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Abstract
Radiotherapy is prevalently applied for highly effective cancer therapy while the low specificity of radiation is deleteri-
ous to the nearby healthy cells. High-Z-based nanomaterials offer excellent radio-enhancement properties while natural 
products provide radioprotection. Modulation of the radiotherapeutic index via applying nanomaterials is feasible for 
effective treatment however, the scenario changes when simultaneous protection of non-cancerous cells is required. 
Here, we report the modulatory radiotherapeutic effect of curcumin conjugated gold nanoparticles in a single nano-
formulation to pave the long-awaited hope of a single combination-based, cell-selective radio enhancer, and protectant 
for cancer radiotherapy. We have validated the effective radiation dose along with the combination of the radio-nano-
modulator by a reverse experimentation statistical model. The concept was supported by different sets of experiments, 
like quantification of ROS generation, cell cycle monitoring, mitochondrial membrane potential measurement, etc. along 
with gene expression study, and predictive modeling of molecular pathways of the killing mechanism. In conclusion, the 
nanoconjugate showed a promise to become a candidate for the pH-dependent cell-specific radio-modulator.

Keywords Gold-curcumin nanoparticles · Metal-phytodrug nanoconjugates · Ionizing radiation · Radiosensitization · 
Radioprotection · Oxidative stress · Programmed cell death

1 Introduction

Radiation therapy is the foremost chosen method for the treatment of locally advanced cancers. While radiation therapy 
contributes to severe deleterious effects on neighboring non-cancerous cells. Radiation therapy also potentially influ-
ences immune suppression, and bone marrow degradation [1]. To minimize the deleterious effects of radiation, radio-
ligand therapy (RLT) or radionuclide therapy is a better choice over conventional radiation treatment [2]. Radionuclide 
therapy delivers radionuclides close to the site hence significantly lowering the adverse effect of radiation damage to 
normal local tissues [3]. During RLT, the healthy local tissues around the tumor tend to receive a prolonged radiation 
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dose due to the presence of radionuclides within the body. Unfortunately, traditional radiation therapy as well as RLT 
bombards the system with high-energy radiation doses [4, 5]. Alternatively, Auger therapy relies on low-energy electrons 
for the treatment of cancer where the presence of a metal within the cell is capable of releasing Auger electrons upon 
being charged by external radiation. The Auger therapy is low low-energy method for damaging cancer cells unlike 
conventional radiation therapy consequently it can be implied as the next generation of cancer radiation therapy [6–8]. 
The Auger therapy can be tailored for targeting cancer cells by combining the electron emitter with a homing ligand 
molecule. Auger therapy is an attractive approach to treating cancer by damaging the DNA and arresting cell division 
thereby halting tumor growth and metastases [9]. Unlike conventional radiation therapy, during Auger therapy, the 
applied radiation dose can be minimized due to the presence of ligands. Moreover, the high Z metals are considered a 
true magic bullet in Auger therapeutics [10]. For instance, the case of cisplatin served as a potential chemotherapeutic 
for cancer therapy where metallic parts along with organic effectors are responsible for the potency of cisplatin [11]. 
However, due to the high energy covalent bonds between metal and organic moiety present in the cisplatin tends to be 
highly toxic for normal cells as they cannot be metabolized easily nor can be cleared from the system [12].

Metallic gold nanomaterials, due to their inherent chemical stability and excellent biocompatibility, have been uti-
lized for various biomedical applications such as tagging cells and proteins, delivering therapeutic agents [13] and/or 
drugs, ultrasensitive detection of biomolecules [14], radiosensitizer [15] or radio-enhancers [16]. Gold nanomaterials are 
also employed for photodynamic therapy [17] and the most recent hyperthermic treatment [18]. Gold nanoparticles 
(AuNPs) act as an excellent radiosensitizing agent and assist in effective radiation therapy due to increased photoelectric 
absorption of (radiation) cross-sections relative to tissue [19, 20]. AuNPs along with ionizing radiations (IR) contributes 
to generating enormous reactive oxygen species  (O2−, 1O2, and ·OH) and are eligible to be potent radiosensitizer [19]. 
The IRs follow either direct or indirect mechanisms for cellular damage. During direct damage, the radiation knocks the 
DNA molecule directly and disrupts its molecular structure which leads to cellular death while in the course of indirect 
radiation damage, the radiation ionizes the aqueous environment of cells and generates highly reactive unpaired free 
hydroxyl (HO·) and alkoxy (RO·) radicals which further interact with macromolecules to disrupt its structure thereby 
impair its functional efficiency and eventually cell death [21–23]. In radiobiology, it has been well established that the 
majority of radio-mediated damages occur due to indirect action mechanisms since water comprises about 70% of the 
cellular composition [22]. Cancer cells develop radioresistance by eloping from the intracellular reactive oxygen spe-
cies (ROS) generated through IRs via manipulating the redox system of cells [24]. Studies have revealed that AuNPs are 
identified to inhibit thioredoxin reductase (TrxR) and disrupt the cellular redox state via interacting and binding to its 
selenocysteine-containing active site of the TrxR enzyme. Reduced thioredoxin regulates the apoptosis and protects 
against oxidative stress. The AuNPs binding with the enzyme is therefore preventing the reduction of thioredoxin and 
disrupts the redox balance in cells resulting in increased oxidative stress thereby inducing cell death [25–27]. Curcumin, 
a natural competitive inhibitor occupies the active site of TrxR and this binding induces conformational changes in the 
structure of the enzyme leading to irreversible inhibition thereby disrupting the redox balance in the cells. Conjugation of 
curcumin with AuNPs in combination with IR acts as a redox-modulating agent that significantly inhibits the thioredoxin 
reductase [28–30]. However, the implementation of nanomaterials along with IRs remarkably increases the intracellular 
ROS levels for a prolonged time thereby compromising the abilities of cancer cells to modulate the redox system [31]. 
Therefore, the antioxidant blocking is persistent enough to culminate in cell death without providing the opportunity 
for cancer cells to develop radioresistance [32, 33]. But this resistance mechanism is not effective enough against the 
Auger electrons generated by the gold NPs upon sensitization with radiation; as the physical mechanism of cell killing is 
not prone to any cellular resistance since virtually all resistance mechanism develops against certain chemical pathways 
of cell killing method. As the Auger electron can travel only a very short distance, like a few hundred nanometers only, 
thus those electrons are only effective to the boundary of the cell and not the neighboring cells, but they can effectively 
harm the intracellular structures like nucleic acids.

During radiation therapy, the protection of neighboring cells from the damaging effect of IRs is mainly conveyed 
by radioprotectant compounds. The radioprotectant must be given to cells before or at the time of irradiation. Herbal 
compounds are revealed to have the aptitude to protect cells against IRs and behave as a potent radioprotector [34]. 
Numerous natural compounds, such as quercetin, naringin, gallic acid, piperine, and curcumin exhibit persuasive radio-
protective properties [35–38]. Interestingly, curcumin is revealed to act as a radiosensitizer in cancerous cells while 
offering radioprotection in non-cancerous cells [39, 40]. Curcumin, a natural polyphenolic compound, principally exists 
in keto-enol form, and its biological activities such as antioxidant, anti-inflammatory, antimicrobial, and anticancer prop-
erties exclusively depend on its molecular configuration (keto-enol tautomers) depending on intracellular pH conditions. 
Mainly, the keto form is responsible for the antioxidant properties of curcumin [41, 42]. The mechanism of radioprotection 
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of curcumin is conferred by the pro-oxidant property, GSH-antioxidant induced response, and cytoprotection in-vitro. 
The chromosome degradation increased significantly in the gamma-irradiated group which was decreased evidently 
in cells incubated with curcumin. The results demonstrated that the antioxidant properties of curcumin facilitate both 
protection and chromosome damage repair that caused due to gamma radiation. The anti-lipoperoxidation effect of 
curcumin could be linked to explain by its direct free radical scavenger property that further confers the radioprotection 
[43, 44]. Another study demonstrated the improvement in radioprotection efficacy and enhanced survival rate in mice 
which was pre-incubated with curcumin-conjugated albumin nanoparticles and then given X-ray irradiation [45]. Despite 
being a safe drug, it endures several inadequacies such as low biological availability, photodegradation, and poor phar-
macokinetics that can be rectified efficiently with the aid of nanotechnology [35, 46].

Considering above mentioned facts, we have developed a curcumin-coated gold nanoparticle system for the valida-
tion of our concept of a single combination having both radio sensitization and radio protectant properties in a cell-
selective manner. Since the late 1970s, different research groups explored structurally dissimilar molecules and their 
combination to be employed as either radioprotector for non-cancerous cells or radio-enhancer for cancerous cells 
but failed due to the non-selective behavior of the molecules used [47–50]. To the best of our knowledge, this is the 
first study to demonstrate a single (nano)formulation based on the combination of gold and curcumin that provides a 
higher radiotherapeutic index in cancer cells (HeLa cell line) along with the potential to have radiation protection to non-
cancerous cells (HEK-293 cell line) selectively. Thus, the present study revealed the role of metal-based radiosensitizers 
alone or in combination with phytodrugs to be validated for their preferential translation into clinical developments for 
next-generation radiation-mediated cancer therapy with minimal repercussions.

2  Results and discussion

2.1  Preparation and characterization of NPs

The curcumin-conjugated gold nanoparticles (AuCur NPs) were synthesized by the chemical reduction and nucleation 
method. During the synthesis process, curcumin acts as a reducing as well as a capping agent. The resultant AuCur NPs 
suspension was hydrophilic as seen in the inset of Fig. 1a. The UV–vis spectroscopy depicts the absorption spectra of 
AuCur NPs that revealed two prominent peaks at 376 nm and 539 nm for curcumin and gold NPs respectively (Fig. 1a). 
Plasmonic properties particularly, localized surface plasmon resonance (LSPR) properties predict the shape and dimen-
sion of gold-based nanomaterials. To validate the LSPR properties, the spectral analysis of curcumin (Cur) solution and 
AuNPs was also conducted separately. The spectral scan of AuNPs had the SPR peak at 525 nm (Additional file 1: Fig. S1a) 
and the curcumin solution gives the maximum absorption peak at 420 nm (Additional file 1: Fig. S1b) [51, 52]. As it is 
revealed by a spectral scan of AuCur NPs, there was a blue shift of 53 nm (from 420 to 367 nm) in the absorption spectra 
of curcumin while a redshift of 14 nm (from 525 to 539 nm) was found in the LSPR band of gold. The change in the spec-
tral scan of AuNPs and curcumin alone as compared to AuCur NPs confirms the possible conjugation of curcumin with 
AuNPs, which was further confirmed by FT-IR. To confirm the morphology and size of AuCur NPs, HR-TEM and AFM stud-
ies were conducted. The HR-TEM micrograph approves a spherical morphology with an average size of 7 nm ± 2.29 nm 
(inset Fig. 1b). The size and shape of the AuCur NPs from AFM analysis signified the spherical morphology. Also, Fig. 1c 
divulged the 2-D and 3-D distribution of AuCur NPs along with the line analysis of a single NP (Fig. 1c iii & iv), confirming 
an average size of 5.62 nm with an apparently smooth surface. The AuCur NPs have a hydrodynamic size of 135 ± 0.76 nm 
(polydispersity index: 0.3) (Fig. 1d i) and the Zeta potential (ζ) measurements revealed that the NPs have fairly good sta-
bility with ζ value − 13 ± 0.23 mV (Fig. 1d ii). A good zeta potential value is indicative of NPs stability that was previously 
confirmed by TEM and AFM analysis which showed a fair distribution of NPs without any aggregation. The conjugation 
and possible interaction of curcumin with the AuNPs surface were studied by FT-IR spectroscopy. During the capping 
of AuNPs, the hydroxyl groups present in the phenolic and enolic parts of curcumin were involved in interaction and 
binding with AuNPs. FT-IR spectra showed wider plane bending of the –OH stretching at 1628, 1285, and 1153  cm−1 in 
the curcumin scan. These –OH stretching was observed to be diminished in AuCur NPs spectra due to curcumin’s active 
interaction for binding with AuNPs (Fig. 1e). Moreover the –OH stretching present in AuNPs at 3495  cm−1 gets broadened 
in AuCur NPs spectra due to vibrational stretching during the interaction with curcumin. The peaks present at curcumin 
for –COO− stretching, and C–H stretching of aliphatic bonds at 1754, 1024, and 962  cm−1 showed planer widening in 
AuCur NPs confirming the capping of curcumin on AuNPs. The FT-IR data confirms that curcumin was adhered to the 
surface of gold by the formation of metal–ligand π bonding, facilitated by the presence of a large amount of positive 
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Fig. 1  Physicochemical characterization of curcumin conjugated gold nanoparticles (AuCur NPs). SPR peak of NPs revealed by a UV–visible 
absorption spectroscopy. Absorbance peak demonstrates the signature peaks for both curcumin and gold in AuCur NPs spectra along with 
the inset representing the photograph of curcumin and synthesized AuCur NPs; b HR-TEM photomicrograph of NPs (inset representing the 
size distribution pattern of the AuCur NPs); c AFM analysis reveals the (i) 2-D view and (ii) represents the 3-D view of AuCur NPs, (iii) and (iv) 
describing the height profile in term of revealing the size of AuCur NPs; d graph revealing the size profiling by particles size analyzer (i) size 
distribution pattern and (ii) zeta potential measurement; e FT-IR spectra of AuCur NPs revealing the conjugation between curcumin and 
gold nanoparticles
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charge of Au ion and the delocalized electron cloud of curcumin acting as a π-donor. This metal–ligand π bonding was 
also supported by the UV–vis spectroscopic characterization, where the maximum absorbance of curcumin showed a 
blue shift due to the decrease in the delocalization of electrons, and while a red shift in gold.

The detail of the preparation and physicochemical characterization of AuNPs that describes the particle size and 
surface morphology was given in previous work [52].

2.2  Cell viability and NPs uptake efficiency

The synthesized NPs (AuCur NPs and AuNPs) and curcumin were analyzed for their cytotoxicity activity on HeLa and 
HEK-293 cells at different concentrations (0–100 µg/mL) for 12 and 24 h. The cell viability data of HeLa cells treated with 
AuCur NPs and curcumin demonstrated a significant reduction in the percentage of viable cells in a dose-dependent 
and time-dependent manner where the decreasing percentage is more in AuCur NPs as compared to only curcumin-
treated cells, which can be attributed to the enhanced bioavailability of curcumin in the nanoparticulated form (Fig. 2a). 
The cell viability data revealed the  IC50 values were 6.10 µg/mL and 25 µg/mL for AuCur NPs and curcumin respectively 
(Additional file 1: Fig. S2a). On the contrary, the growth pattern and viability of HEK-293 cells were unaffected when 
incubated with AuCur NPs and curcumin. The results revealed that both AuCur NPs and curcumin treatment groups 
showed excellent biocompatibility (Fig. 2b). The cell viability studies on cancerous cell line (HeLa) and non-cancerous 
cell line (HEK-293) describe that curcumin both in free and nanoparticulated form exhibits potent anticancer activity on 
HeLa cells but remains non-toxic on HEK-293 cells. As proved from previous literature curcumin possesses antioxidant 
and radioprotection activity [38, 51], and hence this study further estimated its radio-sensitizing and/or radio-protective 
activities on HeLa and HEK-293 cells respectively. The 50% inhibitory concentration  (IC50) doses obtained from HeLa cells 
were selected and used for subsequent IR-related experiments.

The cell viability data by AuNPs on HEK-293 and HeLa cells also demonstrated insignificantly negligible reduction of 
both cells (Additional file 1: Fig. S2b and S2c) even at the highest concentration (100 µg/mL). In the case of AuNPs, 100 µg/
mL doses were used for radiation-related experiments. The detailed statistical analysis is given in the supplementary 
information file (Additional file 4: Table S1-S6).

2.3  Nanotoxicity assessment in zebrafish

The intriguing biocompatible nature of nanoparticles (AuNPs and AuCur NPs) and curcumin in non-cancerous (HEK-293) 
cell lines was also validated in the zebrafish embryo. The results demonstrate that the nanoparticles have an insignificant 
(Additional file 4: Table S7) effect on developing embryos. The embryos showed normal hatching patterns and develop-
ment of the spine and tail when incubated with AuNPs and AuCur NPs (Additional file 1: Fig. S3). The larvae incubated 
with AuCur NPs demonstrated the even distribution of NPs as deduced by fluorescence signals throughout the larvae sac 
as compared to curcumin-treated larvae. Nanoparticulated curcumin had better in-vivo bioavailability and distribution 
as compared to bulk curcumin without any embryotoxicity.

2.4  Particle internalization study

For combinational treatment, the doses were selected from the MTT assay but the appropriate time is also a crucial fac-
tor for the radiation-involving experiment since the amount of NPs uptake plays a vital function in the enhancement 
of radiation effects on cells. The uptake of AuCur NPs on HeLa cells at different time points (0–24 h) was quantified by 
ICP-MS and cellular uptake of curcumin via UV–vis spectroscopy. The metallic content of AuCur NPs taken up by the HeLa 
cells was elucidated in a time-dependent manner with a steady augmentation in the uptake of AuCur up to 2 h and then 
significant (Additional file 4: Table S8-S9) amplification in uptake percentage at 12 h (Fig. 2c). Due to impressive photo-
physical properties, the uptake of curcumin within cells in free form and nanoparticulated form can be easily surmised 
through UV–visible absorption spectra. The graph (Fig. 2d) shows the significant enhancement of intracellular curcumin 
amount released from AuCur NPs into cells. The internalization of AuCur NPs in the HEK-293 cells was also evaluated via 
ICP-MS and demonstrated in supplementary file 1 (Additional file 1: Fig. S4).

The uptake studies of AuNPs within HeLa cells were also evaluated through ICP-MS and details can be seen in the previ-
ously published article [52]. As the understanding of the uptake of nanoparticles within the cells aids in their interaction 
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and toxicity, thus the selected dose and time for different nanoparticulated systems for further IR dependency study are 
summarized in Additional file 1: Table S3.

2.5  Radio‑sensitizing activity of NPs in‑vitro

HeLa cells were treated with IR in the presence of selected doses of different nanoformulations to monitor the radiation 
effect on cancer cells. The antiproliferative assay data revealed a decrease in the viability of cells in a dose-dependent 
manner (2–10 Gy) of IR. The cells irradiated by IR without the pre-incubation of any NPs and/or curcumin showed a 
reduction in cell viability from 92–60% (at 2–10 Gy). In combined treatment, when cells were pre-incubated with AuCur 
NPs and then irradiated by IR (AuCur NPs + IR) showed significantly increased mortality of 71–40% at the same IR dose, 
whereas the curcumin (Curcumin + IR) treated cells showed a slight increase in viability from 83–41% (at 2–10 Gy) in cell 
population as compare to AuCur NPs + IR group. The cellular population of the AuNPs + IR treated group showed a minor 

Fig. 2  Cell viability analysis on cancerous and non-cancerous cell lines. Graph demonstrating the a cell viability pattern of HeLa cells; b HEK-
293 cells treated with curcumin and AuCur NPs at time and dose-dependent pattern evaluated by MTT assay; c uptake of AuCur NPs quanti-
fied by ICP-MS and d curcumin uptake quantified by UV–visible spectroscopy at different time points
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increase in viability from 86–48% (at 2–10 Gy) as compared to both AuCur NPs and curcumin-treated groups along with 
IR (Fig. 3a also Additional file 4: Table S10). The number of the viable cell population was higher in the individual treated 
group as compared to combinational treatment. The cells showed the viability of around 75%, 93%, and 86% for AuCur 
NPs, AuNPs, and curcumin-treated cells respectively, but a pre-incubation with NPs and/or curcumin followed by IR 
exhibited potential radiosensitizing effects on HeLa cells.

2.6  Clonogenic survival assay

The colony formation assay demonstrates a detailed account of the survival rate and sensitizing enhancement ratio of 
NPs and/or curcumin in HeLa cells by assessing the number of colonies formed post-radiation treatment. The results dem-
onstrated that the cells pre-incubated with NPs and/or curcumin followed by IR treatment have a significant (Additional 
file 4: Table S11) reduction in the number of colonies formed as compared to cells irradiated only with IR (2–10 Gy). The 

Fig. 3  Radiosensitizing effect of nanoparticles and/or curcumin. Cell viability pattern of different experimental groups along with and/or 
without IR on HeLa cells calculated by a trypan blue dye exclusion method; b photographs of colonies; c graph representing the number 
of corresponding colonies after receiving different treatment; d graph demonstrating the survival fraction; e graph revealing the sensitiza-
tion enhancement ratio (SER) after receiving the different treatment; f phase-contrast photomicrograph demonstrating the morphological 
alterations of HeLa cells obtained due to different treatment
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photograph and bar plot demonstrate the varying colonies formed (Fig. 3b,c) in the plates in different treatment groups. 
The cells irradiated by only different doses of IR (2–10 Gy) showed higher survived colonies (130–57), but that number 
decreased in AurCur NPs + IR (66–9), AuNPs + IR (65–11), and curcumin + IR (92–47). The decreased colony-forming pat-
tern indicates the potential of AuCur NPs, AuNPs, and curcumin pre-incubation for radio-sensitization. The clonogenic 
survival assay for non-cancerous HEK-293 cells demonstrated the number of colonies formed after receiving different 
doses of IR (Additional file 1: Fig. S5) which is significantly higher incomparision with number of colonies appeared after 
treatment of HeLa cells.

Cell survival curves, generated from the linear-quadratic (LQ) model is a method to describe the relation of radiation 
dose-dependent cell survivability, used to elaborate on the effect of NPs and curcumin followed by different doses of 
radiation on cell survival by RAD-ADAPT software (Additional file 1: Fig. S6). The survival curve of the AuCur NPs + IR 
treated group showed a much steeper gradient line whereas the AuNPs + IR group showed a curved pattern in a gradi-
ent line between 2 and 4 Gy but achieved steepness after 6 Gy. Curcumin + IR treated group of cells also showed a slight 
deviation in the gradient line but steeper than cells treated only with IR. The cells treated only with IR also illustrate a 
slighter precipitous gradient line as compared to the combinational treatment (Fig. 3d). The survival fraction declines 
from ~ 0.104 to 0.0009 (AuCur NPs + IR group), ~ 0.124 to 0.001 (AuNPs + IR), and ~ 0.069 to 0.024 (Curcumin + IR) whereas 
it was about ~ 0.608 to 0.036 (IR only) at 0–10 Gy. Thus, the survival fraction data indicates that these combined treatment 
groups abet the sensitization effect by notably reducing the aptitude of cells to form colonies after different treatments. 
The α and β constants estimates of the LQ model and their detailed statistical analysis are given in the supplementary 
Table (Additional file 1: Table S4 and S5). The detailed statistical analysis is given in the supplementary information file 
(Additional file 4: Table S12).

The dose enhancement factor (DEF) was also found to be increased in the NPs-treated group (AuCur NPs: 2.96; AuNPs: 
1.64 at 6 Gy, respectively) and then the curcumin-treated group (1.04 at 6 Gy). The DEF values divulge that cells treated 
with NPs have a higher enhancement in dose as compared to curcumin (Fig. 3e). The SER values of NPs and/or curcumin-
treated groups with individual IR doses (2–10 Gy) are given in Table (Additional file 1: Table S6). Therefore, this result 
unveils that the utilization of NPs remarkably enhances the radiosensitivity of HeLa cells by inhibiting cell growth.

2.7  Analysis of the synergistic effect of the combination treatment

The analysis using CompuSyn software for synergistic and antagonist patterns at combination treatment (NPs and/or 
curcumin with IR) revealed that the nanoparticles (AuNPs and AuCur NPs) have strong synergistic behavior at all IR doses 
(2–10 Gy) as the combination index (CI) is less than 1. While the cells treated with curcumin, along with different radiation 
doses, are prone to show additive effects in comparison to nanoparticles (the indicative CI values are ≈1). The cells treated 
with curcumin and 2 Gy radiation dose showed somewhat synergism whereas the cells treated with curcumin and other 
radiation doses demonstrated the additive effect. The graphical representation of the combination index of nanoparticles 
and bulk curcumin at different IR doses is given in Additional file 1: Fig. S7. The synergistic pattern is mainly due to an 
increase in the generation of intracellular ROS within the cells after the interaction of AuNPs and AuCur NPs along with 
IR. The NPs’ interaction with IR results in the release of photoelectric and Auger electrons that further contribute to the 
production of free radicals. The generation of intracellular ROS due to the production of free radicals is elaborated and 
explained under ROS generation quantification experiments. The behavior of curcumin under the influence of radia-
tion doses can be attributed to the lower bioavailability of curcumin in its bulk form. Curcumin in its bulk form is prone 
to get rapidly metabolized and clear out from the cells. Results indicate that the curcumin in nanoparticulated form 
(AuCur NPs) has a more pronounced activity and bioavailability thereby acting as a potent radiosensitizer and exerting 
synergistically with IR.

All of the above results corroborate that NPs (AuCur NPs and AuNPs) and/or curcumin have the possibility to act as 
sensitizers to cancerous cells under the influence of IR. The abilities of these compounds to be exploited as radiosensitizers 
vary on their surface modification such as curcumin binding on the surface of gold in AuCur NPs that facilitate the release 
and enhanced bioavailability of curcumin, as well as Au part, engage in the release of secondary photons and electrons 
of various energy level eventually ionizes the cellular environment and aids in radio-enhancement. The radiosensitizing 
results indicated that the lowest IR dose (2 Gy) has not demonstrated any significance (p < 0.05, p < 0.01, p < 0.001, and 
p < 0.0001) in the sensitization of cells as compared to other doses (Additional file 4: Table S11). Therefore for further 
experiments, 2 Gy-IR dose was omitted from the sample set for all the individual as well as combinational treatment.



Vol.:(0123456789)

Discover Nano          (2024) 19:153  | https://doi.org/10.1186/s11671-024-04104-7 Research

2.8  Morphological observations

Further to elucidate the effect of different doses of IR, NPs, and/or curcumin, and their combination (NPs + IR and Cur-
cumin + IR) on cellular morphology, shape, and cell density was monitored by phase-contrast microscopy. The dense 
morphology, flattened cellular shape, prominent nucleoli, and tight cell-to-cell interaction, cannot be ignored in the 
case of untreated cells (Fig. 3f ). The AuNPs treated cells were revealed to have cellular morphology similar to untreated 
control whereas those cells treated with AuCur NPs and curcumin demonstrated a comparatively lesser density and 
shrinkage than untreated control cells.

The combinational treatment with AuCur NPs and IR demonstrated a distorted shape with broken filopodia-like struc-
tures, lower cellular density, and cell-to-cell contact. Owing to the higher bioavailability of curcumin in nanoparticulated 
form i.e. AuCur NPs + IR group, the sign of desirable cellular ‘health deterioration’ was more prominent in nanoconjugated 
curcumin than in the Curcumin + IR group. The images of the cells treated with the AuNPs + IR group indicate that the 
consequential changes in structure, morphology, and density of cells were also in a dose-dependent modus. It was 
evident from the photomicrographs that during each combinational treatment with IR, the exposed cells seemed to 
be critically altered and displayed unusual characteristics that included flaccid morphology, inadequacies in adhesion 
properties to their surfaces, sluggish growth rate, and prominent filopodia-like structures when compared to untreated 
control cell behaviors.

2.9  Reactive oxygen species (ROS) generation

IRs are widely known to raise the intracellular free radicals predominantly ROS by the radiolysis of the water [18]. Normally, 
the interaction of IR within the cell’s microenvironment results in the production of secondary electrons and free radicals 
which eventually interact with other atoms and produce a chain of biological effects and destabilize the macromolecular 
structures within cells. Radiosensitizers substantially promote ROS-mediated DNA damages and genomic instabilities by 
creating nicks in single-strand (SSBs) and/or double-strand breaks (DSBs). The interaction between NPs (AuCur NPs and 
AuNPs) and incident IR within the cellular microenvironment allows the emission of Auger electrons, potentially harmful 
at short distances, and enhances the sensitivity of cells for IR by exacerbating ROS generation and eventually DNA dam-
age. The generation of ROS was assessed by fluorescent labeling of cells with  H2DCFDA dye followed by microscopy. An 
elevated level of ROS production was displayed by the green fluorescence of DCF, which increases with the increasing 
doses of IR in all groups (AuCur NPs, AuNPs, and Curcumin) due to the generalized mechanism of ROS generation. Overall 
results culminate in the synergistic performance of NPs and curcumin in intracellular ROS production than those cells 
that only receive IR (Fig. 4a). Although it is undeniable that IR plays a crucial role in the elevation of ROS generation and 
ultimately manifests toxicity to cells by disrupting vital cellular processes. It is not very conclusive from the results of NPs 
treatment followed by IR treatment which a minimal dose of IR is potentially lethal. Like, the cells pre-incubated with NPs 
and/or curcumin demonstrated a significantly varying level of ROS when exposed to 6 Gy as compared to unirradiated 
cells. Thus the cells treated with AuCur NPs + 6 Gy, AuNPs + 6 Gy, and curcumin + 6 Gy overproduce ~ 9.7, ~ 7.7, and ~ 6.8-
fold of endogenous ROS (Additional file 1: Fig. S8a and Fig. S8b), respectively, compared with untreated control cells 
due to the stimulation of enhanced photoelectric free radical production. Therefore, depending on the ROS generation 
results among all treatment groups, AuCur NPs and AuNPs demonstrate the prospects to be excellent radiosensitizers 
as compared to bulk curcumin (Additional file 4: Table S12).

2.10  DNA fragmentation assay

Damage to the structural integrity of DNA is a hallmark of cell death initiation and ionizing radiation irradiated cells are 
more prone to DNA damage due to the excess amount of ROS generation. The genomic DNA was isolated from cells that 
were being exposed to different treatments with and/or without IR and ran on an agarose gel to monitor the alterations 
in the integrity of DNA. The results portrayed that the untreated control cells display excellent DNA integrity whereas the 
cells exposed to AuCur NPs + IR revealed fragmented DNA in the form of trails that appeared on the gel. The AuNPs + IR 
treated group alongside the curcumin + IR group also indicated the breakage of DNA by demonstrating the trailing behav-
ior (Fig. 4b). As it is the well-perceived conception that during programmed cell death laddering phenomenon is usually 
observed in DNA. It is also to be noted that, the thick band just below the well marked the presence of high molecular 
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weight nucleic acids, like genomic DNA. Loss in the thickness of that band indicates more breakage of genomic DNA; in 
response to the different treatments, the thickness of bands visibly changed indicating different treatment groups have 
the distinct potential to break the genomic DNA integrity. When cells were pre-incubated with NPs and/or curcumin and 
then irradiated with different doses of IR, the excessive free radical production further effectuates nicks at various loca-
tions and distorts the integrity of DNA, eventually producing ~ 40–180 bp length intranucleosomal fragments [53, 54]. 

Fig. 4  Radioenhancement effect of nanoparticles and curcumin in HeLa cells. a ROS generation (i) photomicrographs demonstrating the 
fluorescence signals from the cells, and (ii) corresponding mean fluorescence intensities obtained by DCFDA dye from the cells; b genomic 
DNA fragmentation pattern obtained by giving different treatments; c Mitochondrial membrane potential analysis showing (i) fluorescence 
images of HeLa cells fluorescence intensities obtained by a change in the mitochondrial membrane potential, and (ii) graph showing the 
corresponding mean fluorescence intensities obtained from the cells; d microscopic revelation of (i) apoptotic and non-apoptotic cells 
stained by DAPI and PI dye and (ii) corresponding mean fluorescence intensities obtained from the cells depicting the ratio of the live-to-
dead cell after receiving the different treatments; e scanning electron microscopic photomicrograph revealing the morphological altera-
tions, and apoptotic pattern of cells after receiving the different treatments
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The data obtained from the LQ model highlights the higher α/β ratio corresponds to a lower capability of repair between 
the fractions. Hence the effect is due to higher damage production in the presence of NPs system. Also, the effect is not 
universal, it is dependent on the cell type, the stage of the cell with respect to the cell division, and the size and shape of 
the particle along with the ligand molecules that are present on the surface of the particle and under the influence of IR 
can induce oxidative DNA breakage [55, 56]. Therefore, DNA fragmentation results confirmed that synergistic treatment 
turns out to form a higher amount of oligonucleosomal fragments and hence trailing patterns.

2.11  Mitochondrial membrane potential (∆ψm) assay

Mitochondrial functions are considered as the imperative indication of cells’ robustness and any dysfunctionality signal 
towards its faulty behavior. A mitochondrial membrane potential (MMP) assay was performed to monitor any changes 
in the electrical potential across the inner membranes and its integrity by cationic fluorescent dye (Rhodamine123). The 
loss in the membrane integrity was monitored by hampered fluorescence intensities of Rhodamine123 dye. Untreated 
control cells which don’t receive any treatment had excellent green fluorescence as compared to cells that were exposed 
to the different treatment groups. The cells were pre-incubated with NPs and/or curcumin along with 6 Gy demonstrating 
the significant damage to mitochondrial membrane potential (Fig. 4c). The cells irradiated only with different doses of IR 
showed depletion in the fluorescence intensities depending on the increasing doses of IR thereby signifying that higher 
doses are a peril for mitochondrial health. The cells treated with the AuCur NPs + IR group showed inferior fluorescence 
signals as the IR doses increased which indicates the damage to the inner membranes drastically. The cells treated with 
the AuNPs + IR group also have low fluorescence intensities depending on the IR doses. The results very conveniently 
revealed that NPs along with IR initiated the generation of ROS and damaged the membranes of mitochondria and have a 
characteristic of potent radiosensitizer. The cells treated with the curcumin + IR group also have lower green fluorescence 
in a dose-dependent manner but the fluorescence intensities were comparatively elevated as compared to the AuCur 
NPs + IR treated group. Although curcumin in the presence of IR does append in damage to the mitochondrial membrane 
while its poor bioavailability in a bulk form limits its efficacy (Additional file 1: Fig. S9 and Additional file 4: Table S13).

2.12  Apoptotic morphological observations

ROS, DNA fragmentation, and MMP data indicated the nanoformulations have potent radiosensitizer activity that insti-
gates cell death, presumably by apoptosis. To assess the amount of living and dead cells after receiving the respective 
treatment of NPs, curcumin and/or IR were investigated by co-staining the cells with DAPI/PI dye. These fluorescent dyes 
aid in distinguishing the cells in different stages of apoptosis i.e., early apoptotic or late apoptotic cells as well as necrotic 
cells. The microscopic images demonstrated that the PI-stain has exclusively been taken up by dead cells with compro-
mised cellular membrane integrity. Untreated control cells have invariant nuclei staining of DAPI and good morphology 
whereas the cells exposed to different doses of IR have more strong fluorescent signals of PI-stained cells as the cellular 
mortality enhanced with an increase in the IR doses (Fig. 4di). The cells treated with the AuCur NPs + IR group have a 
more diffused DAPI signal due to the presence of fragmented DNA and when these cells were co-stained with PI, the cells 
exhibit a strong red fluorescence depending on doses of IR. The cells treated with the AuNPs + IR group divulge that the 
cells showed more PI-stained cells compared to cells irradiated with IR only; the same fluorescent signal pattern is also 
noticeable in the curcumin + IR treated group. The photomicrographs showed that there are early apoptotic cells stained 
blue with condensed chromatin whereas late apoptotic cells showed reddish nuclei with comparatively less condensed 
chromatin. The synergistic therapy was revealed to have elevated ROS, disintegrated DNA, and dysfunctional mitochon-
drial membrane electric potentiality mediated induced cell death. The data confirmed the stimulation of apoptosis in 
cells treated with combinational treatment and manifesting a higher death (Fig. 4dii). Therefore, the result indicated that 
NPs along with IR play a key role in enhancing the doses of IR and inducing apoptosis (Additional file 4: Table S14). The 
photomicrograph showing the fluorescence signals from cells incubated with different NPs and/or curcumin along with 
different IR doses (4–10 Gy) is demonstrated in Additional file 1: Fig. S10.

The field emission scanning electron microscopy (FE-SEM) photomicrograph displays the morphologies of cells treated 
with NPs, curcumin, and/or IR. The cells that undergo apoptosis demonstrated characteristic features such as smaller in 
size, deformities in their structure, membrane blebbing, and shrunken nuclei. As electron photomicrographs illustrate 
the untreated control cells showed excellent cellular morphology, whereas the cells exposed to different doses of IR 
showed changes in the shape, structure, and densities of cells depending on IR doses (Fig. 4e). The cells treated with 
the combinations of NPs + IR have more rounded cells, lesser cellular densities, shrunken nuclei, membrane blebbing, 
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and emerging apoptotic bodies. Post-irradiation the growth of the cell diminishes and some cells have to be seen with 
fragile filopodia-like protruding ends. The results corroborated by the co-staining with DAPI and PI as well as FE-SEM 
elaborates that the NPs even at lower IR doses significantly sensitized the cells and revealed prominent apoptotic features 
as compared to cells exposed to only IR even at higher doses.

2.13  Cell cycle analysis

To pinpoint the role of NPs and/or curcumin along with IR dose, cell cycle regulation was analyzed to validate the cell 
cycle blockade pattern. Interestingly, DNA histogram-based estimation of cell distribution in different stages of the cell 
cycle indicates radiation-induced sensitivity contributed to disruption in normal cell cycle regulation. The cell cycle 
data demonstrated that the cells, that received different treatments of NPs and/or curcumin along with IR, were mainly 
arrested at the  G0-G1 phase. The cells arrested at sub-G0-G1 typically correspond to apoptotic populations. The apoptotic 
cell populations were found to be more in the AuCur + IR group (~ 12.30%) and AuNPs + IR group (~ 10%) as compared 
to the curcumin + IR group (~ 4.18%). The graph reveals the percentage of cells at all stages of the cell cycle when pre-
incubated with NPs and/or curcumin and then irradiated with a 6 Gy dose (Fig. 5a). The complete set of results indicated 
that untreated control cells were distributed naturally at all stages of the cell cycle. The comprehensive representation 
of the cell population at different cell cycle stages after combinational treatment and/or individual treatment with all 
different IR doses is given in Additional file 1: Fig. S11.

ROS, analysis of mitochondrial membrane potential, investigation of cell death, and cell cycle results indicated that 
IR dose (4 Gy) has a lower level of significance (p < 0.05) even in the presence of NPs and/or curcumin. The data revealed 
that the higher doses have more significance (p < 0.01, p < 0.001, and p < 0.0001) Therefore, for further experiments 4 Gy 
IR dose was omitted for all the individual and combinational treatments.

2.14  Wound healing assay

The cytoskeleton outlines the infrastructure for cell shape and additionally contributes to cell motility. Cell migration has 
a remarkable role in embryonic development, angiogenesis, and tumor metastasis. Cell-to-cell interaction is a significant 
factor for the survival of cells under stress conditions like during and after radiation exposures. In cell migration assay, 
the cells are forced to move in one direction, via cell-to-cell contact, and evaluated its innate ability for directional per-
sistence. To further confirm the sensitizing capabilities of NPs and/or curcumin on HeLa cells; the wound-healing assay 
or scratch assay was performed on the monolayer of cells. The role of an excellent radiosensitizer tends to hamper the 
migration abilities of cells. The results elucidated untreated control cells have several membrane protrusions and showed 
higher cellular migration at 48 h whereas the cells that received different treatments (NPs and/or curcumin) along with 
different doses of IR (6–10 Gy) were prone to have significantly repressed functional filopodia formation and depletion 
in migration abilities eventually inclined towards incompetence to heal the created ‘wounds’(Fig. 5b). Data concluded 
that the cellular motility was inhibited upon the pre-incubation of NPs and/or curcumin even if monitored for 48 h, with 
significantly higher efficiency than only radiation treatment. The wound in the form of a gap (distance) was quantitatively 
evaluated by ImageJ software. The significant reduction in the filopodia protrusions also makes cancerous cells incapable 
of ‘metastasis’ and the application of NPs supplies better assistance to radiations and manifests them to be an enviable 
radiosensitizer. The effect of NPs and/or curcumin along with different doses of radiation (6–8 Gy) is given in Additional 
file 1: Fig. S12 and significance values in Additional file 4: Table S15.

2.15  Validation of experimental data by random response surface methodology

Evaluation of designed experiments is crucial for estimating the role of effectors and their consequent effects. It becomes 
complex when various effectors and their effects need to be validated to determine the ultimate fate of experimentations. 
It is also notable that determining the most effective solution becomes a paradox when effects are not distinguishably dif-
ferent in the presence of complex and/or compound effectors. Hence, a reverse experiment design approach was adopted 
to determine the most effective combination of treatments, i.e., NPs and/or curcumin along with different doses of IR. As it 
has been proved that IR doses (2 and 4 Gy) didn’t show any significant effect on cells either in individual or combinational 
treatment. Hence, to determine the puissant combination among the pairs, three IR doses (6, 8, and 10 Gy) with NPs 
and/or curcumin were estimated by a modified randomized reduced quadratic Response Surface Design (RSM) method 
in Design-Expert® software. For this mathematical and statistical experimentation method, different treatments were 
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considered as variable factors (IR doses, AuNPs, AuCur NPs, and curcumin) and dependent responses were cell percentage 
of different experiments (i.e., ROS generation, mitochondrial membrane potential analysis, cell death, the antiproliferative 
population of cells, survival fraction, migration ratio, and cell cycle). The RSM analysis data showed intriguing observa-
tion that the most desired output which was statistically significant was the combination of AuCur NPs along with IR 
dose (6 Gy) among all other combinations in a more effective way on HeLa cells (Fig. 5c). The detailed statistical analysis 
of ANOVA for the sequential method, the correlation coefficient of coded factors, generated polynomial equations, and 
confirmation of post-analysis are given in supplementary information (Additional file 1: Table S7–S11). All the key radio-
sensitization experiments demonstrate the enhancement in the therapeutic index by using curcumin-conjugated gold 

Fig. 5  Radioenhancement effect of nanoparticles and/or curcumin. a Cell cycle analysis (i) cell population arrest peaks of treated and 
untreated HeLa cells and (ii) graph showing the cell cycle arrest percentage at different stages of cell cycle regulations; b scratch assay (i) 
microscopic images showing the migration abilities of HeLa cells after receiving the different treatments and (ii) graph representing the 
migration ratio of cells; c graph showing the three dimensional (3D) representation of obtained responses for individual experiments in sig-
nificant dose (6 Gy) and NPs combination (AuCur NPs) by response surface design
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nanoparticles but curcumin also has radioprotection abilities, depending on the cellular microenvironment, favorable in 
non-cancerous cells. The evaluation of radioprotection abilities of bulk curcumin and nanoparticle conjugated curcumin 
showed a promising difference in quenching the intracellular free radicals and neutralizing the redox environment by 
nanoconjugated curcumin as compared to bulk curcumin in HEK-293 cells (Additional file 1: Fig. S13), this can be attrib-
uted to the difference of biologically available curcumin in nanoconjugated and bulk forms.

2.16  Quantitative real‑time PCR assay

The quantitative reverse transcription PCR (qRT-PCR) method very efficiently demonstrates the precise and insightful 
alterations in the gene expression pattern. To identify the role of NPs and/or curcumin individually or along with IR 
on cell death mechanisms, some crucial program cell death (PCD) related genes were analyzed through the qRT-PCR 
technique. qRT-PCR (PCR) for a selected set of genes indicates that radiation treatment alone or with a combination of 
radiosensitizer molecules has an intense effect on the transcriptional level expression of these genes. c-MYC, a proto-
oncogene, and a crucial transcription factor is associated with several intracellular processes at the molecular level with 
a disproportionately high expression in several cancer types [57, 58]. TP53, CYCS, BAX, and CASP3 act as apoptotic genes 
and participate at different stages of the apoptosis mechanism. During the apoptotic process, these genes participated 
in apoptosis initiation (TP53), progression (CYCS), and execution (CASP3 and BAX).

The c-Myc gene product plays a pivotal role in cellular proliferation and thereby contributes to the formation of can-
cer. The constitutive upregulation of this proto-oncogene (c-Myc gene) is mainly found in the different cancer subtypes 
including cervical cancer, breast cancer, colon cancer, and stomach cancer [58]. Several studies demonstrated the effect 
association between radiosensitivity and deregulated c-Myc [59–61]. Other studies also indicated that an uncontrolled 
upregulation of the c-MYC gene enhances cell apoptosis stimuli in the radio-sensitized cells to significantly facilitate apop-
tosis [61, 62]. The balance between deregulated MYC and other apoptotic genes i.e. TP53, CASP3, CYCS, and BAX is crucial 
in triggering the PCD process in cancerous cells. MYC gene upregulation manifested in IR-treated groups predominantly 
plays a critical role in triggering the CYCS gene in apoptosis-mediated pathways by releasing it in the cytoplasm [62]. 
Released CYCS in cytoplasm work in association with other components of programmed cell death machinery. Moreover, 
upregulation of the BAX level is equally critical to induce the opening of a voltage-dependent anion channel (VDAC) that 
triggers the release of CYCS. The release of CYCS from mitochondrial membranes into cytoplasm induces the formation 
of apoptosomes in the presence of apoptotic protease activating factor-1 (Apaf-1) thereby activating the pro-caspase-9. 
The expression data revealed that in the cells treated with NPs and/or curcumin along with different doses of IR, the BAX 
expression is relatively low except for the 6 Gy radiation dose.

Ionizing radiations are known to generate double-strand-DNA (ds-DNA) nicks and breakage into smaller oligomers. 
Due to the exposure of IR on cells, several ds-DNA nicks were observed that further activate the Interferon-inducible 
protein (AIM-2). AIM-2 is a cytoplasmic sensor molecule that non-specifically recognizes ~ 40 bp long ds-DNA nicks 
and activates the apoptosis-associated speck-like protein containing a CARD (ASC). Activated ASC is responsible for 
caspase-1 binding and formation of AIM-2 inflammasome which further initiates the activation of pro-inflammatory 
cytokines thereby inducing pyroptosis. During the pyroptosis, the elevated expression of BAX, CASP-3, CASP-9, and 
TP53 was observed along with other genes. The results demonstrated that the AuNPs are biocompatible in nature and 
unlikely to have any significant role in the up-and/or down-regulation of the genes when given to cells. On the contrary, 
curcumin is known as a direct blocker of dual-specificity tyrosine-regulated kinase-2 (DYRK2) which further activates the 
series of proteosomes [63, 64]. Further, curcumin-conjugated AuNPs potentially trigger the TP53-mediated apoptosis via 
activating the caspase-3 pathway. The results demonstrate a significant (p < 0.05) up-regulation in the MYC (~ 7.86 fold), 
TP53 (~ 6.19 fold), CASP-3 (~ 3.86 fold), and CYCS (~ 7.69 fold), BAX (~ 4.12 fold) in the IR (6 Gy) group were observed. On 
the contrary, there was a most significant upregulation of gene MYC (~ 7.15 fold), TP53 (~ 7.14 fold), CASP-3 (~ 9.90 fold), 
and CYCS (~ 10.80 fold), BAX (~ 10.33 fold) in the AuCur + 6 Gy group. This upregulation pattern is not noticeable in only 
the curcumin treatment group due to the lower bioavailability of the bulk curcumin. Thus, the results demonstrated that 
under the influence of IR, all treatment groups (NPs and/or curcumin) have a more pronounced result as compared to 
individual treatment, and visa-versa.

In the case of nanoformulations, the incidence of ionizing radiation interacts with nanoformulations and generates 
oscillating Auger electrons to facilitate the release of conjugated curcumin from the surface of AuCur NPs into the cells. 
The released curcumin initiates the cascade of cell death in cancerous cells. Under the influence of IRs, the AuNPs pre-
incubated cells, the photoelectric effect occurs that eventually generates the localized heat and free radicals within 
cells thereby initiating the breakdown of genomic DNA into smaller oligomeric fragments. Therefore, the generation of 
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localized heat and free radicals within cells initiates two pathways in particular namely apoptosis and pyroptosis. The 
most significant change in the expression of BAX gene expression revealed that the upregulations were observed more 
in AuCur NPs + 6 Gy (~ 10.33 fold), AuNPs + 6 Gy (~ 8.26 fold), curcumin + 6 Gy (~ 6.41 fold) and 6 Gy (~ 4.12 fold) respec-
tively, indicating noteworthy transcriptional changes in the cells exposed to 6 Gy IR dose along with the combination 
of particles (Fig. 6a). The interaction of cells with ionizing radiation usually promotes the development of irreparable 
DNA damages that further contribute to genomic instability, oxidative stress, and the initiation of apoptosis-mediated 
cell death. The DNA damage caused due to IR leads to the accumulation of p53 stimuli that act as modulators for pro-
apoptotic effectors. Therefore, the results demonstrated that in NPs and/or curcumin-sensitized cells at higher doses of 
IR i.e. 8 Gy and 10 Gy, mislaying the intricate balance of mentioned gene products thereby had an ineffective role in trig-
gering c-Myc-dependent blocking. While the cells receive only a high dose of IR revealed to be evidence for significant 
participation in c-Myc-dependent apoptosis. Therefore, gene expression data confirmed that AuCur NPs alone may not 
initiate the apoptosis mechanism but are evidently triggered in the presence of ionizing radiation. The observations 
indicated that combinational treatment (NPs and/or curcumin) along with ionizing radiation facilitated the more pro-
nounced effect even at a lower IR dose (6 Gy) thereby enhancing the therapeutic index IR and can be used for better 
radiotherapeutic therapy.

Further, the results attained from gene expression data, after hierarchical clustering based on the Ward linkage from 
Pearson correlation coefficients, indicate (Fig. 6b) that the effect of different types of treatment has a very distinct overall 
effect on the expression of these genes and constructed by using Orange software [65]. It is very interesting to see that 
the highest dose, i.e., 10 Gy clustered under the same clade as the untreated control, which indicates the incompetency 
of the specific radiation dose when compared with the tested classes of genes. On the other hand, all 6 Gy treatments, 
except AuNPs + 6 Gy which also appear to be another closest relative of untreated control, come under a single clade as 
an indicative of the most consistent group of treatment.

Fig. 6  Quantitative real-time PCR analysis. a graph showing the fold change expression pattern of different genes in HeLa cells after receiv-
ing the different treatments, and b image demonstrating the heat-map and cluster relationship between the different genes and experi-
mental groups
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2.17  Molecular mechanism of the signaling pathway

The confusing yet interesting pattern of gene expression change leads to the identification of the probable molecu-
lar pathway of the action. For this analysis, only the best combination i.e., AuCur NP + 6 Gy considered to construct 
the probable mechanism of action at the molecular level. Curated databases such as STRING database and KEGG 
database were used to analyze pathway network that provides comprehensive genome-wide networks that include 
whole gene regulations, signal transduction, and gene protein associations. For this study, a confidence-based full-
scale STRING network [66] was built by keeping the interaction score at the highest confidence level (0.900) with a 
maximum of 50 interactors at the first shell. Thus, the build protein–protein interaction (PPI) network has a very high 
overall enrichment value (< 1.0e−16) signifying a large number of possible interactions, which is also validated by the 
number of edges present between nodes. The final number of nodes are 55 (50 + original 5 query proteins) and the 
corresponding edge number is 228 (Fig. 7a). Most of the interactions indicate different biological processes related 
to several environmental effectors, diseased conditions, and others, along with several local network clusters; given 
in the supplementary information files (Additional files 2, 3). Further, in this study the components from two bio-
logical processes related to gamma radiation’s effect on cells, viz. GO: 0071480 (blue dot) and GO: 0010332 (red dot) 
along with two local network clusters of STRING, CL: 18,767 (yellow dot) related to the Activation of caspases through 
apoptosome-mediated cleavage and CL: 18,741 (green dot) correspond to Nanomaterial induced apoptosis, and TRAIL 
binding (Fig. 7b) was selected for further analysis in KEGG database [67, 68]. KEGG Mapper Reconstruct analysis on 
selected 11 proteins (including originally analyzed five genes by gene expression study) reveals 104 pathways are 
associated with the examined proteins. Among all of them, apoptosis (map. 04210), p53 signaling pathway (map. 
04115), and cellular senescence (map. 04218) along with an external candidate map cytosolic DNA sensing pathway 
(map. 04623) considered based on the experimental procedure and results obtained, to reconstruct the predictive 
mechanism pathway.

The predictive pathways explained that the gene products indicate the involvement of programmed cell death 
(PCD). During PCD, the initial signals are generated via damage of DNA followed by activation of caspases in response 
to anticancer chemotherapy and/or radiation therapy thereby initiating the extrinsic pathway or at the mitochondria 
by stimulating the intrinsic pathway. Figure 7c illustrates the comprehensive predictive pathway for the functioning 
of nanomaterials along with ionizing radiation by using the KEGG mapper. Ionizing radiations mediated single and 
double-strand breaks in nuclear DNA eventually activate the caspases. These caspases cleave several substrates in 
the cytoplasm or nucleus leading to many of the morphological features of apoptotic cell death. During apoptosis, 
polynucleosomal DNA fragmentation is mediated by the cleavage of an inhibitor of caspase-activated DNase that 
cleaves the DNA further into oligomeric fragmentations. The mitochondrial pathway is initiated by the release of 
cytochrome c into cytosol which further triggers caspase-3 activation. Caspase activation is also linked to the per-
meabilization of the outer mitochondrial membrane due to stress signals. The oxidative stress (ROS) induced changes 
in the apoptotic signals to cells exposed to NPs and/or curcumin along with IR were convoyed by significant altera-
tions in the mRNA expressions by up-and downstream signaling pathways involved in apoptosis and injury in cells. 
Therefore, from the experimental evidence and the previous work, pathway reconstruction certainly indicates that 
the mechanism of cell killing by combinational treatment affects cellular components in three distinct ways, i.e., 
apoptosis, pyroptosis, and cell cycle arrest. Though, some of the interactions are still unknown but can be elucidated 
by experimental procedures.

3  Conclusion

Ionizing radiation, in the form of an external beam or as internal medicine, has become a vital part of modern can-
cer therapy as well as diagnostic purposes. Radiotherapy is the most widespread method used in cancer patients 
to shrink the tumor or eradicate residual tumor cells but unfortunately, increased radiation exposure is associated 
with radiation-related adverse events which include single and double-strand DNA damages and deficiencies in DNA 
repair mechanisms, at a molecular level. There was enhanced intracellular ROS generation due to secondary effects 
of the IR and these reactive species are quick enough to oxidize macromolecules (i.e., DNA, proteins, and lipids) pre-
sent within the cells which ultimately leads to the induction of cell death and mitotic failure. Cells having a higher 
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proliferation rate are more sensitive to IR as compared to quiescent and/or slowly dividing cells. IR strikes tumors as 
well as inevitably reaches healthy cells imprecisely to incorporate chromosomal abnormalities which further enhance 
the chances of new malignancies. In conclusion, this report significantly highlights the comparison between bulk 
curcumin and nanoparticulated curcumin in a gold-conjugated form for its radio-enhancement abilities. This study 
has successfully exploited the gamma radiation’s total cross-sectional effect with the presence of gold nanoparticles’ 
intrinsic photoelectric effect, along with curcumin’s pH-dependent isomerization for the initiation of a violent chain 
of intracellular reactions due to the outburst of highly reactive intermediates. Hence, it is obvious to observe the 
conspicuous presence of the gold-curcumin combination during radiation treatment. Biologically available curcumin 
tends to elevate the generation of intracellular ROS levels and also induces significant IR-mediated mitochondrial 

Fig. 7  Interaction between Genes and retrieval of molecular pathways. a STRING protein–protein interaction pathway analysis. The image 
shows the cluster-based interrelation between the identified genes (MYC, TP53, CASP3, CYCS, and BAX) and biological processes; b probable 
interaction pathways such as apoptosis (map. 04210), p53 signaling pathway (map. 04115), and cellular senescence (map. 04218) along with 
an external candidate map cytosolic DNA sensing pathway (map. 04623) was considered to reconstruct the predictive pathway for radio-
enhancement of nanoparticles; c comprehensive representation of predictive pathway for the functioning of nanomaterials along with ion-
izing radiation by using KEGG mapper
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membrane loss leading to the apoptosis of cancer cells. Genome instability and enhanced apoptosis are the criti-
cal signatures of radiation-induced changes in cells. The cell cycle analysis, apoptotic signals, and DNA damage 
were monitored in cells additionally an increased transcriptional up-regulation in gene products (c-Myc, TP53, CYCS, 
CASP-3, and BAX). Our finding demonstrates that HeLa cells preexposed to AuCur NPs have elevated apoptotic and 
pyroptotic signaling than only radiation-exposed cells. This radiosensitizing effect of AuCur NPs is not only proved 
by the experimental method but also well supported by statistical modeling. Along with that the nanoparticulated 
curcumin also exhibits participation in prolonged radical scavenging in normal cells. Though the data are limited but 
it appreciably demonstrates radiation protection on HEK-293 cells when exposed to gamma radiation in the presence 
of AuCur NPs. This study again paved the path for the search for a single combination-dependent radio modulator, 
which can easily enhance the radiation effect in cancer cells along with giving protection to normal cells.

4  Experimental section

The full experimental section is provided in the Supplemental information file 1 (SI).
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