survival, ranging from 4 to 25 at concentrations between 0.25 mM and 1 mM when cells were exposed to an 80 kVp 
x-ray beam.

Also in vivo, the effectiveness of AuNPs were demonstrated. Aditi et al. [19] investigated the radiosensitization effects 
of hollow AuNPs (50 nm diameter and 35 nm shell thickness) on 4 groups of mice bearing triple-negative breast cancer 
(TNBC) MDA-MB-231 xenografts. They injected 2.8 mg of AuNPs per gram of tumor tissue and irradiated with a single 
dose of X-rays (10 Gy, 225 kVp), resulting in a significant tumor growth delay compared to the control group.

Sato et al. [20] observed that the in vivo combination of 1.0 nM, cetuximab, and 4 Gy RT in a xenograft model of head 
and neck squamous cell carcinoma (HSC-3 cells) implanted into nude mice (BALB/cAJcl-nu/nu) led to a reduction in 
tumor volume compared to the control group.

However, the conventional methods for synthesizing AuNPs often involve physical or chemical processes that can 
negatively impact human health. These methods typically use harmful chemical reagents, solvents, and require specific 
reaction conditions like high temperatures or extreme pH values [21–23].

A potentially beneficial breakthrough for human health is represented by biological AuNPs synthesis methods, called 
“green synthesis”, that employ extracts derived from plants [24].

In particular, we used Laurus Nobilis leaves extract since the leaves have been found to contain high levels polyphenols 
that contribute to their strong antioxidant activities, which surpass those of many other Mediterranean plants commonly 
used for similar purposes​ [25–29]. These polyphenols form a stable shell around the AuNPs, enhancing their therapeutic 
potential. Moreover, the advantages of using plant-derived extracts encompass low cost, eco-friendly agents, short reac-
tion time, biocompatibility and large-scale production [30–32].

Green-synthesized AuNPs are currently being explored for various medical treatments, such as photothermal therapy 
(PTT) [33–35]. However, their potential in the context of radiotherapy (RT) remains largely unexplored. For this reason, 
in this study we synthesized green multi-shaped AuNPs derived from Laurus nobilis leaves extract to investigate their 
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radio sensitizing effect on breast carcinoma cell lines (MCF-7) subjected to RT. MCF-7 is the most used xenograft model 
of breast cancer by far. It is estrogen receptor (ER) positive, progesterone receptor positive and HER2 negative, which 
are features commonly seen in luminal subtype breast cancers [36, 37].

The AuNPs obtained were both spherical and triangular as well as stable in water solution. Then, starting from chemi-
cal and morphological integrity after X-rays irradiation, ensuring that they did not exhibit any kind of alterations [38], 
we proceeded to assess the synergistic effects of green AuNPs (0.23–30 μg/mL) and X-rays irradiation at different doses 
(from 2.67 to 10 Gy) on breast cancer cells in vitro. By testing cell viability, cell morphological alteration and DNA dam-
age, we obtained promising results in the use of this type of NPs for radiotherapy increasing the therapeutic dose using 
a lower dose of radiation. In particular, the synergistic effect of combining spherical and triangular green AuNPs can 
significantly enhance the efficacy of cancer treatments, particularly when used in conjunction with radiotherapy. This 
combination optimizes both cellular uptake and the therapeutic impact of radiation, leveraging the distinct advantages 
of each nanoparticle shape. When spherical and triangular AuNPs are used together, their different internalization path-
ways can result in greater overall NP accumulation within tumor cells.

2 � Materials and methods

2.1 � Synthesis of AuNPs by green chemistry

The synthetic route of green AuNPs was adopted from the protocol described in [37]. Briefly, leaves of Laurus nobilis 
were washed with MilliQ water to remove contaminants and dried at room temperature for 24 h. Then, 25 g of leaves 
were finely cut and added in a beaker containing 250 mL of MilliQ water to prepare a 10% laurel solution. The mix was 
boiled at 100 °C for 20 min and successively it was cooled down to room temperature for 24 h. The extract was filtered 
with Whatman No. 1 filter paper before use for NPs synthesis.

HAuCl4 aqueous solution was prepared at a concentration of 1 mM to which it was added 5 mL of Laurus nobilis extract 
previously purified to obtain a ratio of 1:4. The solution was placed on a stirrer (300 rpm) for 1 h (temperature 60 °C). In 
this time range, the solution color changed into a wine-red color. Subsequently, the mix was centrifuged at 3300 rpm 
for 85 min at 13 °C, then washed three times with MilliQ water through three cycles of centrifugation, and finally Amicon 
Ultra Centrifugal 3 k Filters (HAuCl4, Sigma-Aldrich, Dorset, UK) were used for 20 min at 13,400 rpm to collect AuNPs.

2.2 � Transmission electron microscopy (TEM), X‑ray diffraction (XRD) and UV–vis spectroscopy

TEM analysis of green AuNPs was performed with a JEOL JEM-1011 transmission electron microscope at 100 kV operat-
ing voltage, equipped with a 7.1 megapixel CCD camera (Orius SC1000, Gatan, Pleasanton, CA). TEM image analysis was 
achieved with Gatan Digital Micrograph™ (DM) software. For sample preparation, a few drops of a concentrated NPs 
suspension were dropped on a Formvar-coated copper grid and analyzed after complete drying. X-ray diffraction analysis 
was performed in Bragg–Brentano reflection geometry using filtered Cu-Ka radiation. The X-ray diffraction data were col-
lected at a scanning rate of 0.02 degrees per second in 2θ ranging from 20 to 80° by step scanning. The ultraviolet–visible 
(UV–vis) spectroscopy analysis in the spectral range of 300–800 nm was performed at room temperature using a Varian 
Cary 5 spectrophotometer (ZEN3600; Malvern Instruments Ltd.) equipped with a quartz cuvette having 10 mm path.

2.3 � Inductively coupled plasma—optical emission spectroscopy

2.3.1 � The concentrations of the green AuNPs in terms of Au concentration were calculated by elemental analyses using 
an ICP‑OES Perkin Elmer AVIO 500

For Au concentration, 200 μL of the AuNPs solution was digested overnight by adding 2 mL of aqua regia (HCL:HNO3, 
3:1), followed by dilution with MilliQ water (1:5).
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2.3.2 � First, 1 × 105 of MCF‑7 were seeded in 1 mL of the medium in a 6‑well plate

After 24 h at 37 °C, the medium was replaced with a fresh medium containing the AuNPs@polyphenols at a concentration 
of used for MTT assay. After 48 h of incubation at 37 °C, the culture medium was removed, and the cells were washed 
with PBS to eliminate non-internalized NPs. The cells were detached with trypsin and counted using an automatic cell 
counting chamber. Then, 360,000 cells were suspended in 200 μL of MilliQ water and digested by aqua regia. After dilu-
tion with MilliQ water, the solution was analyzed to evaluate the Au content. Elemental analysis was carried out using 
an ICP-OES Perkin Elmer AVIO 500.

2.4 � Fourier transform infrared (FTIR) characterization

A Fourier Transform Infrared (FTIR) spectrophotometer (Spectrum One model, Perkin Elmer, Waltham, MA, USA) was used 
for spectra acquisitions in the mid-infrared. This spectrometer is provided with a universal accessory for attenuated total 
reflectance (ATR). A three-bounce diamond microprism (4 mm diameter) is the internal reflection element (IRE). Gener-
ally, a drop of about 2 µL of green AuNPs was deposited on the ATR crystal and, once the solvent was evaporated, the 
acquisition of ATR-FTIR spectra was proceeded at 4 cm−1 resolution [39]. For each spectrum, a total of 16 interferograms 
were then recorded and averaged. The background spectrum was registered with the bare diamond microprism.

2.5 � DLS and ζ‑potential

A Zetasizer Nano-ZS equipped of a HeNe laser (4.0 mW) and working at a 633 nm detector (ZEN3600, Malvern Instru-
ments Ltd., Malvern, UK) was used for the DLS and ζ-Potential acquisitions. Measurements were performed in aqueous 
solutions (25 °C, pH 7). 500 green AuNPs were fitted with a normal Gaussian function to obtain the statistical size distri-
bution of the NPs.

2.6 � Irradiation set‑up

The X-rays’ irradiation was performed with a Elekta Precise linear accelerator operating with 6 MV photon beams. The 
irradiated samples were placed in a reproducible fixed set-up, consisting of an upper plate of water-equivalent material 
and a lower base composed of two plates with thicknesses of 1 and 0.5 cm, respectively, required to achieve the buildup 
for the beam energies utilized (Figure 1).

The accelerator was calibrated at 105 cm from the source to the chamber, with a depth of 5 cm and a field size of 
10 x 10 cm. In this setup, 100 Monitor Units (MU) equate to a dose of 100 cGy with MU being the unit used to measure 
the radiation dose delivered by the accelerator. The MU values were calculated for each configuration, considering the 
distance from the source and the size of the radiation field.

2.7 � X‑ray irradiation

Once the MCF-7 cells were cultured in either 96-multiwall (96-MW) plates and/or petri dishes, depending on the treat-
ment under investigation, they were incubated with green AuNPs at various concentrations (from 0.23 to 30 μg/mL) and 
subsequently irradiated at the Department of Radiotherapy of the ‘Vito Fazzi’ Hospital (Lecce, Italy). The administered 
doses were 2.67, 4, 6, 8 and 10 Gy, each of which was delivered to a single MW and/or petri dishes to evaluate its effect 
in the individual treatment.

For the treatment plans, a microwave (MW) device was placed between the water-equivalent bases, and a CT scan 
was performed. Four beams, each measuring 5 cm x 5 cm, were used and oriented at angles of 0°, 90°, 180°, and 270°. 
The plan was then calculated for the different prescribed doses using the Oncentra Treatment Planning System.

The treatment plans comprised direct beam configuration with gantry and collimator positioned at 0°, featuring a 
field size of 20 x 20 m. The MU corresponding to each prescription were delineated in Table 1. Furthermore, a three-
dimensional rendering of the housing set-up, incorporating the input of the irradiation beam, was presented in Figure 2.
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2.8 � MCF‑7 cell culture

Human breast cancer cells (MCF-7, ATCC HTB-22TM) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 
(Sigma Aldrich, Dorset, UK) supplemented with 2 mM L-glutamine, 100U/ml of penicillin–streptomycin (Sigma-
Aldrich, Dorset, UK) and 10% (v/v) fetal bovine serum (FBS, Sigma Aldrich, Dorset, UK). The cells were incubated in a 
humidified controlled atmosphere at 37°C in 5% CO2.

2.9 � Cell viability assay (MTT)

The cell viability assay allowed to evaluate the cells metabolic activity upon RT both with and without green AuNPs. 
Cell Counting Kit—8 (cod. 96992 Sigma-Aldrich, Dorset, UK) that utilizes the highly water-soluble tetrazolium salt 
WST-8 [2-(2-methoxy-4-nitrophenyl)−3-(4-nitrophenyl)−5-(2,4-disulfophenyl)−2H-tetrazolium, monosodium salt] 
was used and left to incubate in wells for 1 h. 2.5 x 103 cells per well were seeded onto 96 multiwell culture plates 
with various green AuNPs concentrations (ranging from 0.23 μg/mL to 30 μg/mL), always with two columns available 
for control, namely MCF-7 without AuNPs. After 48 h from NPs-treatment, each MW was irradiated with a specific 

Fig. 1   Set-up irradiation with 
Elekta Precise linear accel-
erator on petri dishes (white 
arrow)

Table 1   MU values 
administered by the 
accelerator according to 
the specified treatment 
requirements

Prescription (Gy) MU

2.67 260
4 389
6 583
8 779
10 972
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radiation dose among those cited before and left 24 h to incubate. Untreated and non-irradiated controls consisted 
of 96 multiwell with MCF-7 alone incubated for 72 h. A WST-8 assay was performed following the procedure described 
in a datasheet. The absorbance values were read at 450 nm with BioTek Gen5™ Microplate Reader (Agilent Technolo-
gies, Inc.). The data were expressed as a mean ± SD.

2.9.1 � Confocal analysis

Laser scanning confocal microscopy was used on a Zeiss LSM700 (Zeiss) confocal microscope equipped with an Axio 
Observer Z1(Zeiss) inverted microscope using ×100, 1.46 numerical aperture oil immersion lens for imaging. Confocal 
data were processed using ZEN2010 software (Zeiss). Prior to confocal analysis, 6.2 x 104 MCF-7 cells/petri were seeded 
in 50 x 7 mm glass petri dishes (WillCo Wells B.V., 1054SE Amsterdam). After 24 h the cells were incubated with green 
AuNPs (0,46 μg/mL) for 48 h and then exposed to RT at varying doses, with each sample receiving a single dose of either 
2.67, 4, 6, 8 and 10 Gy. Then, the cells were washed with PBS (Sigma-Aldrich, Dorset, UK), fixed with 0.25% glutaraldehyde 
(Sigma-Aldrich, Dorset, UK) for 20 min at room temperature and permeabilized with 0.1% Triton X (Sigma-Aldrich, Dorset, 
UK) for 5 min. Afterward, the cells were stained first with DAPI (Sigma-Aldrich, Dorset, UK)) and then with Phalloidin in 
ATTO 488 (Invitrogen; Thermo Fisher Scientific, Inc for the nuclei and actin imaging, respectively).

Morphometric quantification (coherency of F-actin) was performed on 15 cells using the OrientationJ plugin of 
the ImageJ 1.53a software. This parameter indicates the local orientation of actin filaments. In particular, the value of 
coherency ranges from 0 (isotropic orientation) to 1 (perfectly oriented structures). Nucleus circularity and nucleus-
to-cytoplasm ratios were calculated by ImageJ 1.53a software.

2.9.2 � Clonogenic survival assay

The clonogenic assay stands as the benchmark for assessing radiation’s deleterious impact on the cellular genome [40].
Prior to analysis, 10.000 cell/petri were seeded in 8 Petri dishes of 60 x 15 mm (WillCo Wells B.V., 1054SE Amster-

dam). After the delivery of X doses of radiation ranging from 0 to 10 Gy to both untreated MCF-7 cells and those 
treated with 0.46 μg/mL green AuNPs, cells were washed with PBS and then trypsinized for 3 min following the 
procedure described in [41]. Then they were resuspended in a complete medium, counted, and re-plated in 9 poly-
styrene petri dishes for each clonogenic test, i.e. one test for untreated cells, and two tests for treated cells. In the 
non-treated clonogenic assay, the cultures were sustained for 14 days, while in the treated ones, for 3 and 14 days, 
respectively. Afterwards, petri dishes were washed with PBS and treated with a 0.6% glutaraldehyde and 0.5% crys-
tal violet mixture solution for 20 min. Several washes were performed with deionized water and the petri were left 

Fig. 2   A Axial and D sagittal images of the dose distribution in the sample positioned between the two water-equivalent bases; B 3D image 
of the housing set-up; C view from the gantry (Beam Eye View – BEV)



Vol.:(0123456789)

Discover Nano           (2025) 20:10  | https://doi.org/10.1186/s11671-025-04186-x 
	 Research

to dry for 24 h at room temperature. Cellular fractional survival (SF) was calculated by a weighted, stratified, linear 
regression according to the linear-quadratic formula, SF = exp(αD+βD2).

2.9.3 � Comet assay

Comet Assay is a technique used for assessing DNA damage in individual cells through gel electrophoresis [42]. Comet 
Assay Kit (3-Well Slides) (antibodies.com, 8 Station Court, Cambridge, CB22 5NE, United Kingdom) was used following 
the instructions reported in the datasheet. 4 x 104 MCF-7 cells were seeded onto 6-MW culture plates. After 24 h the 
cells were incubated with green AuNPs (0.46 μg/mL) for 48 h and then exposed to RT at varying doses, with each sample 
receiving a single dose of either 2.67 or 8 Gy. 24 h later the cells were scraped and resuspended (1 x 105 cells) in 10 μL of 
ice-cold PBS. The PBS aliquots were each mixed with 90 μL of 37°C low-melting point agarose and 75 μL of this solution 
were spread uniformly onto every well of two comet slides and left to solidify. The slides were immersed each in Lysis 
Buffer for 60 minutes to lyse the cells and then moved in Alkaline Solution for 30 minutes to denature the DNA. Electro-
phoresis was performed for 20 minutes with a voltage of 19 V and then the slides were stained with Propidium Iodide 
(PI). Comets were visualized by fluorescent microscopy at 20× magnification and analyzed with the ImageJ software to 
assess the head intensity and tail length.

2.9.4 � Data analysis

Statistical analyses were performed using OriginPro (version 8.1). The difference between three and more groups was 
analyzed through one-way or two-way ANOVA multiple comparisons, respectively. The differences between two groups 
were evaluated by a two-tailed Student’s-test. The differences were statistically significant when * p < 0.05, ** p < 0.01, 
*** p < 0.001).

3 � Results and discussion

The application of metallic NPs as radiosensitizers in cancer therapy is garnering increasing scientific interest [43–45]. 
However, the specific role of green AuNPs in RT remains insufficiently investigated. The use of green AuNPs is particularly 
interesting since the natural capping agents used can help to reduce the toxicity of AuNPs [46], making them safer for 
clinical applications [47, 48]. This is particularly important for ensuring patient safety and regulatory approval. In addi-
tion, the use of readily available biological materials making lower the production costs and make the technology more 
accessible for widespread use [49]. For this reason, we aimed to examine the effects of these NPs in conjunction with 
X-ray irradiation on MCF-7 cancer cells.

Prior to expose MCF-7 cells to green AuNPs, we assessed any potential NPs alteration in terms of morphology, surface 
charge and size induced by X-rays delivery alone.

Then, we initially characterized by TEM the green AuNPs (Figure 3a, b). Nanostructures appeared both spherical and 
triangular in shape with different dimensions. The spherical ones had an average diameter of (40 ± 6) nm, while the 
triangular ones exhibited a larger size of about (180 ± 6) nm as reported in [37].

The crystallinity of the synthesized AuNPs was analyzed using X-ray diffraction (XRD), with the resulting XRD patterns 
displayed in Figure 3c. The Au nanocrystals showed four prominent peaks at 2θ values of 38.1, 44.3, 64.5, and 77.7, cor-
responding to the standard Bragg reflections (111), (200), (220), and (311) of a face-centered cubic (fcc) lattice structure. 
The strong diffraction peak at 38.1 indicated that the preferred growth direction of the zero-valent Au is oriented along 
the (111) plane.

This suggested that the nanocrystals form molecular-sized solids with a repeating three-dimensional arrangement of 
atoms or molecules, maintaining equal spacing throughout. This XRD pattern is characteristic of pure Au nanocrystals.

Then, green AuNPs were subjected to X-ray irradiation with the typical radiotherapeutic dose of 2.67 Gy (according 
to the protocol in Sect. 2) to evaluate any possible alterations in their physical or chemical properties. A single dose of 
2.67 Gy as used, as this is the typical dose commonly employed in the RT treatment of breast cancer. The Fourier Trans-
form Infrared (FTIR) spectroscopy was used for both non-irradiated and irradiated green AuNPs to assess any chemical 
change of the NPs surface. Initially, we analyzed the FTIR spectrum of the non-irradiated green AuNPs, then compared it 
with the spectra of both Laurus nobilis leaves extract and the irradiated green AuNPs. To confirm the presence of polyphe-
nols on the NPs surface and to compare the spectra of the irradiated and non-irradiated samples, the FTIR analysis was 
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Fig. 3   Representative TEM images of green AuNPs acquired at two different magnifications a, b. XRD pattern c and UV–vis spectra d of 
green AuNPs

Fig. 4   ATR-FTIR spectrum of Laurus nobilis leaves extract (a); ATR-FTIR spectra of green AuNPs before (black trace) and after 2.67 Gy (blue 
trace) of irradiation (b) 
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performed. For the concentration of polyphenols on AuNPs we had measured by Folin-Ciocâlteu method and reported 
in our previous work [37].

In Fig. 4a, b the Laurus nobilis leaves extract and the green AuNPs spectra were represented, respectively.
Laurus nobilis leaves contain a number of phytochemicals extracted using hot water, including saccharides, organic 

acids, glycosides, tannins, terpenoids, flavonoids, steroids, anthraquinones, and alkaloids [50, 51]. The ATR-FTIR spectrum 
of the aqueous extract, shown in Fig. 4a, presented the absorption features typical of the functional groups’ characteristic 
of these compounds. Specifically, the intense and broad absorption band at 3260 cm−1 was due to O–H stretching vibra-
tion and likely arose from saccharides, phenolic compounds (tannins, flavonols, etc.), and glycosides (such as saponins). 
The signal centered at 1608 cm−1 could be ascribed to carboxylate groups from deprotonated organic acids (antisym-
metric stretching vibration) as well as to stretching vibration of alkenyl C=C bonds, which could be found in terpenoids 
(such as sabinene and beta-pinene [52]), and some steroids, representing the aglycone moieties of saponins. Aromatic 
carbons from polyphenols and anthraquinones may also contribute to this broad band. The IR absorptions producing 
overlapped bands around 1030 cm−1 could be assigned to C–OH and C–O–C stretching vibrations in agreement with 
the presence of both saccharides and glycosidic compounds.

The ATR-FTIR spectra of green AuNPs (Fig. 4b) presented distinct features with respect to the Laurus nobilis aqueous 
extract. This indicated that specific compounds of the extract were selectively involved in NPs capping. Even though 
the exact identification of these compounds was not feasible by infrared spectroscopy, valuable information could be 
obtained about the main functional groups present in their structure. Firstly, a small shoulder was discernible around 
1726 cm−1 indicating that chemical species bearing carbonyl groups (carboxylic acids, esters, aldehydes or ketones) are 
likely involved in capping. C-H stretching absorption bands at 2916 cm−1 and 2848 cm−1 are indicative of saturated alkyl 
chains. In addition, the signals at 1610 and 1460 cm−1 pointed out the presence of carboxylate moieties (antisymmetric 
and symmetric COO− stretching modes) in agreement with the abundance of these functional groups in the aqueous 
extract. The band at 1648 cm−1 suggested the presence of carbon–carbon double bonds (C=C stretching), conjugated 
carbonyls (C=O stretching) or amine groups (N–H bending). Finally, the bands at around 1070 and 3260 cm−1 could be 
assigned to C–OH and O–H stretching vibrations respectively.

Therefore, based on the FTIR analysis, a major role played by organic acids and sugars (saccharides or glycosides) in 
guiding AuNPs synthesis can be proposed although the chemical complexity of the mixture employed does not exclude 
the involvement of further species in AuNPs decoration.

The comparison of traces in Fig. 4b showed that green NPs, whether irradiated or not, maintained an absorption pat-
tern without differences, regardless of the intensity. This finding demonstrated that the X-ray treatment did not cause 
any chemical modification of the organic shell, nor an orientation change of the chemical groups directly in contact 
with the metal surface.

Beyond the spectroscopic assessment of the pre and post-irradiation phases, we conducted Dynamic Light Scattering 
(DLS) and Zeta Potential (ZP) analysis to identify any alteration in terms of size and charge of green AuNPs before and 
after X-rays exposure (Table 2). 

Before irradiation, the NPs showed a ZP value of (−32 ± 4) mV and a hydrodynamic diameter of (45 ± 6 nm) for spherical 
AuNPs, and of 190 ± 5 nm for triangular AuNPs. After irradiation the ZP value became of − 30 ± 3 mV, while the hydrody-
namic diameter was exactly the same for both AuNPs shapes, showing that both the charge and the size of the green 
AuNPs remained unchanged following X-rays exposure (data not shown). Therefore, RT did not modify the morphological 
properties of the green nanostructures, suggesting their potential effectiveness as radiosensitizers due to their stability.

Table 2   DLS and Zeta 
Potential measurements of 
the green AuNPs in water 
acquired before and after 
X-rays exposure

AuNPs type Zeta potential ± SD (mV) Hydrodynamic 
diameter ± SD 
(nm)

Pre-X-rays Irradiation
Spherical green AuNPs − 32 ± 4 45 ± 6
Triangular green AuNPs − 32 ± 4 190 ± 5
Post-X-rays irradiation
Spherical green AuNPs − 30 ± 3 45 ± 6
Triangular green AuNPs − 30 ± 3 190 ± 5
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Before performing treatments on cells using both X-rays than green AuNPs alone and in combination, cytotoxicity of 
green AuNPs on MCF-7 cells was assessed. For uptake, it was demonstrated that the green AuNPs showed high uptake 
rate in cells as reported in Table 3. However, the increase of uptake rate was shown when cells were exposed to 3.75 µg/
mL. After this value, the uptake reaching a plateau,

The cells were then harvested, the live cells were counted, and the Au content was measured in 360,000 cells (ng Au). 
The control was represented by untreated cells. The data are reported as the mean of SD from three independent experi-
ments, and statistically significantly exposed cells vs. control cells have a p value < 0.05 (< 0.05 *).

The shape of nanoparticles plays a significant role in how cells recognize, internalize, and process them. Spherical 
and triangular AuNPs interact with cells differently due to their geometric and physical properties. Indeed, spherical 
are often more easily internalized by cells through receptor-mediated endocytosis. Their symmetric shape and lower 
anisotropy make them more readily recognized by the cellular machinery, allowing them to follow standard endocytic 
pathways, such as clathrin-mediated endocytosis [53]. The triangular AuNPs possess sharper edges, and a larger surface 
area compared to spherical ones. This geometry enhances interactions with the cell membrane and can promote alter-
native uptake mechanisms, such as direct penetration or fusion with the membrane. Additionally, triangular particles 
may accumulate more efficiently in specific cellular compartments, like the lysosomes, due to their due to their unique 
shape [54, 55]. Then, combining spherical and triangular nanoparticles could have a synergistic effect on cellular uptake. 
While spherical NPs are quickly absorbed via conventional endocytic processes, triangular nanoparticles can interact 
differently with the cell membrane, facilitating uptake through alternate pathways. This diversity in uptake mechanisms 
could potentially increase the overall rate of nanoparticle internalization [55, 56]. The spherical AuNPs are efficiently 
internalized via clathrin-mediated endocytosis, rapidly accumulating within cells and enhancing the radiation dose that 
reaches the tumor. Triangular AuNPs, due to their sharp edges and larger surface area, can interact with the cell membrane 
more effectively, penetrating through alternative mechanisms and reaching subcellular compartments that spherical 
particles might not access. These triangular NPs can localize in areas where radiation effects can be maximized, such as 
in the lysosomes or cytosol [37, 54].

Cell viability was assessed on three groups of cells: non-irradiated MCF-7 treated with varying concentrations of green 
AuNPs (0, 0.23, 0.46, 0.9, 1.8, 3.7, 7.5, 15 and 30 μg/mL); CTRL MCF-7 s (untreated) irradiated at different radiation doses 
(0, 2.67, 4, 6, 8 and 10 Gy); and MCF-7 s both incubated with green AuNPs (0, 0.23, 0.46, 0.9, 1.8, 3.7, 7.5, 15 and 30 μg/
mL) and irradiated (0, 2.67, 4, 6, 8 and 10 Gy). In Fig. 5a, b and in Fig. 6 all the results were reported.

As illustrated in Fig. 5a, MCF-7 s were incubated with different concentrations of green AuNPs (0.23, 0.46, 0.9, 1.8, 3.7, 
7.5, 15 and 30 μg/mL), without RT exposure. After 72 h of incubation period cell viability was assessed. The incubation 
alone did not cause any cytotoxic effect towards the tumor cells, indicating the biocompatibility of green AuNPs prob-
ably due to their natural plants derivation and polyphenols/fitomolecules shell [57].

For cells without green AuNPs, the effect of different RT doses (2.67, 4, 6, 8, and 10 Gy) is reported in Fig. 5b. Specifically, 
irradiation was performed 48 h after seeding, followed by MTT analysis 24 h post-irradiation, consistently maintaining a 
72-h incubation period prior to analysis. Cell viability significantly decreased statistically in a RT dose-dependent manner 
by up to 40% at 10 Gy, just as expected from the typical therapeutic action of RT alone.

The cytotoxic effect of green AuNPs towards MCF-7 when exposed to RT was depicted in Fig. 6; MCF-7 were incubated 
with increasing green AuNPs concentrations (0.23, 0.46, 0.9, 1.8, 3.7, 7.5, 15 and 30 μg/mL) and after 48 h the cells were 

Table 3   The accumulation 
in MCF-7 cell lines exposed 
to nine concentrations of Au 
NPs@polyphenols for 48 h

AuNPs@polyphenols concentrations (µg/mL) Au concentra-
tion (ng/mL) in 
cells

CTRL 0
⁠30 10.6 ± 2
15 12.3 ± 3
7.5 12.8 ± 3
3.75 13.2 ± 5
1.9 12.2 ± 2
0.9 9.7 ± 6
0.46 4.3 ± 2
0.23 2.4 ± 3
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exposed to varying radiation dose ranging from 2.67 to 10 Gy. After an additional 24 h post-irradiation, MCF-7 cells were 
analyzed using MTT assay, ensuring the same total incubation period of 72 h. Each data was normalized on the CTRL 
(untreated) sample, placed as a reference on the y-axis at 100% cell viability (black dashed line). In this MTT analysis, for 
how concerned cells irradiated with 2.67 Gy, only the concentration of 15 μg/mL green AuNPs resulted in a statistically 
significant reduction in cell viability. For all other X-rays doses (4, 6, 8 and 10 Gy), MCF-7 viability decreased by 30% to 
50% across all AuNPs concentrations (0.23, 0.46, 0.9, 1.8, 3.7, 7.5, 15 and 30 μg/mL), resulting in statistically significant 
cell viability reductions in every scenario.

After thoroughly evaluating the effects of various concentrations of green AuNPs, we identified 0.46 µg/mL as the 
optimal choice for further testing. This concentration was the most statistically significant in reducing cellular metabolic 
activity across both high and low radiation doses. In contrast, higher concentrations of green AuNPs appeared to slightly 
enhance cell viability despite X-ray irradiation. This unexpected result is likely due to the anti-inflammatory properties of 
the polyphenol shell, which, at these elevated concentrations, not only mitigated toxicity [39]. but also provided protec-
tive effects on MCF-7 cells. This effect was demonstrated in vivo and in vitro in some publications [58–60].

The dual nature of polyphenols adds a significant layer of complexity to the interpretation of our results, particu-
larly in the context of their radiosensitizing effects. Indeed, the apparent contradiction between the antioxidant role 
of polyphenols and their contribution to the radiosensitization observed. This dual functionality suggests that, while 

Fig. 5   a Percentage of viabil-
ity of non-irradiated MCF-7 
cells treated with different 
concentrations of green 
AuNPs (0.23, 0.46, 0.9, 1.8, 3.7, 
7.5, 15 and 30 μg/mL) for 72 h. 
Cytotoxic activity for each 
sample was normalized to the 
CTRL (untreated) cells repre-
sented by the first column of 
the bar graph. b Percentage of 
viability for CTRL (untreated) 
MCF-7 cells irradiated with 
various radiation doses (2.67, 
4, 6, 8 and 10 Gy) 48 h after 
seeding and analyzed 24 h 
post- irradiation, resulting 
in a total incubation period 
of 72 h. Cytotoxic activity for 
each sample was normal-
ized to the CTRL (untreated) 
cells represented by the first 
column of the bar graph
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polyphenols can reduce toxic effects under certain conditions, their behavior may shift when they are immobilized on 
the surface of metal nanoparticles. This shift could be due to changes in their redox environment or interactions with 
cellular components, which may lead to the generation of redox species instead of their neutralization, especially under 
radiation exposure.

The capability to modify cell morphology in terms of actin fibers was investigated by confocal analysis. Analyzing 
the modifications of actin fibers induced by NPs and RT in cancer cells is crucial for several reasons. Actin fibers play a 
fundamental role in maintaining the structural integrity, motility, and division of cells. Any alterations in the organization 
or dynamics of these fibers can significantly impact cellular behavior, potentially leading to changes in cell adhesion, 
migration, and invasion—key processes in cancer progression and metastasis [61]. Understanding how NPs and RT 
interact with and modify actin fibers can provide insights into their mechanisms of action, reveal potential therapeutic 
benefits, and help in designing more effective and targeted cancer treatments. guiding the safe and effective use of NPs 
in clinical settings.

The effects of radiation on MCF-7, with and without green AuNPs, were collected in Fig. 7. We used two X-rays doses, 
i.e. 2.67 Gy, the therapeutic dose, and 8 Gy to test a high radiation dose.

As revealed by acquisitions (a) and (b) in Fig. 7, the non-irradiated MCF-7 cells, whether alone (Fig. 7a) or incubated 
with a 0.46 μg/mL concentration of green AuNPs (Fig. 7b), showed no alteration in cortical actin that appear organized 
in fibers with the same orientation. By contrast, in the presence of radiation alone (Fig. 7c,e), the alteration of actin fibers 
was greater than in the non-irradiated cells. Specifically, in the MCF-7 cells irradiated with 2.67 Gy and 8 Gy, respectively, 
showed alteration in cortical actin pattern that was more evident at 8 Gy. Cell damage, however, was even more signifi-
cant than RT alone when MCF-7 s were incubated with 0.46 μg/mL-concentration green AuNPs and then irradiated at 
2.67 Gy (Fig. 7d) and 8 Gy (Fig. 7f ), respectively. In the latter cases, the synergistic effects of X-rays and green AuNPs. The 
synergistic action of RT and NPs results in increased disorganization of actin fibers. Indeed, they appear curled, and the 
cells begin to lose their cellular junctions. The confocal-acquired images were then analyzed by ImageJ to assess the 
coherency of actin fibers, i.e. their degree of organization.

This value is dimensionless and ranges from 0 to 1. A value near 1 indicates organized fibers, while a value tending 
more toward 0 indicates a high degree of disorganization. In addition, we performed the assessment of nuclei mor-
phometric parameters since the deformation of nucleus in terms of circularity is an index of induced stress on breast 
cancer cells. Indeed, alteration in nuclear shape is a distinct feature of malignancy associated to DNA damage [62]. For 
circularity, value of 1 represents a perfect circle and 0 represents a straight line. In addition to examining cytoskeletal 
rearrangements and nuclei shape, we also assessed the area represented by the nucleus-to-cytoplasm ratio. The Nucleus/
cytoplasm ratio was determined by calculating the ratio of the nuclear area to the total cellular area. The increase in the 
nucleus-to-cytoplasm ratio following radiation exposure can be attributed to a combination of cytoplasmic damage 
and alterations, nuclear expansion, cell cycle modifications, and cellular stress responses. These changes reflect the cell’s 

Fig. 6   Viability of MCF-7 cells 
incubated with different con-
centrations of green AuNPs 
(0.23, 0.46, 0.9, 1.8, 3.7, 7.5, 15 
and 30 μg/mL), followed by 
irradiation with varying doses 
(2.67, 4, 6, 8 and 10 Gy) 48 h 
after incubation and analyzed 
with MTT assay 24 h post-
irradiation, for a total incuba-
tion period of 72 h. All data 
were normalized on the CTRL 
(untreated) sample, indicated 
on the y-axis by the percent-
age viability reference value of 
100% (black dashed line)
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reaction to the damage and its ability to repair or respond to such damage. Starting from these assumptions in Fig. 8a,b,c 
the analyses of actin coherency, nucleus circularity and nucleus to cytoplasm ratio, were displayed.

Regarding actin coherency, normally, in healthy cells filaments appears helical in shape [63] and relatively well-organ-
ized, particularly when referring to cortical actin. However, when cells were irradiated, or in general subjected to a process 
causing biological damage, the actin filaments became disorganized and disintegrated, resulting in lower coherency 
value [64]. In our work, MCF-7 cells exhibited X-rays dose-dependent statistically significant loss of coherency (Fig. 8a), 
whether alone or incubated with a 0.46 μg/mL concentration of green AuNPs. However, the most noticeable reduction 
was obtained in cells treated with 0.46 μg/mL green AuNPs and irradiated with 2.67 and 8 Gy.

As for the nuclei circularity (Fig. 8b), it was close to the value 0 if the nucleus was highly deformed, otherwise, the 
value is near to 1, when nucleus is perfectly circular. MCF-7 nuclei showed a significant reduction in circularity in an 

Fig. 7   Confocal images of 
actin fibers (green) and nuclei 
(blue) of MCF-7 cells acquired 
under different conditions: 
a CTRL (MCF-7 untreated); b 
MCF-7 incubated with green 
AuNPs (0.46 μg/mL) (not 
irradiated); c CTRL irradiated 
with 2.67 Gy X-rays dose; d 
MCF-7 incubated with green 
AuNPs (0.46 μg/mL) and 
irradiated with 2.67 Gy X-rays 
dose; e CTRL irradiated with 
8 Gy X-rays dose; f MCF-7 
incubated with green AuNPs 
(0.46 μg/mL) and irradiated 
with 8 Gy X-rays dose



Vol:.(1234567890)

Research	  
Discover Nano           (2025) 20:10  | https://doi.org/10.1186/s11671-025-04186-x

X-rays dose dependent manner, both when incubated with 0.46 μg/mL green AuNPs and in their absence. However, 
the growing nucleus deformity was amplified by the 0.46 μg/mL green AuNPs incubation. In the irradiated cells, i.e. 
without green AuNPs, the circularity decreased until 0.7 and 0.4 values using doses of 2.67 and 8 Gy, respectively, 
compared with the unirradiated value of 0.9. In the green AuNPs-incubated cells irradiated with 2.67 and 8 Gy, the 
reduction in nucleus circularity declined by up to 0.5 and 0.3, respectively, proving how the synergistic effect of green 
AuNPs and X-rays further promoted biological damage to cancer cells. All p-value tests between the irradiated sample 
and the respective control were fulfilling, with more statistically significant results for the AuNPs-treated samples.

The nucleus-to-cytoplasm ratio is another important factor regarding cell integrity. In an uninjured cell, the cyto-
plasm, consisting of microtubules, intermediate filaments and F-actin filaments [65], occupies about half of the total 

Fig. 8   Analysis of actin coher-
ency a; nucleus circularity 
b and nucleus to cytoplasm 
ratio of MCF-7 cells c per-
formed on 30 cells
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volume, while the nucleus occupies a smaller portion [66]. In contrast, in a damaged cell, the nucleus to cytoplasm 
ratio tends to increase due to the disintegration of the cytoplasm [67]. We analyzed the nucleus to cytoplasm ratio 
of different MCF-7 cells that received 0, 2.67 and 8 Gy of X-ray radiation, in both samples with and without 0.46 µg/
mL green AuNPs concentration (Fig. 8c).

In the irradiated samples not treated with green AuNPs, the nucleus-to-cytoplasm ratio increased with higher radia-
tion doses. Specifically, the CTRL (untreated) and non-irradiated sample (0 Gy) had a nucleus to cytoplasm value of 0.2. 
In contrast, the CTRL (untreated) irradiated with doses of 2.67 and 8 Gy exhibited nucleus-to-cytoplasm ratios of 0.3 and 
0.4, respectively. The increase in this ratio was notably more pronounced in irradiated MCF-7 cells that were incubated 
with 0.46 μg/mL-concentration green AuNPs. For these cells, the nucleus-to-cytoplasm ratio reached the value of 0.4 
following irradiation and 0.7 following irradiation with 8 Gy. These results clearly indicated that cells treated with 0.46 μg/
mL-green AuNPs concentration and irradiated at different doses, experienced significant disintegration of their cellular 
structure, particularly the cytoplasm, leaving meanly the deformed nucleus.

The cells’ ability to form colonies after the delivery of X-rays doses was analyzed using the clonogenic assay. Clono-
genic survival is the most widely used biological test to assess variations in cell survival following irradiation [68] both 
in treated and untreated samples. In our work clonogenic assay was performed on different groups: Control MCF-7 
(untreated) irradiated with doses ranging from 2.67 to 10 Gy and stained after 14 days; MCF-7 incubated with 0.46 μg/
mL green AuNPs, irradiated, and immediately stained after 3 days; and MCF-7 cells incubated with 0.46 μg/mL green 
AuNPs, irradiated, and stained after a delay of 14 days.

Figure 9g, h vividly illustrated the dose–response curves for MCF-7 cells, both with and without incubation with 
0.46 µg/mL green AuNPs, across a range of radiation doses from 2.67 to 10 Gy. Notably, Fig. 9g showed that MCF-7 cells 
incubated with 0.46 µg/mL green AuNPs, irradiated 48 h post incubation and stained 14 days later (●) exhibited a signifi-
cant lower survival rate compared to those stained after just 3 days (△). This difference was evident even at low radiation 
doses, indicating that prolonged incubation with green AuNPs markedly decreased cell survival. Similarly, Fig. 9h com-
pared two scenarios: CTRL (untreated) MCF-7 cells irradiated 48 h after seeding and stained 14 days post-irradiation (×), 
and MCF-7 incubated with 0.46 µg/mL green AuNPs, irradiated 48 h post-incubation and stained 14 days post-irradiation 
(●). The survival fraction of cells incubated with green AuNPs was lower than that of the non-incubated ones, with both 

Fig. 9   a–f, Petri dishes from the clonogenic assay of MCF-7 cells incubated with 0.46  μg/mL green AuNPs, irradiated and stained after 
14 days. The irradiations corresponded to: a CTRL MCF-7 (untreated) not irradiated, b 2.67 Gy of X-rays dose, c 4 Gy of X-rays dose, d 6 Gy of 
X-rays dose, e) 8 Gy of X-rays dose, f 10 Gy of X-rays dose. g (△) Survival curves of MCF-7 incubated with 0.46 μg/mL green AuNPs concen-
tration, irradiated with doses ranging from 2.67 to 10 Gy after 48 h from incubation, and immediately stained after 3 days post-irradiation 
(y = −0.0869 x2−0.094 x; R2 = 0.9944); (●) survival curves of MCF-7 incubated with 0.46 μg/mL green AuNPs concentration, irradiated with 
doses ranging from 2.67 to 10 Gy after 48 h from incubation, and delayed stained after 14 days post-irradiation (y = − 0.0973 x2−0.3236 x; 
R2 = 0.9547). h) (●) Survival curves of MCF-7 incubated with 0.46 μg/mL green AuNPs concentration, irradiated with doses ranging from 2.67 
to 10 Gy after 48 h from incubation, and delayed stained after 14 days post-irradiation (y = −0.0973 x2−0.3236 x; R2 = 0.9547); ( ×) survival 
curve of CTRL MCF-7 (untreated) irradiated with doses ranging from 2.67 to 10 Gy after 48 h from seeding, and stained after 14 days post-
irradiation (y = −0.0256 x2−0.2391 x; R2 = 0.9919).
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survival curves converging at higher radiation doses, specifically from 6 Gy and above. Among the various experiments 
conducted, MCF-7 cells incubated with green AuNPs for an extended period showed a significant reduction in survival 
across all radiation doses. At higher doses (ranging from 6 to 10 Gy), the survival curves converged, likely due to cumula-
tive radiation damage. This trend indicated that prolonged incubation with green AuNPs enhanced the radiosensitivity 
of MCF-7 cells, thereby amplifying the cytotoxic effects of radiation (Fig. 9a–f ).

At this point, we investigated whether the morphological changes in the cells, particularly in the nuclei, were con-
sistent with potential DNA damage. The loss of circularity in the nuclei of MCF-7 cells subjected to treatment indicates 
damage to the nuclear lamina. However, to confirm actual DNA damage in the form of single or double-strand breaks, 
we performed the Comet Assay also known as single-cell gel electrophoresis.

The comet assay is a widely validated method for detecting single-strand breaks and, in this context, has provided 
significant insights into DNA damage, despite not being able to fully detect complex damages. Inducing DNA damage 
is crucial in combined anti-tumor therapy. However, such treatments often damage healthy cells as well. The use of 
AuNPs, precisely confined to the tumor site, could significantly reduce this risk. In Fig. 10a–f representative images of 
cells were reported following the treatments described in the above experiments. the comet morphology was observed 
only in cells treated with X-rays and green AuNPs incubating for 48 h. Although the analysis at a single time point limits 
the understanding of the dynamic effects of damage and repair, our results still provide a solid foundation for future 
explorations. Furthermore, a time point coinciding with the peak of the effect may be the most relevant window for the 
initial analysis of DNA damage, effectively limiting the impact of this limitation.

Consistently, the greater tail length, corresponding to greater DNA damage, was primarily visible in cells irradiated 
with X-rays that have previously internalized green AuNPs. By performing image analysis with ImageJ, it was possible to 
evaluate the head intensity and tail length, with data reported in Fig. 10g and h. The control group shows higher head 
intensity percentages (Fig. 10h), indicating that the genetic material remains intact within the nucleus. In this sense, only 
the CTRLs not treated with radiation and green AuNPs and MCF-7 cells incubated with only green AuNPs (0.46 µg/mL) 
exhibited a higher head intensity percentage, i.e., 70% ± 5 and 64% ± 3 respectively. In contrast, cells treated with green 
AuNPs and X-rays at 2.67 Gy and 8 Gy have tail lengths of 52 µm and 63 µm, respectively (Fig. 10g). In preliminary stud-
ies like ours, a sample size of this type is perfectly acceptable, and the obtained data are already statistically significant.

4 � Conclusions

In our groundbreaking work, we have harnessed the potential of AuNPs synthesized from plant extracts as potent enhanc-
ers of radiotherapy in breast cancer cells. This topic is particularly compelling given the widespread use of X-rays in cancer 
treatment, often in combination with other therapies. While numerous studies explore the unique physicochemical 
properties of AuNPs in conjunction with radiotherapy, our research stands out as one of the few to utilize stable, well-
characterized green multishaped AuNPs with high yield, making them viable candidates for clinical applications. The 
combined use of spherical and triangular AuNPs in radiotherapy presents a promising approach to enhancing cancer 
treatment. Their distinct uptake mechanisms and the additional benefit of plasmonic photothermal effects make them 
powerful radiosensitizers. This synergistic effect can lead to more effective cancer cell destruction while minimizing 
damage to healthy tissue. Therefore, utilizing these shapes in combination with radiotherapy represents a significant 
advancement in nanoparticle-based cancer therapies. The green AuNPs we employed have demonstrated remarkable 
biocompatibility in the absence of irradiation. However, when combined with therapeutic doses of X-rays, these nano-
particles transform into toxic agents capable of destroying DNA, altering cellular morphology, inhibiting colony forma-
tion, and significantly reducing cell viability. This dual behavior underscores their potential as powerful radiosensitizers. 
Indeed, the combined use of spherical and triangular AuNPs induce a synergistic effect that can lead to more effective 
cancer cell destruction while minimizing damage to healthy tissue enhancing the efficacy of radiotherapy. While further 
in vivo studies are needed to fully understand their biodistribution and long-term effects, the initial findings are highly 
encouraging. This innovative approach not only leverages the biocompatibility and stability of plant-derived nanoparti-
cles but also paves the way for more effective and targeted cancer therapies in the future potentially offering new hope 
to patients worldwide.
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Fig. 10   Representative images of X-rays and green AuNPs on DNA damage in MCF-7 obtained by comet assay a CTRL (MCF-7 untreated); b 
MCF-7 incubated with green AuNPs (0.46 μg/mL) (not irradiated); c CTRL irradiated with 2.67 Gy X-rays dose; d MCF-7 incubated with green 
AuNPs (0.46 μg/mL) and irradiated with 2.67 Gy X-rays dose; e CTRL irradiated with 8 Gy X-rays dose; f MCF-7 incubated with green AuNPs 
(0.46 μg/mL) and irradiated with 8 Gy X-rays dose. DNA damage was evaluated by g tail length (μm) and h head intensity (%). Values shown 
are means from 100 randomly selected comet images of each sample. As positive control (P) cells were incubated with 500 μM H2O2 (data 
not shown). Data are reported as mean ± SD from three independent experiments; *p < 0.05 compared with control (MCF-7 untreated) (n = 3)
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