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Abstract: Purpose: Gamma radiation at therapeutic doses can cause conformation changes in 

proteins and consequently damage cells/tissues associated with the initiation of several pathological 

disorders. In this study, serum albumin, the most abundant protein in plasma, was chosen as the 

protein sample. Methods and Materials: Bovine serum albumin (BSA) was exposed to gamma 

radiation at a therapeutic dose (3 Gy) in the absence and presence of Ceria nanoparticles (CNPs) and 

flower-like Fe3O4 microparticles (FIOMPs). The conformational changes in BSA including primary, 

secondary, tertiary structures were then studied by UV-Vis, circular dichroism (CD), and 

fluorescence spectroscopy, respectively. 

Results: The primary structure of gamma-irradiated BSA (IR-BSA) was conserved, whereas the 

secondary and tertiary structures were considerably changed. IR-BSA showed α-helix to β-sheet and 

random coil structure transition along with reduced fluorescence emission intensity compared to 

non-irradiated native BSA. Both CNPs and FIOMPs could inhibit the secondary and tertiary 

structural changes in IR-BSA by scavenging the reactive oxygen species produced during the 

radiolysis of water. Conclusions: The radioprotective property of CNPs arises from enzyme mimetic 
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activities (catalase, superoxide dismutase, and peroxidase) and their antioxidant capability against 

hydroxyl radicals. In case of FIOMPs, the radioprotective property is attributed to catalase mimetic 

activity (CAT), and a porous structure leading to increased ROS recombination with each other in the 

same radiolytic track, and subsequently decreased encounters with BSA. The latter mechanism of 

restricting ROS migration seems to be more dominant for FIOMPs. Both CNPs/FIOMPs themselves 

at low concentrations do not show a significant effect on the native protein conformation. These 

findings indicate that the proposed NPs/MPs can be good candidates for developing strong 

nano-radioprotectors. 

Keywords: bovine serum albumin; gamma radiation; spectroscopy; ceria nanoparticles; flower 

microparticles; nano-radioprotector 
 

1. Introduction  

Radiation therapy is an effective approach to control and cure malignant cancer. However, normal 

cells surrounding the tumor inevitably receive a considerable dose of ionizing radiation, resulting in 

their damage. Although the total advantages of radiation therapy exceed its side effects, recent studies 

have focused on alleviating radiation damage to surrounding healthy cells [1–2]. The damaging effects 

of ionizing radiations on cells/tissues result from two mechanisms; i) direct damage through 

interaction/hitting on molecules within cells such as, direct effects on DNA, RNA, and proteins, 

resulting in disruption of the molecular structure [3], ii) indirect effects through interact with cellular 

water as an intermediate step and generation of reactive oxygen species (ROS) including free radicals 

and non-radical oxidizing agents (hydrogen peroxide (H2O2), H2). These ROS in turn interact with 

cellular atoms and molecules resulting in their chemical modification and consequent harmful 

effects [4–5].  

Proteins are important biomolecules that play significant roles in living organisms. The chemical 

changes induced by gamma irradiation in proteins lead to structural changes, fragmentation, 

cross-linking, aggregation, changes in protein electrical charge, and oxidation. It is thus responsible 

for the initiation or progress of several pathological disorders (cancer, neurodegenerative diseases, 

inflammatory diseases, etc.) [6–9]. Among mammalian proteins, serum albumin is one of the most 

vital and abundant protein in plasma, possessing many physiological roles such as a plasma carrier for 

transporting various hormones, fatty acids, different drugs, bilirubin, and vitamins from the blood 

stream to tissues [10–11]. Bovine serum albumin (BSA), which has more than 76% similarity with 

human serum albumin (HSA), is stable, biocompatible, and readily available at a very low cost 

compared to HSA [12]. Therefore, BSA is widely studied. It is a single-chain protein of 583 amino 

acids with a molecular weight of 66 k Da with two tryptophan (Trp), 19 tyrosine (Tyr), and 27 

phenylalanine (Phe) amino acid residues that contribute to its intrinsic fluorescence intensity [8,13–14]. 

H. Schuessler et al, have reported that irradiated BSA is cleaved by the oxidative destruction of 

proline residues [15]. Hu et al. have reported that the conformation of HSA subjected to gamma 

irradiation was changed, its esterase-like activity was reduced, and the content of bi-tyrosine was 

increased because of oxidation by the generated ROS [16]. BSA protein exposed to gamma rays at a 

therapeutic dose (3 Gy) showed disturbed conformation, but no fragmentation, cross-linking, or 

aggregation were observed [17]. 
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With respect to the potential application of ionizing radiation in radiotherapy and medical 

diagnostic exposures, the development of effective radio protective agents such as antioxidant 

supplements are highly desired to reduce oxidative damage to proteins and other biomolecules [9]. 

To date, vitamin C [18], vitamin E [19], ferulic acid [20], wheat germ oil, ginseng extract [21], and 

extract of piper betel [22] have been frequently studied and applied as common natural 

radio-protectors. Although natural antioxidants have low toxicity, they have limitations of low 

aqueous solubility, lack of specificity, and poor bioavailability (ease of metabolism). Recently, 

synthetic nanostructures have attracted much attention as nano radioprotectors to overcome these 

limitations. Nanoparticles can provide higher solubility to poorly water-soluble compounds, 

resistance to digestion by proteases, and enhanced surface functionalization to yield 

target-specificity [23]. In literature, nano-radioprotectors are called antioxidant nano-enzymes 

abbreviated as Nanozymes. Among these nanostructures, silver, gold, cerium oxide, Fe3O4 

nanoparticles, and carbon nanotubes have been used frequently [24]. Colon et al. [25] have reported 

that ceria nanoparticles (CNPs) protect radiation-induced damage in vitro and in vivo. CNPs possess 

long-lasting antioxidant properties, due to the auto generation of Ce
3+

↔Ce
4+

 on their surface with 

respect to valence and oxygen vacancies, thus promoting free radical scavenging [26]. Ferro 

magnetite (Fe3O4) nanoparticles have antioxidant effects with intrinsic dual peroxidase-catalase 

activities and can thus reduce H2O2 in biological systems [27–28]. Several studies have investigated 

the effect of natural and nano radio-protective nanostructures on DNA fragmentation but very few 

studies have examined protein damage [20,23]. 

In this study, the radio-protective effect of synthesized CNPs and magnetic flower-like Fe3O4 

microparticles (FIOMPs) on irradiated BSA was investigated. For this purpose, BSA, in the presence 

and absence of nanostructures, was exposed to a therapeutic dose of gamma radiation (3 Gy). The 

structural and surface charge changes in BSA were studied using spectroscopic methods including 

UV-Vis, florescence, and CD spectroscopy. To our knowledge, this is the first direct study to 

investigate the antioxidant and radio-protective properties of nano/microparticles such as CNPs and 

FIOMPs in the inhibition of radiation damage to BSA as a protein sample. Considering the major 

role of albumin as a drug and hormone carrier, this study has implications in the pharmaceutical 

studies on irradiated albumin in the presence of nano-radioprotectors to evaluate their functionality. 

2. Materials and experimental 

2.1. Materials 

BSA, potassium dihydrogen phosphate (KH2PO4), potassium hydrogen phosphate (K2HPO4), 

ammonium cerium (IV) nitrate [(NH4)2Ce (NO3)6], sodium acetate [CH3COONa], and acetic 

acid [CH3COOH] were purchased from Merck (Germany) and were used without further purification. 

Ferric chloride (FeCl3·6H2O), urea, tetrabutylammonium bromide (TBAB), ethylene glycol, and 

sodium dodecyl sulfate (SDS) were purchased from Sigma chemical company (USA). Formic acid 

was obtained from Chem-Lab (USA). The solutions were prepared in deionized double distilled 

water (Barnstead, Nano pure infinity, USA) and all experiments were carried out at room temperature.  
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2.2. Apparatus 

UV-Vis spectra were recorded using a Cary 100 Bio spectrophotometer (Varian, Australia). 

Fluorescence and CD spectra were obtained using spectrofluorometers of model MPF-4 (Hitachi, 

Japan) and model 215 (Aviv, USA), respectively. Scanning electron microscopy images were 

obtained using field emission scanning electron microscopy (FESEM) on model S4160 (Hitachi, 

Japan).  

2.3. Synthesis of CNPs and FIOMPs 

CNPs were synthesized based on a hydrothermal method as described previously [29]. Briefly, 2.74 g 

of ceric ammonium nitrate and 10 g of sodium acetate were dissolved in 70 ml of deionized water; 

then, 10 ml of acetic acid was added to the solution and stirred at room temperature for 1 h. The 

mixture was then transferred to a Teflon-lined autoclave for hydrothermal treatment at 220 ℃ for 12 h. 

Finally, to eliminate the remaining salt, the yellow precipitates were separated by centrifugation (6,000 × g) 

for 10 min, washed several times with deionized water and ethanol, and air-dried overnight at 60 ℃.  

The 3D nanostructure of FIOMPs was synthesized using the method described by Zhong et al. [30]. 

Briefly, ferric chloride (FeCl3·6H2O), urea, and tetrabutylammonium bromide (TBAB), were 

dissolved in ethylene glycol. The solution was incubated at 200 ℃ for 30 min. After cooling, the green 

precipitate of synthesized iron oxide was collected by centrifugation and washed with ethanol. The 

morphology of FIOMPs was then studied using FESEM.  

2.4. Sample preparation and gamma irradiation 

The BSA solution was prepared in 10 mM PBS (pH 7.0) with a final concentration of 0.4 mg/mL. 

Samples containing either CNPs or FIOMPs were prepared in the BSA solution at various 

concentrations (0, 2, 5, 8, 12, 20, and 25 mg/L). The prepared BSA solutions with and without CNPs or 

FIOMPs were irradiated at room temperature using a 
60

Co gamma ray irradiator (Theratron 780-E, 

Canada) at Imam Khomeini hospital (Iran, Tehran). The radiation absorbed dose in each sample was 3 

Gy, obtained by 1 min of irradiation. The field of view (FOV) and source skin distance (SSD) of 

irradiation were 25 cm × 25 cm and 80 cm, respectively. The glass vials containing the protein samples 

were placed in a large water pool made of plexiglass to obtain electron balance in the wall of the glass 

vials during irradiation. The water pool dimension was 20 × 20 × 10 cm
3
. The plexiglass container was 

placed in the front of 
60

Co source at the center of the FOV.  

3. Results  

3.1. Characterization of CNPs and FIOMPs 

As shown in Figure 1 (A and B), the FESEM images reveal that the CNPs are spherical with a 

diameter less than 50 nm and that the core thickness of FIOMPs is 2 μm with petals of 50 nm in size. 

According to the procedure used, only the Fe3O4 form of iron oxide was obtained in our experiment 

by the partial reduction of Fe (III) [30]. 
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Figure 1. FESEM images of CNPs (A) and FIOMPs (B) at a magnification of 60 K and 20 

K, respectively.  

3.2. UV–vis spectroscopy 

The UV-vis absorption spectra of native BSA and IR-BSA show two maximum peaks, the peak 

around 220 nm (far-UV) indicates the n → π
*
 transition in the polypeptide backbone, and the other 

at 280 nm indicates the π → π
*
 transfer in the side chain of aromatic amino acids, Trp, Tyr, and Phe (Figure 

2). Disturbance of the local environment around the amino acids residues, leading to changes in the 

backbone and side chain of aromatic amino acids, can change the intensity and position of the first and 

second peak, respectively. Thus, conformational changes in protein structures may be accompanied 

with protein unfolding [9,31]. An increase in absorbance at the 280 nm peak is observed after protein 

irradiation, indicating changes in the microenvironment of the aromatic amino acids and subsequently 

in the protein conformation, though no difference is seen at the 220 nm peak. However, the change in 

UV-Vis spectroscopy due to irradiation at an especially high dose could also be attributed to the 

cleavage of the covalent bonds in the peptide backbone and aggregation resulting in a decrease and 

increase in the protein molecular weight, respectively [12]. The aggregation index of native BSA and 

IR-BSA was calculated using Eq. 1 as below [32]: 

                  
      

             
    (1) 

Where Abs350 and Abs280 represent the absorbance (%Abs) at 350 nm and 280 nm, respectively. 

The calculated aggregation index value was about 3 and 2.7 for native BSA and IR-BSA, 

respectively indicating that there was no aggregation after irradiation treatment [32]. Overall, the 

results of UV-Vis spectroscopy confirm no protein cleavage or aggregation, which is contrary to the 

results reported by Gaber et al. [12].  

Techniques such as sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 

high performance liquid chromatography (HPLC), and dynamic light scattering (DLS) are commonly 

used to determine protein molecular weight [12,17]. In our previous work using SDS-PAGE and 

HPLC techniques, we found that the molecular weights of native BSA and IR-BSA are the same and 

that the backbone (primary structure) of BSA protein is completely preserved [17]. Radiation can 

change protein structure directly as well as indirectly through ROS produced during water radiolysis. 
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However, our results indicate that both the direct and indirect effects of gamma-radiation were 

ineffective to break the peptide bond in the protein or to cause significant unfolding resulting in its 

aggregation.  

Direct cleavage of the protein backbone due to gamma irradiation was impossible due to the 

insufficient energy of the applied therapeutic dose compared to that used by Gaber et al. [12]. The 

indirect effect of gamma radiation can be explained by the ratio of the number of ROS products of 

water radiolysis to the number of protein molecules. This simple estimation was calculated based on 

the applied dose and the radiolytic yields (µmol J
-1

) of species produced in water by low LET gamma 

rays (Table 1) [33]. The OH•, H2O2, and O2•−/HO2• to BSA ratio in this work was approximately 

0.13, 0.03, and 0.001, respectively. In the study by Gaber et al., these ratios were approximately 23 

and 6 for OH and H2O2, respectively. Thus, in this work, the number of ROS species was 1 to 3 

orders of magnitude less than BSA, which seems insufficient to cause significant damage to the 

primary structure. 

 

Figure 2. UV-Vis absorption spectra of native BSA (line) and IR-BSA (dash) at 3 Gy. The 

BSA concentration was 0.4 mg/mL in 10 mM PBS, pH = 7 at room temperature. The Inset 

is a close-up of the Region Between 260–300 nm. 

Table 1. Radiolytic yields (µmol J
-1

) of species produced in water by Low LET gamma rays [33]. 

Radiation  e
-
aq OH

•
 H

•
 H2 H2O2 O2•−/HO2

• 

Gamma rays 

PH = 3–11 

 

0.28 

 

0.28 

 

0.06 

 

0.047 

 

0.073 

 

0.0027 

3.3. CD spectroscopy 

Both MPs/NPs and gamma rays can act as agents to cause conformational changes in BSA 

protein [12,34–37]. As these MPs/NPs are introduced as radioprotective agents, it is important that 

their effects on the protein conformational should be negligible or at least less than the destructive 

effect of radiation. Therefore, before investigating the radioprotective properties of NPs and MPs, it is 

necessary to appraise their effects on the protein conformation in the absence of gamma ray irradiation 

due to the direct interaction between them. Accordingly, the secondary and tertiary structures of BSA 
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at different concentrations of CNPs and FIOMPs were studied and compared with the native protein 

using far-UV CD and fluorescence spectroscopy, respectively.  

The molar ellipticity of native BSA and IR-BSA solutions in the presence of various 

concentrations of CNPs and FIOMPs (0 to 25 mg/L) was measured between 190 to 260 nm (Supplement 

Data Figure 1S and 2S). The far-UV CD spectra of BSA exhibited a signal characteristic of the α-helix 

structure with two negative bands in the far-UV region at 208 nm and 222 nm [38], because of the 

contribution of the n → π
*
 transfer to the peptide bond in the α-helix [8]. The proportion of the 

secondary structure contents of BSA calculated by the algorithm CDNN2.1 [39–40] in the presence of 

CNPs and FIOMPs are shown in Figure 3 (A and B) and Figure 4 (A and B), in which each of the 

secondary structure contents are normalized to a total content of 100% by the deconvolution of CD 

spectra. The error bars are the standard errors of the mean (SEM) for five measurements and are less 

than 5%, confirming the reliability of the data. The reproducibility of the CD analysis for native 

BSA (Mean ± SD, n = 5) showed that it contains 59.5 ± 2.5% α-helix, 8.5 ± 2% β-sheets, 13.5 ± 1.2% 

turns, and 19 ± 1.5 random coils. These values were also calculated for IR-BSA and showed 54.5 ± 3.5% 

α-helix, 9.75 ± 1.5% β-sheets, 14.75 ± 1.2% turns, and 21 ± 2.5 random coils. 

To confirm that there were no significant differences in the secondary structures between the 

Native-BSA and IR-BSA treated with different concentration of CNPs or FIOMPs, an unpaired t-test 

was performed using SPSS version 16. We thus classified our data into three main groups: all 

measurements for each secondary structure of Native-BSA in the absence of NPs or MPs (group 1), 

Native-BSA (group 2), and IR-BSA (group 3) treated with NPs or FIOMPs, for example, at 2 mg/L. 

Two separate t-tests were calculated to compare group 1 and group 2 (Figure 3 and 4 A) as well as 

group 1 and group 3 (Figure 3 and 4 B). A p-value less than 0.05 (*) indicated that the difference was 

statistically significant whereas values greater than 0.05 indicated that the difference was not 

statistically significant; thus, the corresponding NPs concentration was selected as the optimal 

nano-radioprotector concentration. The results showed no significant effect on the secondary structure 

of BSA at concentrations less than 5 mg/L of CNPs and at wide range of 5 to 20 mg/L FIOMPs. With 

the increase in CNPs from 8 to 25 mg/L, the protein showed an almost constant 6% loss of α-helix 

content with a corresponding 1.5% and 2–3% increase in β-sheet and random structures, respectively, 

along with unfolding (p-value < 0.05) at low and high MFMP concentrations (2 and 25 mg/L). No 

concentration dependency was observed with FIOMPs for a broad range, contrary to what was found 

for CNPs.  

The α-helix content in IR-BSA (without CNPs or FIOMPs) decreased around 7% and the β-sheet 

and random coil increased by around 1% and 2%, respectively, compared to native BSA (p-value < 0.001). 

This secondary structure disruption was attributed to the interaction between the ROS produced by 

radiolysis of water and the protein [17]. The secondary structural contents of IR-BSA in the 

concentration range of 2–5 mg/L for CNPs and from 5–20 mg/L for FIOMPs were approximately the 

same as those in Native-BSA (p-value > 0.05) indicating remarkable protection from the destructive 

effect of ROS produced by gamma rays. The optimum range indicated that there was no disruptive 

effect on the de-conformation of the native protein and that ROS species were also hindered from 

attack the protein effectively with their scavenging activity. The significant difference between Native 

and IR-BSA at CNP and MFMP concentrations less than the optimum was due to the insufficient 

concentration for scavenging all the produced ROS and the unfolding effect as well as insufficient 

concentration, respectively. However, the altered content of secondary structures at concentrations 

greater than the optimum was attributed to the disturbing effect of NPs and MPs. The results for both 
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NPs and MPs showing an optimum concentration range instead of an optimum point are beneficial for 

future applications as a slight fluctuation in concentration would not cause a significance effect on 

their radioprotection activity. 

 

Figure 3. Secondary structural content of (A) BSA, and (B) IR-BSA by gamma rays (3 Gy) 

in the presence of various concentrations of CNPs obtained from the deconvolution of CD 

spectra in the far-UV region (190–260 nm) using the deconvolution software CDNN2.1. 

The error bars are the standard errors (SEM) of the five measurements and are less than 5% 

confirming the data reliability. The * sign indicates a p-value < 0.05 and a statistically 

significant difference. BSA indicates the non-irradiated protein treated with CNPs. The 0.4 

mg/mL BSA was prepared in 10 mM PBS (pH 7.0) solutions. 

 

Figure 4. Secondary structural content of (A) BSA and (B) IR-BSA by gamma rays (3 Gy) 

in the presence of various concentrations of FIOMPs obtained with the same method as 

for Figure 5.  

3.4. Fluorescence spectroscopy  

Changes in the tertiary conformation of the protein can be determined from by fluctuations in 

the tryptophan fluorescence [7–8]. Fluorescence spectroscopy evaluates conformational changes 

around Trp residues as the dominant source of intrinsic protein fluorescence [35–41]. The 

fluorescence emission for BSA was recorded from 300 nm to 440 nm with λex = 280 nm, and the 
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maximum peak fluorescence was found at 345 nm. The maximum fluorescence emission intensity of 

native BSA and IR-BSA in the presence of different concentrations of CNPs and FIOMPs is shown 

in Figure 5 and Figure 6, respectively (the average corresponding fluorescence spectra are shown in 

supplementary data Figure 3S and 4S, respectively. 

The results show that that both CNPs and FIOMPs have a quenching effect on BSA 

fluorescence, with the same behavior. This effect increases considerably by increasing the 

concentration of these nanomaterials. As observed, gamma-irradiation caused a significant decrease 

in the emission intensity of native BSA in the absence of CNPs and FIOMPs. Fluorescence 

spectroscopy is a strong and inherently more sensitive method than UV-Vis spectroscopy. Thus, the 

difference in the revealed fluorescence emission intensity between native and irradiated BSA was 

more significant than that revealed by UV absorption peak at 280 nm.  

The fluorescence intensity of IR-BSA at concentrations lower than 12 mg/mL of both CNPs and 

FIOMPs was more than that of IR-BSA in their absence, but was slightly reduced compared to that 

of native BSA. The relatively significant quenching effect observed for IR-BSA was amplified at 

concentrations greater than 12 mg/mL of CNPs whereas it was not substantial for FIOMPs. 

According to the results of both secondary and tertiary protein structures, the optimum concentration 

ranges of CNPs and FIOMPs that could effectively protect the secondary and tertiary structures of 

BSA protein in the presence of ionizing gamma rays were 2–5 mg/mL and 5–8 mg/mL, respectively. 

The fluorescence intensity of BSA treated with CNPs or FIOMPs before and after irradiation was 

almost the same. This confirmed the scavenging of ROS species by CNPs/FIOMPs although their 

emissions even at optimum concentrations were somewhat less than those of native BSA. 

 

Figure 5. Fluorescence emission spectra of native BSA and IR-BSA by gamma rays (3 Gy) 

treated with different concentrations of CNPs. The solutions of 0.4 mg/mL BSA in 10 mM 

PBS (pH 7.0) were excited at 280 nm and the emission spectra were recorded from 300 to 

440 nm. 
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Figure 6. Fluorescence emission spectra of native BSA and IR-BSA by gamma rays (3 Gy) 

treated with different concentrations of FIOMPs. The experiment conditions were the 

same as those used in Figure 5. 

3.4.1. Measurements of affinity between BSA and MPs/NPs using fluorescence spectroscopy 

To further clarify and quantify the mechanism of quenching of BSA by MPs or NPs, the 

quenching constant and binding parameter were calculated using the fluorescence measurements of 

BSA in the presence of different concentrations of MPs or NPs as reported in the previous section. 

The peak fluorescence emission at 354 nm was determined to calculate the parameters. The 

fluorescence quenching data were then analyzed using the Stern–Volmer Eq. 2 shown below [42]:  

         (2) 

Where F0 and F are the steady-state fluorescence intensities in the absence and presence of the 

quencher, respectively, KSV is the Stern-Volmer quenching constant and [Q] is the concentration of 

the quencher [MPs or NPs]. The linearity of the F0/F versus [Q] plots is shown in supplementary 

Figure 5S and KSV is calculated from the slope of the plot.  

The binding constant (K) and number of binding sites (n) between CNPs and FIOMPs with BSA can 

be calculated using Eq. 3 for the quenching process [42]: 

        (3) 

A plot of log [(F0-F)/F] versus log [Q] gives a straight line (supplementary data Figure 6S), whose 

slope equals n and the intercept on Y-axis equals log K. 

The values of KSV, K, and n have been listed in Table 2. The values of n approximately equal to 1 

0
SV

F
 = K [Q] + 1

F

0F -F
log[ ] = logK + n log[Q]

F
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indicate the existence of a single binding site on BSA for both CNPs and FIOMPs, which are prone 

to adsorb non-polar amino acids onto their surface. Comparison between two radio-protective 

particles indicated that the CNPs have a greater quenching effect and binding constant value 

compared to the FIOMPs.  

Table 2. Binding parameters of BSA-CNP and BSA-MFMP interactions at room temperature 

Interaction  KSV (M
-1

) K (M
-1

) n 

BSA- CNPs  

BSA- MFNPs 

3461 

2710 

200 

107 

1 

1 

Stern–Volmer quenching constant (KSV), binding constant (K), and the number of binding sites (n)  

4. Discussion 

The spectroscopy results showed a preserved primary structure of the protein whereas damage 

to the secondary and tertiary structures in therapeutic range of irradiation (3 Gy), which indicated the 

indirect effect of gamma rays by producing ROS species. These structural modifications have 

different impacts on the functions of BSA as a drug carrier. They can thus be expected to affect its 

pharmacokinetic parameters, especially drug binding parameters [43].  

4.1. Secondary structures 

In general, both gamma-radiation and nanomaterials can alter the secondary and consequently, 

tertiary structures of a protein resulting in its unfolding and exposure of non-polar groups that were 

previously hidden within the core to the solvent. The reason for the α-helix transition to random coil 

and β-turn by radiation might be the cleavage of induced hydrogen bonds that destabilize the helix 

structure due to reactive oxygen species, so that unfolded structures are increased. Notably, low-dose 

radiation (3 Gy) caused partial unfolding (the limited α-helix transition), because it probably could 

not induce a high concentration of ROS species to destabilize all the existing hydrogen bonds [34]. 

The types and yields of ROS produced in water radiolysis by low LET ionizing radiation like gamma 

rays can be displayed below (Eq. 4) and in Table 1, respectively. As observed, the OH
• 
radical has a 

high yield among produced ROS and is a very strong oxidative species. H2O2 is also considered, 

though its yield and oxidant power is less than that of OH
•
. Thus, scavenging of these ROS species, 

especially OH
• 
and H2O2, is important to preserve protein conformation [33]. 

 

H2O2 e
-
aq, OH

•
, H

•
, O2•−, H3O

+
, OH

-
, H2O2, H2  (4) 

Two driving forces, protein-surface interaction and weak lateral interactions of proteins, can affect 

protein conformation (secondary and tertiary structural) adsorbed on NPs/MPs. The protein-surface 

interaction involves different bonding forces such as hydrogen bonds, solvation forces, Van der 

Waals interactions, and so on [44–45]. Changes in secondary structure depending on the CNP/MFMP 

concentration can be explained by the surface concentration (density) of the adsorbed BSA on their 

surface, called the “crowding effect.” Regarding the same BSA concentration, the weak pro-pro and 

pro-surface interactions are the dominant forces at low and high NP/MP concentrations, respectively. 

Ionization 

radiation 
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The weak pro-pro interactions result in the preservation of secondary structures and the subsequent 

functionality of the protein, whereas the pro-surface interactions disrupt protein folding. The larger 

surface obtained by increasing the MP/NP concentration provides larger interaction areas between the 

protein and particles leading to more secondary structure changes, consistent with the reported 

literature [46]. The generated coulombic forces between NPs and Protein due to their attachment can 

weaken, disrupt, and break the hydrogen bonding between the α-helices and β-sheets of a protein. 

This finally results in surface-driven modifications to the protein secondary structure and 

subsequently induces changes in its tertiary structure [36,47]. The protein density and subsequently, 

the total extent of weak pro-pro interactions on the surface of FIOMPs at 2 mg/L is rather high, leading 

to the formation of a strong total force that can that can finally yield a new arrangement of weak 

interactions in the native BSA. It thus seems the effect of lateral pro-pro interactions is dependent on 

protein density and may act as a double-edged sword as reported in the literature [48]. It is important in 

explore whether NPs or MPs are used as radioprotectors have no significant effect on the 

conformational change of the Pro sample. Thus, this is a beneficial aspect of FIOMPs that have no 

effect on the secondary structure of BSA at a wide concentration range, indicating that they do not 

exert any toxic side-effects before gamma-irradiation. 

4.2. Tertiary structures 

The tertiary conformational changes in proteins adsorbed on particles depend on the surface 

filling density, ionic strength, and pH and are affected by protein-protein interactions on the surface [46]. 

The fluorescence intensity of BSA exposed to CNPs/FIOMPs or gamma rays was reduced [Figure 5 

A and B]. The same effect on BSA protein was due to the change in the local environment around 

tryptophan and tyrosine residues. Generally, tryptophan and tyrosine have a high quantum yield in 

the hydrophobic environment within the protein core, and consequently show high fluorescence 

intensity. In contrast, their quantum yield in a hydrophilic environment exposed to solvent decreases 

leading to low fluorescence intensity. Therefore, both gamma radiation and nanomaterials cause local 

environment changes around the tryptophan and tyrosine residues to be exposed to the solvent [35,41]. 

Taken together, the florescence and CD spectroscopy results and statistical analysis of CD 

spectroscopy results by CDNN2.1 indicate that the damage caused by gamma radiation partially 

unfolded the protein. This can cause a decrease in the colloidal stability of the protein, which in turn, 

increases the possibility of inter-molecular interaction resulting in increased β-structures under 

partial unfolding [49–50]. The partial unfolding of IR-BSA was also confirmed by DLS in our 

previous work, indicating that its hydrodynamic size is increased compared to that of native BSA [17]. 

These results confirmed the direct interaction between BSA protein and NPs/MPs. The intensity 

of conformational changes of absorbed protein on NPs/MPs, dependent on the surface filling density, 

is determined by the characteristics of the MPs/NPs, such as their size, shape, and surface properties [46]. 

To obtain conditions with negligible conformational changes in the protein in the presence of 

NPs/MPs before irradiation, optimization of characteristics dependent on MPs/NPs is important. This 

can be evaluated by quantifying the KSV, K, and n parameters, but was beyond the purpose of this 

work; they can thus be investigated in a future comprehensive study. Further, although this direct 

binding causes partial conformational changes in the protein, it may amplify the radioprotection 

activity by a shielding effect [51]. The native BSA and IR-BSA treated with CNPs show an 

increased quenching effect than that with FIOMPs due to their greater quenching constant (Table 2). 
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Therefore, the BSA conformational changes caused by CNPs at concentrations greater than the 

optimum were even greater than those in IR-BSA in their absence, whereas these were nearly 

negligible for FIOMPs except at 25 mg/L. 

4.3. Water radiolysis in heterogeneous systems at MP or NP/water interfaces 

In heterogeneous systems like MP or NP/water interfaces, gamma rays deposit energy to both 

simultaneously, compared to bulk water with only water. The production yield and elimination of 

ROS species in radiolysis water can be influenced and modified in the presence of oxide surface 

(CNPs and FIOMPs) with respect to those occurring in bulk water [33]. The effects dependent on the 

surface can be evaluated in two aspects; 1) the anti-oxidant activity of CNPs and FIOMPs against the 

generated ROS species [52–54], and 2) the change in reaction (recombination) and diffusion of 

produced species during the chemical stage of water radiolysis that is directly influenced by the size 

and morphology (porosity) of the particles [33,55–56].  

4.4. Radioprotection ability of CNPs/FIOMPs 

In the biological system, antioxidant scavenging enzymes such as peroxidase, catalase (CAT), 

superoxide dismutase (SOD), glutathione reductase, and so on, protect the cells/tissues from damage 

induced by an excess of free radicals. The substrate of CAT and hydrogen peroxidase is H2O2 

whereas superoxide radicals are substrates for SOD. Among inorganic antioxidants, CNPs are 

frequently reported to demonstrate activity mimicking natural enzymes such as Catalase, Superoxide 

dismutase (SOD), and Peroxidase. These antioxidant activities and their intensity is attributed to the 

coexistence of two forms, Ce
3+

/Ce
4+

, and their extent on the surface of CNPs, respectively. Cerium 

can shift between Ce
4+

 and Ce
3+

 states under oxidizing and reducing conditions by reversibly binding 

with oxygen on the surface. It results in the formation of oxygen defects in the crystal lattice that acts 

as a reactive site for free radical scavenging in a reversible reaction. The CNPs with a high ratio of 

the Ce
3+

/Ce
4+

 state at the surface exhibit SOD mimetic activity, whereas a high ratio the Ce
+4

/Ce
+3

 

oxidation state leads to CAT mimetic activity [53–54,57]. In addition to enzyme mimetic activities 

for scavenging H2O2, CNPs have a special antioxidant activity to reduce hydroxyl radicals whereas 

there is no such natural enzyme [58]. The catalase, SOD, and HO• scavenging activities are shown in 

the following proposed mechanisms Eq. 5, 6, and 8 respectively [53–54,57–58];   

CAT Activity          Ce (IV) + 2H2O2 ↔ Ce (III) + 2H2 + 2O2    (5) 

SOD Activity          Ce (IV) + O2•− → Ce (III) + O2      (6) 

                                      Ce (III) + O2•− + 2H
+
 → Ce (IV) + H2O    (7) 

HO
• 
scavenging          Ce (III) + 2 HO

•
 → H2O + Ce (IV)      (8) 

This multi-functionality related to antioxidant properties introduces CNPs as a strong scavenger of 

produced ROS, especially of hydroxyl radicals (HO
•
) with the highest production yield and reactivity, 

and one of the strongest oxidants [59]. Accordingly, CNPs at a low concentration (2 mg/L) can 

scavenge almost all the produced ROS without meaningfully disturbing the protein conformation.  

FIOMPs have an antioxidant effect with intrinsic dual peroxidase-catalase activity in reducing 

H2O2 in biological systems. The optimum conditions for the peroxidase and catalase activities of 
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FIOMPs are acidic and natural conditions, respectively [27]. In catalase activity, FIOMPs convert 

H2O2 to water and O2 without consuming additional electron-donor substrates (Eq. 9). In peroxidase 

activity, they need to a hydrogen donor (HD) to reduce H2O2 while generating the oxidized form of 

HD (Eq. 10) [27,52]. 

CAT activity            2H2O2 → 2 H2O + O2   (9) 

Peroxidase activity          H2O2 + 2AH → 2 H2O + 2A  (10) 

Accordingly, FIOMPs could catalyze H2O2 to produce hydroxyl radicals in acidic conditions like in 

lysosomes, and this toxic potential can be a major concern [27]. In general, the intensity of 

peroxidase activity is highly dependent on the biological environment PH, whether of peroxidase 

enzyme or the mimetic FIOMPs. In this study, this was not a challenge because of its activity in 

buffer solution with natural PH = 7, which is almost similar to plasma/blood PH.  

The catalytic activity of NPs/MPs is overall dependent on their size. This indicated that the 

peroxidase-like catalytic activity of Fe3O4 nanoparticles is decreased by increasing the NP size [60]. 

This is contradictory to the lower catalytic activity of FIOMPs compared to CNPs. It is unclear how 

FIOMPs protect IR-BSA protein similar to the native protein at concentrations of 5–20 mg/L when 

they can only scavenge H2O2 and have a limited catalytic activity. This can be attributed to the 

mesoporous morphology of FIOMPs. Foley et al. investigated the production and reactivity of 

hydroxyl radicals in water radiolysis confined to porous materials like controlled pore glasses. The 

radiolytic yields (in other words, •OH yield) are reduced by decreasing the pore size less than 100 

nm. In small pores, the hydroxyl radicals cannot migrate as far apart as in bulk water, and so, 

regarding to their very short lifetimes, they recombine faster with radicals produced in the same 

radiolytic track than with a solvent chemical. This phenomenon called “cagelike effect” can also 

attribute to the porous FIOMPs with nm scale gaps between petals and the reduced intergap 

encounter probability between the protein and ROS [55]. On the other hand, the presence of FIOMPs 

in water, due to their micron size, can generally affect ROS diffusion to a greater extent compared to 

NPs. Thus, the lower catalytic activity of FIOMPs compared to CNPs is compensated by their porous 

morphology and micron size to scavenge ROS effectively. The cagelike effect and ROS impaired 

diffusion for water/CNPs is negligible due to their very fine size and no porosity. Because the 

radio-protectivity of FIOMPs originates more from its morphology than enzyme mimetic activity as 

a scavenger, it seems that the optimum concentration of irradiated water/FIOMPs system (5–8 mg/L) 

is greater than that of water/CNPs (2–5 mg/L) to protect BSA effectively. From a pharmaceutical 

viewpoint, the efficacy of IR-BSA binding to the drug may be improved in the presence CNPs/MFPs 

compared to the absence of such nano-radioprotectors.  

4.5. Toxicity of CNPs/FIOMPs 

The toxicity of CNPs/FIOMPs was not evaluated individually in this work due to our focus on 

the molecular level to obtain preliminary information as a starting point and its extent beyond the 

purpose of this work. The toxicity results for unique NPs or MPs are completely dependent on 

physicochemical factors such as size, shape, particle charge, and surface chemistry, as well as the 

study method, in vitro, or in vivo techniques. Therefore, there is no constant conclusion for unique 

NPs/MPs and we are highly interested in a comprehensive in vivo study for proposed nanomaterials 

in the future [61]. However, the correlation between physicochemical parameters and in vitro/in vivo 
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toxicity of CNPs and iron oxide particles is extensively investigated in the literature. In general, a 

high surface ratio of NPs is associated with increased toxicity. However, the size-dependent toxicity 

of NPs is rejected in some studies whereas the MPs and NPs show the same level of toxicity in 

some [61–62]. The bare or coated surface of NPs/MPs is a very important parameter. Almost all 

reports have confirmed that bare NPs/MPs have higher toxicity than the coated particles, though 

some studies have found the toxicity of bare NPs to be less than that of coated ones [61–63]. There 

are plenty of contradictory results with respect to toxicity for both cerium oxide and iron oxide 

particles, as can be reported for all NPs [61,64–65]. Thus, the radioprotective properties and toxicity 

of NPs/MPs are linked substantially to their physicochemical parameters. Hence, a comprehensive 

study is required to design NPs/MPs while attaining the set goals in both fields (radioprotection and 

toxicity) simultaneously.  

5. Conclusions and future prospects 

In this study, the potential radioprotective effects of CNPs and FIOMPs on the structural 

changes in BSA protein induced by gamma irradiation at a therapeutic dose (3Gy) were investigated. 

Nanomaterials as an emerging technology have enormous potential for radioprotection as well as in 

the pathogenesis of various diseases involving oxidative damage induced by ionization radiation. 

Thus, the structural and functional changes in major proteins like serum albumin irradiated by 

gamma rays can be considered one of main medical indicators to evaluate the harmful effects in 

cells/tissues. The pre-irradiation tests by CD and fluorescence spectroscopy showed no significant 

conformational changes in BSA protein treated with low concentrations of both CNPs and FIOMPs, 

which encouraged us to study them further. CD and fluorescence measurements showed a loss of 

protein conformation accompanied with a decrease in the α-helix content, an increase in β-sheets, 

and random structures, and a decrease in fluorescence emission by gamma irradiation in the absence 

of NPs. In the presence of both CNPs and FIOMPs, BSA was protected from the structural changes 

caused by gamma-irradiation. Thus, they possess strong antiradical properties, by scavenging free 

radicals from water radiolysis. The antioxidant activity, surface chemistry, morphology, confinement 

arising from porosity, and interfacial phenomena in a heterogeneous system composed of MPs/NPs 

simultaneously affect the production yield, diffusion (motion), removal, recombination, and 

mechanisms of ROS production by radiolysis. The radioprotection property of CNPs and FIOMPs is 

attributed more to enzyme mimetic activities and their porous structure, leading to an increase in 

ROS recombination with each other in the same radiolytic track, and subsequently decreasing 

encounters with the BSA protein. Regarding the reasonable functionality of CNPs and FIOMPs, 

nano-radioprotectors with synergistic effects including strong antioxidant enzyme activity and 

confinement properties may have more potent radioprotection potential. It can also yield systems 

with lower optimum concentrations than those reported here, while obtaining less toxicity. We thus 

are interested to investigate radioprotection activity of porous CNPs like flowers in our future studies. 

The understanding of all phenomena involved in a heterogeneous system with gamma irradiation is 

very complex, and requires comprehensive study to find the underlying mechanisms. The complexity 

and advantages of nano-radioprotectors in comparing the limitations of natural ones are motivating 

and encouraging for further research in the future. In addition, the safety concerns of nano-radioprotectors 

must receive substantial consideration in parallel due to their possible side effects on human health. 

Considering the substantial effect of physicochemical parameters on the radioprotection and toxicity of 
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NPs/MPs, each of them needs to be quantified in a comprehensive study to eventually produce them 

as commercial medical drugs. Our results with BSA might be specially generalized to HSA because 

of 76% sequence homology, as well as with other globular proteins at least for in vitro studies. 

Regarding the lack of studies on the radioprotective properties of NPs/MPs on the vital proteins in 

the body, this work may open a new window as a pioneer for future studies. 
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