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Abstract
Purpose
Nanoparticles (NPs) as radiosensitizers present a promising strategy for enhancing radiotherapy effectiveness, but their potential is significantly influenced by the properties of their surface coating, which can impact treatment outcomes. Most Monte Carlo studies have focused on metallic NPs without considering the impact of coating layers on radiosensitization. In this study, we aim to assess both the physical and radiobiological effects of nanoparticle coatings in nanoparticle-based radiation therapy.

Materials and methods
In this simulation study, we used Geant4 Monte Carlo (MC) toolkit (v10.07.p02) and simulated the bismuth, gold, iridium and gadolinium NPs coated with polyethylene glycol (PEG-400: Density: 1.13 g/cm³, Molar mass: 380–420 g/mol) as radiosensitizer for photon beams of 30, 60 and 100 keV. Secondary electron number and reactive oxygen species enhancement factor were estimated. Also, dose enhancement factor (DEF) was determined in spherical shells with logarithmic scale thickness from the nanoparticle surface to 4 mm.

Results
Secondary electron emission was highest at 30 keV for gold, bismuth, and iridium NPs, while gadolinium NPs peaked at 60 keV. Coating reduced electron emissions across all energies, with thicker coatings leading to a more significant decrease. DEF values declined with increasing radial distance from the NP surface and were lower with thicker coatings. For gadolinium NPs, DEF behavior differed due to K-edge energy effects. Reactive species generation varied, showing maximum production at 30 keV for gold, bismuth, and iridium NPs, while gadolinium NPs showed peak activity at 60 keV. PEG coatings enhanced reactive species formation at 100 keV.

Conclusion
The findings indicate that the coating layer thickness and material not only influence the emission of secondary particles and DEF but also affect the generation of reactive species from water radiolysis. Specifically, thicker coatings reduce secondary particle emission and DEF, while PEG coatings demonstrate a dual behavior, offering both protective and enhancing effects depending on photon energy. These insights underscore the importance of optimizing NP design and coating in future studies to maximize therapeutic efficacy in nanoparticle-based radiation therapy.
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Introduction
High-density metallic nanoparticles (NPs) combined with low-energy external beam X-rays or brachytherapy sources could significantly enhance the delivered dose and tumor controlling parameters could be enhanced and reducing side effects in healthy tissue surrounding the cancerous region [1, 2]. Researchers have utilized various Monte Carlo (MC) codes, with studies reporting physical dose enhancement around metallic NPs when exposed to different radiation sources such as X-rays, electron and proton beams [3–22].
Secondary electrons and photons released from an exposed metallic surface are the cause of sensitization. Nanodosimetric characteristic of high-Z metallic NPs could significantly increase the local dose and lethal effect of irradiation through photoelectric effect followed by the emission of Auger electrons and electrons induced by X-ray fluorescence. The radiosensitizing effect of metallic NPs is partly due to their ability to emit large quantities of secondary electrons upon irradiation. This effect is particularly pronounced for kilovolt photon beams around 100 kVp, where dose enhancement primarily results from low-energy secondary electrons, such as Auger electrons, which have a limited range [23–25]. Nanoscopic dose enhancement has been demonstrated to have a significantly greater biological impact compared to macroscopic dose enhancement [26]. It is well known merely in the case of keV photons, biological consequences of nanoparticle radiosensitization are primarily associated with the outcomes of the photoelectric interactions between photons and matter. Interaction of nanoparticle with the incident photon result in the emission of secondary electrons and photons.
For biomedical applications, NPs are often coated with organic materials to enhance stability in physiological environments and minimize potential toxic biological effects [27]. Also nanoparticle coating could be applied for tumor selecting [28]. Polymers can serve as soft tissue substitutes and could be used as biodegradable biomaterials in clinic [29, 30]. It has been shown that Coating of metallic NPs with poly ethylene glycol (PEG) could increase the probability of reaching of nanoparticle to the tumor and could cause longer blood circulation time Surface modification may influence the spectral characteristics of generated secondary electron [31]. The physicochemical features of coated NPs could be influenced based on the nature of the coating substance and its thickness. Coating layer could stop and absorb a portion of generated low-energy, short-range electrons, reducing the delivered dose and energy to the surrounding medium. Free radicals are largely responsible for the majority of biological damage resulting from ionizing radiation. Also, the coating layer could influence the production of radicals and affect the radiosensitizing potential of the coated metallic NPs. This effect could be related to the water content of coated layer and physical interaction of radiation with nanoparticle and coating layer. MC simulation codes at the microscopic and nanoscopic scales utilize the technique known as “trace structure. Geant4-DNA incorporates chemical, physical, and biological models to effectively simulate cellular and subcellular damage caused by ionizing radiation. In the current study, Geant4 were performed to investigate the macroscopic and microscopic dose enhancement effect of PEG coated bismuth, gold, iridium and gadolinium NPs. Most previous studies have focused on the coating layer’s characteristics for minimizing the toxicity of nanoparticles (NPs) and enhancing their stability and biocompatibility. While the radio-enhancement potential of coated NPs has been validated by several investigations, the primary emphasis has been on reducing toxicity, improving stability, and ensuring biocompatibility. However, the absorptive effects of the coating layer have often been overlooked and not adequately addressed. By examining how coating layers can function as a protective shield for nanoparticles (NPs) and influence the dose enhancement factor during radiotherapy, this work paves the path to developing more targeted and effective treatment methods in the future. The study highlights the need to consider both the biological and physical impacts of coating thickness in nanoparticle-based radiation therapy, highlighting its importance in advancing cancer treatment strategies. The results presented herein give a physical and biological view of radiosensitization potential of different metallic NPs and if the coating layer of NPs with different thickness could influence the physical and biological dose enhancement of NPs.

Materials and methods
The Geant4 v10.07.p02 open-source and general purpose MC toolkit was used for simulation which allows to simulate particle-matter interactions [32]. The simulations included physical and chemical stages of radiation to assess the impact of photon energy, the atomic number of NPs, and the characteristics of coatings on dose distributions and radiolysis yields. In the physical stage, the The G4EmLivermorePhysics constructor, configured with a secondary particle production threshold of 100 eV, was utilized for the NPs, while the G4EmDNAPhysics-option2 constructor was employed for the surrounding water medium [33]. A step size limit of 1 nm was implemented, and a complete de-excitation cascade involving Auger and fluorescence interactions was activated, with the energy cutoff disabled for the cascade. For the chemical simulations, the G4EmDNAChemistry-option1 chemistry constructor was chosen [33] and key reactive species generated from water radiolysis, including eaq−, •OH, H•, H3O+, H2, OH−, and H2O2 were scored for an interval from 1 ps up to 1 µs. In Geant4-DNA chemistry, the interaction of eV energy electrons, encompassing diffusion, reactions, and the recombination of reactive species resulting from secondary particles, is comprehensively modeled as described by Karamitros et al. [32].
The simulated geometry comprised a single spherical structure NPs (diameter = 50 nm) of gold (Au), bismuth (Bi), iridium (Ir), and gadolinium (Gd) were immersed in liquid water phantom (10 × 10 × 10 mm3) and three distinct mono-energetic photon beams of 30, 60, and 100 keV were simulated. Radial (DEF) were calculated up to a distance of 4 μm from the surface of the NPs. The parallel photon beam was confined to the volume of the nanoparticle coating to ensure that only secondary particles were recorded [33, 34], as depicted in Fig. 1. Dose distribution was recorded in spherical shells with logarithmic thicknesses extending from the NP or coating surface up to a distance of 4 μm, as shown in Fig. 1. The dose enhancement factor (DEF = D with nanoparticle /D without nanoparticle) [35] and radiolysis enhancement factor (REF = Y with nanoparticle /Y without nanoparticle) are characterized as the ratio of the deposited dose to the overall quantity of reactive species produced respectively, with and without NP [33, 34].
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Fig. 1A schematic diagram illustrates the simulation geometry and the scoring spherical shells (mesh) used to calculate the dose enhancement factor (DEF) around the nanoparticle. The parallel photon beams (in green) are generated from a source positioned near the nanoparticle, while the tracks of secondary electrons (in red) traverse through the 50-nm nanoparticle and the surrounding water medium


The effect of nanoparticle coatings on DEF and REF was evaluated by polyethylene glycol (PEG 400(Density: 1.13 g/cm³, Molar mass: 380–420 g/mol) for bismuth, gold, iridium and gadolinium NPs with thicknesses of 5 and 10 nm (Fig. 2). PEG 400 is widely used in a variety of pharmaceutical formulations. In the simulations for the PEG coatings, a uniform coating was applied, representing various thicknesses while maintaining a consistent coating density [36, 37].
[image: ]
Fig. 2PEG coated metallic NPs


Between 105 and 106 incident photons were run, chosen based on the radiation stage to optimize computation time while effectively reducing statistical uncertainty.

Results and discussion
Figure 3 shows the calculated secondary particle number emitted from the coated and noncoated NPs exposed by 30, 60, and 100 keV photons. For gold, bismuth, gadolinium, and iridium NPs the maximum values of the secondary particle per initial photon is related to the photons of 30 keV and the minimum secondary particle per initial photon is related to the photons of 60 keV. While, for gadolinium NP, the maximum values of sdthe secondary particle per initial photon is related to the photons of 60 keV. The minimum secondary particle per initial photon is related to the photons of 100 keV. Also, the results show that the coating of NPs leads to decrease in secondary particle per initial photon values for all NPs in all energies. Actually, the number of secondary particles.
generated per initial photon decreases as the thickness of the coating layer increases. The difference between the results of gadolinium and other NPs is due to the difference in K-edge energy of them. The photons of 30 and 100 keV have the energy close to the L- and K-edge energy of the gold, bismuth and iridium NPs and because of that the number of secondary electrons are higher than that of 60 keV. In contrary, for gadolinium NP the 60 keV photon is close to the K-edge of it and because of that the maximum electron number is attributed to the 60 keV. Under keV photon irradiation, the PEG shell can modify the spectrum of low-energy secondary electrons generated from coated gold NPs [36, 38–40]. Li et al. [3] noted that gold NPs exposed to 50 keV X-rays showed that the probability of Auger electron emission from gold in the M shell is 98% greater than that in the N shell, with 33% of the emitted electrons possessing energies between 200 and 300 eV. Auger electrons within this energy range primarily deposit their energy over a distance of approximately 10 nm and can be effectively absorbed by the coating layers. Belousov et al. [39] showed that the coating of gold NP with PEG can influence the amount and the energy spectra of secondary electrons originated from the irradiated gold core. In silico results of Hespeels et al. [41] indicated that the presence of a coating on gold NPs leads to a diminished yield of emitted electrons. Xiao et al. [42] demonstrated that coatings can significantly reduce the emission of low-energy, short-range electrons from gold nanoparticles, resulting in a decreased potential for radiosensitization.
[image: ]
Fig. 3The overall count of secondary particles (with a statistical uncertainty of under 1%) generated around nanoparticles of gold, bismuth, gadolinium, and iridium when exposed to 30, 60, and 100 keV photon beams


Figure 4 illustrates the dose enhancement factor (DEF) measured for 30, 60, and 100 keV photon beams as a function of the radial distance from the surface of the NPs. The DEF was normalized to 1. The aim was to show the difference between the DEF for NPs with different coating layer thickness and nanoparticle without coating layer. It is clear that DEF values decease as the radial from nanoparticle surface increases. It is obvious that increase of thickness of nanoparticle coating leads to decrease of DEF values. For gold, bismuth and iridium NPs, the DEF values decrease as the incident photon energy increases. But for gold nanoparticle the maximum DEF is related to the 60 keV photons. The difference between the results of gadolinium and other NPs is due to the difference in K-edge energy of them. Numerous Monte Carlo studies have demonstrated that, upon exposure to low-energy photons, a significant portion of the dose is deposited within the initial few nanometers surrounding high-Z metallic nanoparticles [26, 43]. The presence of metallic NPs instead of water leads to significant increase in production of low energy and short-range electrons which leads to an increased dose enhancement factor (DEF) extending up to approximately 2 μm from the surface of the NP. Kroger et al. [44] found that coating thickness significantly influenced dose attenuation, with this effect being more pronounced for smaller NPs and higher concentrations. The penetration distance of Auger and Coster–Kronig electrons ranges from nanometers to micrometers in water or tissue, resulting in substantial dose enhancement and a relative biological effectiveness greater than 1 at the cellular level. Peukert et al. [36] indicated that thicker coatings on nanoparticles result in a reduction of the dose enhancement effect.
[image: ]
Fig. 4The DEF calculated for 30, 60, and 100 keV photon beams as a function of radial distance (nm) from the surface of the nanoparticles


Figure 5 demonstrates the effect of reactive species generated from water radiolysis in the vicinity of gold, bismuth, gadolinium, and iridium nanoparticles irradiated with 30, 60, and 100 keV incident photons. For gold, bismuth, and iridium NPs the maximum values of REF is related to the photons of 30 keV and minimum REF value is related to the photons of 60 keV. While, for gadolinium NP, the maximum values of REF is related to the photons of 60 KeV and minimum REF value is related to the photons of 100 keV. For gold, bismuth and Iridium NPs under 30 keV REF decrease by coating of NP and increasing the thickness of coating layer and for 100 keV REF is increased by coating of NP and increasing the thickness of coating layer. Difference is not considerable for 60 keV. Coating of NPs have opposite effect on chemical enhancement for 30 keV and 100 keV. Coating layer has a positive physicochemical effect for PEG-coated metallic NPs under 100 keV photons.
[image: ]
Fig. 5The effect of reactive species generated from water radiolysis in the vicinity of gold, bismuth, gadolinium, and iridium nanoparticles exposed to 30, 60, and 100 keV incident photons


The presence of NPs has been associated with increased radical production, even in the absence of radiation [45]. Water is a primary component of cells and serves as the main target for photons. The generated photoelectrons and Auger electrons traverse the cell, interacting with water molecules and resulting in the production of free radicals through hydrolysis. The interaction of produced free radicals with DNA results in DNA damage, ultimately leading to cell death. The water content within the coating, particularly near the surface of the metal core, plays a crucial role in the production of hydroxyl radicals [46]. Haume et al. [46]. indicated that the thickness and water content of the coating layer can significantly affect the radiosensitization potential of coated NPs. In the study by Haume et al. [46]. the yield of hydroxyl radicals was reduced by six-fold for PEG-coated gold nanoparticles compared to their uncoated counterparts. Dense coatings have low water content and it may influence the radical production [46]. Liu et al. [47] reported the 2–45% decrease in the percentage of surviving cells for murine breast cancer EMT-6 and colon carcinoma CT26 cells exposed to the radiation in presence of gold NPs coated with PEG. Zhang et al. [48] indicated that PEG-coated gold NPs can significantly decrease the cancer cell survival after radiation with gamma-rays. In the study of Peukert et al. [36], it was indicated that an increase in the PEG coating density enhances the effectiveness of the coating while having only a minimal impact on the overall enhancement. Kong et al. [49] demonstrated that breast cancer cells exposed to 200 kVp photons exhibited increased cell death in the presence of gold NPs coated with thioglucose, compared to uncoated gold NPs. Kaur et al. [50] indicated that the exposure of glucose-coated gold NPs in HeLa cells to a 60Co source emitting 1173 keV and 1332 keV photons resulted in the generation of more Compton electrons, leading to increased radiolysis and DNA damage. Additionally, they demonstrated a 29% dose reduction in HeLa cells treated with glucose-coated gold NPs compared to those without such treatment. Gilles et al. [51] showed that for same thickness of PEG layer, the denser PEG (1000Da Vs. 400 Da) suppresses the radical production.

Conclusion
Many simulation studies exploring the radiosensitization potential of NPs have overlooked the significance of their coating layers. This paper investigates the physical and radiobiological effects of metallic NP coatings in nanoparticle-based radiation therapy. Utilizing Geant4 simulations on single NP exposed to keV photons, we found that under low-energy photon irradiation, the coating layer functions as a shield, absorbing low-energy electrons and consequently reducing local and nanoscopic dose enhancement. Given the short range of these electrons, it is advisable that the coating layer thickness not exceed 10–15 nm. Conversely, our results indicate that for PEG-coated metallic NPs under high-energy photon exposure, the coating layer exhibits beneficial physicochemical properties. This dual behavior of the coating layer should be taken into account during the design of NPs and warrants further investigation in future studies.
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	Reactive Oxygen Species Enhancement Factor
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	Dose Enhancement Factor
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	Polyethylene Glycol
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