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Abstract 

Nickel oxide nanoparticles (NiO NPs) have received great interests in medical and biotechnological applications. 

However, their adverse impacts against biological systems have not been well-explored. Herein, the influence of NiO 

NPs on structural changes, heme degradation and aggregation of hemoglobin (Hb) was evaluated by UV-visible (Vis), 

circular dichroism (CD), fluorescence, transmission electron microscopy (TEM), and molecular modeling investigations. 

Also, the morphological changes and expression of Bax/Bcl-2 mRNA in human lymphocyte cell exposed to NiO NPs 

were assayed by DAPI staining and quantitative real-time PCR (qPCR), respectively. The UV-Vis study depicted that 

NiO NPs resulted in the displacement of aromatic residues and heme groups and production of the pro-aggregatory 

species. Intrinsic and Thioflavin T (ThT) fluorescence studies revealed that NiO NPs resulted in heme degradation and 

amorphous aggregation of Hb, respectively, which the latter result was also confirmed by TEM study. Moreover, far UV-

CD study depicted that NiO NPs lead to substantial secondary alteration changes of Hb. Furthermore, near UV-CD 

displayed that NiO NPs cause quaternary structural changes of Hb as well as heme displacement. Molecular modelling 

study also approved that NiO NPs resulted in structural changes of Hb and heme deformation. Moreover, morphological 

and genotoxicity assays revealed that the DNA fragmentation and expression ratio of Bax/Bcl-2 mRNA increased in 

lymphocyte cells treated with NiO NPs for 24 hr. In conclusion, this study indicates that NiO NPs may affect the 

biological media and their applications should be limited.  

Keywords: Interaction, Nickel oxide, Nanoparticles, Hemoglobin, Heme degradation, Aggregation, 

Genotoxicity 

1. Introduction 

Nanoparticles (NPs) have received wide implementations in the industry and biomedical fields. For 

example, it has been well documented that NPs are used in the sugar industry (Takle et al. 2018), 

footwear industry (Carvalho et al. 2018), textile industry (Shahidi 2019), wood industry (Zikeli et al. 

2018), food industry (Hamad et al. 2018), waste water industry (Ismail et al. 2019), and gas industry 

(Peng et al. 2018). Furthermore, NPs have been exploiting in drug delivery (Kalimuthu et al. 2018; 

Vallet-Regí et al. 2018), cancer therapy (Guimarães et al. 2018; Mekheimer et al. 2018), 

neurodegenerative diseases therapy (Vissers et al. 2019), antithrombotic therapy (Lee 2018), and 

diabetes therapy (Rho et al. 2018; Ernst et al. 2019). Therefore, wide applications of nanomaterial in 

industry and medicine result in direct human contact with NPs. Internalization of NPs across the cell 

barrier can result in their interaction with biological macromolecules such as DNA, lipid, and 

proteins. Therefore, the fate of these NPs following their internalization into the cells and the 

mechanisms of their induced toxicity demand additional exploration. The basic mechanism proposed 

for NPs-stimulated protein denaturation and cell mortality is still not well-understood. Indeed, 

finding the mechanisms behind the toxicity of NPs can hold a great promise to find safe NPs in drug 

delivery and treatment of several disorders. Nickel oxide (NiO) NPs, one of the most important metal 

oxides with the cube lattice structure widely used in different areas such as catalysis, gas sensors, 

battery and magnetic materials (Muñoz & Costa 2012; El-Kemary et al. 2013). Due to the physical 

and chemical properties of NiO NPs, as well as their wide applications in industry, the level of 

contamination by the NiO NPs in the environment and occupational exposure have been 

continuously increasing (Hajimohammadjafartehrani et al. 2019). Regardless of the factors affecting 

the toxicity of NiO NPs such as size, shape, charge, and cellular uptake pathways (Ezhilarasi et al. 

2018), NPs generally increase toxicity by altering protein structure (Chang et al. 2017; Ray et al. 

2018), variation in gene expression (Dumala et al. 2017), destroying the cytoplasmic membrane or 

membranes of intracellular organelles (Ray et al. 2018; Sousa et al. 2018), stopping chemical 

intracellular processes (Manna & Bandyopadhyay 2017), and inducing cell death pathways through 

apoptosis, necrosis, necroptosis, and apoptosis (Siddiqui et al. 2012; Abudayyak et al. 2017; Ray et 

al. 2018). Therefore, understanding the interactions of NiO NPs with the proteins and cells can 

provide useful information on the activity of the NiO NPs in the tissues, cells, and even the routes of 

their uptake to explain the toxicity or beneficial activity of NiO NPs.  
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The biodistribution of NPs usually results in the interaction of NPs with biological tissues like blood 

system. Therefore, we aimed to investigate the interaction of NiO NPs with Hb by biophysical and 

theoretical studies. Afterwards, the morphological changes and genotoxicity of lymphocyte cells 

induced by NiO NPs were investigated by fluorescence microscopy and molecular assays. 

2. Materials and Methods 

Hb and NiO NPs (50 nm) were purchased from Sigma-Aldrich Company (USA). All other materials 

were of analytical grade. 

2.1. Protein and nanoparticle solutions preparation 

Hb powder was dissolved in phosphate buffer (pH 7.4, 10 mM) and the Hb concentration was 

determined based on Beer-Lambert law. The NiO powder was also dissolved in phosphate buffer 

(pH 7.4, 10 mM), vortexed for 15 min followed by water bath at 35°C for 30 min. Afterwards, the 

concentration of dissolved NPs was obtained using the equation was reported in our previous paper 

(Rahmani et al. 2018). 

2.2. UV-Vis study 

UV-Vis bands (230-600 nm) of Hb with a concentration of 0.5 mg/ml upon interaction with varying 

doses of NiO NPs (0.01, 0.05, and 0.1 mg/ml) were determined by Cary Eclipse absorbance 

spectrophotometer (Varian, Melbourne, Australia) at 25
o
C to detect the displacement of aromatic 

residues, solution turbidity, and heme groups triggered by NiO NPs. All protein samples were 

corrected against buffer and NP solutions. 

2.3. Intrinsic fluorescence study 

Intrinsic fluorescence spectra of Hb with a concentration of 0.1 mg/ml after interaction with different 

doses of NiO NPs (0.01, 0.05, and 0.1 mg/ml) were recorded by Cary Eclipse fluorescence 

spectrophotometer (Varian, Melbourne, Australia) at room temperatures to detect the heme 

degradation induced by NiO NPs at excitation wavelengths of 325 and 465 nm. Sample preparation 

and the signal correction were done based on our previous report (Mirzaei et al. 2018). 

2.4. CD experiments 

CD examination was carried out using a spectropolarimeter (model 215, Aviv, Lakewood, NJ, USA). 

The far-UV CD (190-260 nm) and near –UV CD (250-360 nm and 370-420 nm) bands were 

recorded at Hb concentration of 0.2 and 1mg/ml, respectively. Protein samples were incubated with 

increasing concentrations of NiO NPs (0.01, 0.05, and 0.1 mg/ml) at 25°C.  

2.5. Simulation methods 

The 3D X-ray crystal structures of human normal adult Hb was retrieved from Protein Data Bank 

(PDB ID: 2H35). A slab with the dimension of 10nm×10nm×1nm was constructed by repeating NiO 

units. Forcite code and universal force field (UFF) (Rappé et al. 1992) were employed to explore the 

conformational changes and heme deformation of Hb upon interaction with NiO cluster. 

2.6. ThT fluorescence assay 
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ThT fluorescence study was run to monitor the aggregation of Hb molecules incubated with NiO 

NPs. Hb solution with a fixed dose of 0.1 mg/ml was incubated with varying concentrations of NiO 

NPs (0.01, 0.05, and 0.1 mg/ml) for 2 min. Afterwards, ThT solution with a final concentration of 15 

µM was added to each sample and kept in the dark for 15 min. The samples were then excited at 440 

nm, and the emission wavelength was recorded in the range of 460-600 nm. 

2.7. TEM investigation 

To monitor the morphology of aggregated spices of Hb formed in the presence of NiO NPs, TEM 

investigation was done based on the procedure reported in our previous paper (Hosseinali et al. 

2019). 

2.8. Cell culture and MTT assay 

Lymphocyte cells were freshly prepared and cultured in the cell culture medium, as reported in our 

previous paper (Babadaei et al. 2018). Afterwards, MTT assay was done to calculate the IC50 value 

in the presence of increasing doses of NiO NPs (0, 1, 10, 50, 100 and 200 µg/ml) for 24 hr according 

to Behzadi et al. (2019) study. 

2.9. DAPI staining 

DAPI staining was used to distinguish the apoptosis cells from normal cells. Briefly, the cells were 

incubated with increasing doses of NiO NPs (0, 1, 10, 50, 100 and 200 µg/ml) for 24 hr followed by 

addition of 4% paraformaldehyde for 30 min. DAPI (5 µg/ml) was then added for 15 min and the 

morphology of nucleus was observed under a fluorescent microscope (Zeiss, Germany). 

2.10. qPCR studies 

The expression of Bax and Bcl-2 mRNA were explored in lymphocyte cells after treating with IC50 

concentration of NiO NPs for 24 hr by qPCR investigation based on Babadaei et al. (2018) study. 

2.10. Statistical analyses 

Data extracted from control and incubated samples with NiO NPs were statistically analyzed using 

one-way ANOVA which was continued by Tukey's comparison test. *P-value <0.05 was considered 

statically significant. 

3. Results: 

3.1. Heme displacement study 

UV-Vis spectroscopy was run to monitor the displacement of aromatic residues (Trp, Tyr and Phe) at 

280 nm, heme moieties at 408 nm and production of the pro-aggregatory species at 360 nm, after 

interaction of Hb with increasing doses of NiO NPs. Fig. 1 shows that the three indicated intensities 

at 280 nm (absorbance of aromatic residues), 360 nm (absorbance of turbid solution) and 408 nm 

(absorbance of heme groups) increase as the concentration of NiO NPs increases. This data indicated 

that the conformation of Hb is subjected to some structural changes and displacement of heme 

groups associated with the protein aggregation. Indeed, it can be indicated that increasing the 

concentration of NiO NPs, increases the protein unfolding and exposure of the buried hydrophobic 
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residues particularly in the vicinity of aromatic residues and heme groups that can be reflected in the 

production of the pro-aggregatory species.  

3.2. Heme degradation study 

It has been widely documented that degraded spices of heme groups can be excited at around 325 

and 465 nm, which emitted the absorbed light at around 462 and 523 nm, respectively (Mirzaei et al. 

2018). Therefore, in this study, the fluorescence study was carried out to reveal the heme degradation 

of Hb after interaction with increasing doses of NiO NPs. Fig. 2 shows the fluorescence spectra of 

Hb in the presence of NiO NPs with different concentrations of 0.01 mg/ml, 0.05 mg/ml, and 0.1 

mg/ml as excited at 325 nm (Fig. 2a) and 465 nm (Fig. 2b). As indicated in Fig.2, the intensity of 

fluorescence spectra at 462 nm and 523 nm enhances, as the concentration of NiO NPs increases, 

indicating the induction of heme degradation by NiO NPs. 

3.3. Structural changes study 

Far UV-CD bands were recorded to explore the secondary structure of Hb incubated with different 

doses of NiO NPs. Fig. 3 depicts the CD bands of free Hb and Hb−NiO NPs complexes. As 

displayed in Fig. 3, Hb molecules exhibit two negative minima at ∼208 nm (n→π*) and 222 nm 

(π→π*), corresponding the α-helical conformation of Hb (Hall et al. 2014). In the presence of NiO 

NPs, it was seen that the ellipticity values of the minima reduced, indicating destabilization of the Hb 

upon interaction with NiO NPs. 

To quantify the structural changes of Hb in the presence of varying concentrations of NiO NPs, 

CDNN software was used. As tabulated in Table 1, it can be observed that the content of α-helix, β-

sheets, turn/ loop, and random coil structure of Hb sample in the absence of NPs as control are 

calculated to be around 66.32%, 14.88%, 9.21%, and 10.09%, respectively. However, after addition 

of different concentrations of NiO NPs, the α-helical and β-sheets contents of Hb decreased, whereas 

the turn/ loop and random coil contents increased. Such substantial reduction in α-helical/ β-sheet 

content of Hb, upon binding with NiO NPs indicated a considerable structural change in the 

secondary structure of protein. 

Near UV-CD was employed to investigate the quaternary structural changes of Hb in the presence of 

increasing levels of NiO NPs (0.01 mg/ml, 0.05 mg/ml and 0.1 mg/ml). Fig. 4 shows that as the 

concentration of NiO NPs increases, the ellipticity changes at 295 nm significantly reduce, whereas 

the ellipticity changes around 270 nm and 260 nm are not substantial. This data indicates that the 

NP-induced structural alternations occur around aromatic residues especially Trp counterparts. 

Indeed, Trp residues displaced to a more hydrophilic environment upon interaction of NiO NPs with 

Hb. Therefore, it may be concluded that NiO NPs result in secondary and quaternary structural 

changes of Hb in a dose-dependent fashion.  

To more discuss regarding the NiO NPs -mediated structural changes in the Hb (1 mg/ml), heme 

displacement study was also carried out by near UV-CD technique. As shown in Fig. 5, the 

maximum ellipticity value at around 412 nm was reduced in the presence of increasing 

concentrations of NiO NPs. This data exhibits the displacement of heme groups to a more 

hydrophilic environment. The reason may be due to rearrangement of Hb structure in the presence of 

NiO NPs as also determined by UV-Vis, far UV-CD bands and near UV-CD (260-340 nm).  

3.4. Molecular dynamics study 
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The NVE ensemble modeled the interaction between Hb and a NiO slab (10 nm × 10 nm × 1 nm) 

with a time step and simulation time of 1 fs and 100 ps, respectively. The side view of molecular 

modelling in the beginning and after interaction of Hb with NiO slab is displayed in Fig.6a and Fig. 

6b, respectively. Also, the top view in the beginning and after interaction of Hb with NiO 

nanocluster is shown in Fig. 6c and Fig. 6d, respectively. It can be depicted that by contacting Hb to 

the NiO surface, NPs stimulate unfolding the quaternary structure of protein molecule and Hb is 

substantially destabilized in the binding site, which causes a major change in Hb structure. This 

outcome is also in accordance with UV-Vis and CD results. 

Also, it was revealed that NiO cluster upon interaction with Hb results in dynamic porphyrin ring 

deformation (Fig. 7). This heme deformation induced by NiO NPs may cause heme degradation over 

time. Indeed, NPs can bind to heme moieties directly or indirectly using different kinds of bonds. In 

the former case, NPs may induce dynamic heme distortion, whereas in the latter case, NPs may lead 

to some structural changes around heme groups causing the heme displacement, distortion, 

deformation, and finally degradation. 

3.5. Aggregation assay using fluorescence spectroscopy 

The Hb structural changes and subsequent aggregation induced by NiO NPs were explored via ThT 

fluorescence assay. As shown in Fig. 8, the ThT fluorescence intensity of Hb increased in the 

presence of varying concentrations of NiO NPs. Therefore, this data may confirm the adverse effects 

of NiO NPs on structural changes of Hb and corresponding aggregation. 

3.6. TEM study 

TEM investigation was performed to monitor the morphology of aggregated species of Hb incubated 

with NiO NPs (0.1 mg/ml) for 2 min. Fig 9 a, b and c represent the Hb molecules, NiO NP molecules 

and NiO/Hb complex, respectively. As shown in Fig. 9a, Hb molecules show a well-dispersed 

morphology and do not tend to be aggregated. Fig. 9b exhibits the spherical shape of NiO NPs with 

an average diameter of around 50 nm. Fig.9 c, depicts that Hb molecules aggregated in the form of 

amorphous species around NiO NPs. Indeed, NiO NPs resulted in structural changes and respective 

aggregation of Hb.  

3.7. Viability assay 

Viability data revealed dose-dependent toxicity of NiO NPs on lymphocyte cells (Fig. 10). The MTT 

assay was done after incubating lymphocyte cells with NiO NPs cells for 24 hr. NiO NPs with doses 

of 1 μg/ml, 10μg/ml, 50μg/ml, 100μg/ml, and 200 μg/ml resulted in the reduction of cell viability to 

93.24%±15.40, 90.56%±15.40, 83.33%±8.08, 46.32%±7.11, and 40.97%±5.0, respectively. The IC50 

of NiO NPs was calculated to be 95μg/ml. 

3.8. Morphological assay 

The morphological changes stimulated by varying concentrations of NiO NPs were assessed in the 

DAPI assay by fluorescence microscopy (Figure 11). The DAPI staining depicted that control cells 

(Figure 11A) and treated cells by NPs with concentrations of 1 µg/ml (Figure 11B) and 10 µg/ml 

(Figure 11C) show almost dark blue appearance, indicating the presence of normal and viable cells. 

However, after incubation of cells with higher concentrations of NiO: i.e., 50 µg/ml (Figure 11D), 

100 µg/ml (Figure 11E), and 200 µg/ml (Figure 11F), significant bright appearance having nuclear 

condensation and DNA fragmentation were observed, which these NP-induced morphological 

changes was more pronounced for higher concentration of NPs than lower ones. 
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3.8. Genotoxicity assay 

To explore if NiO NPs trigger apoptosis in lymphocyte cells, the expression of Bcl-2 and Bax 

mRNA were investigated by qPCR analysis after 24 hr incubation with IC50 concentration of NiO 

NPs. The relative expression of Bax was up-regulated to 1.21 unit relative to control group, (*P-

value <0.05), whereas the relative expression of Bcl-2 was down-regulated to 0.85 unit relative to 

control group, (*P-value <0.05) (Fig. 12). Afterwards, the expression ratio of Bax/Bcl-2 mRNA was 

calculated, since this ratio is important for revealing the apoptosis induced by toxic agents. As shown 

in Fig.12, the expression ratio of Bax/Bcl-2 mRNA increased to 1.42 unit in lymphocyte cells in the 

presence of NiO NPs (*P-value <0.05). 

4. Discussion 

Study on the toxicity of NPs has evolved into a crucial concern in biochemistry and biophysics. 

Concerning medical applications, NPs have conclusively passed into the area, developing the field of 

nanomedicine where NPs are exploited for drug delivery, diagnosis, and therapy. Besides these 

activities, researchers have concerned the selective approaches in which NPs interact with 

biomolecules like proteins. We found that NiO NPs results in secondary and quaternary structural 

changes of Hb. Regarding the structural changes of proteins; some other reports have been published. 

For example, Zolghadri et al. (2009) and Gebauer et al. (2012) showed that human serum albumin 

(HSA) and Hb molecules as protein corona are denatured after adsorption on the surface of silver 

(Ag) NPs to some extent. Mehdizadeh et al. (2019) also revealed that NiO NPs result in 

conformational changes of tau protein from a natively disordered structure toward a more folded 

structure. However, Esfandfar et al. (2016) revealed that copper oxide (CuO) NPs do not stimulate 

profound structural changes in the structure of HSA. Also, Aghili et al. (2016) depicted that iron NPs 

do not induce remarkable changes in the lysozyme structure. Therefore, depending on the dimension, 

morphology, functional groups, hydrophilic properties, and intrinsic stability of proteins, engineered 

NPs can react in the different ways with biomolecules like proteins. For example, Lundqvist et al. 

(2004) demonstrated that conformational variation of human carbonic anhydrase immobilized onto 

silica (SiO2) NPs depend on the NP geometry and the intrinsic protein stability. Shang et al. (2009) 

also revealed that the interaction of cytochrome c with SiO2 NPs and subsequent structural variations 

and enzymatic activity depends on NP dimension. Falahati et al. (2012) also revealed that 

modification of mesoporous SiO2 NPs with positive moieties influence the interaction mechanism 

and stability of confined biomolecule.  

Satzer et al. (2016) also reported that by interactions of nine different biomolecules with SiO2NPs, 

only bovine serum albumin (BSA) and myoglobin underwent structural changes, and the NP-induced 

conformational changes were correlated with the NP dimension. Indeed, structural alterations were 

detected only for NPs larger than 150 nm. In another study, Vitali et al. (2018) compared the 

structural changes of intrinsically disordered proteins with lysozyme upon interaction with 

NPs.  They found that intrinsically disordered proteins did not show a substantial structural changes 

upon interaction with SiO2 NPs, whereas lysozyme did not preserve its helical structures (Vitali et al. 

2018). They also reported that NPs promoted α-synuclein amyloid formation in a concentration-

dependent manner.  

Also, we found that heme degradation of Hb occurs after interaction with NiO NPs. It has also been 

reported that cerium oxide NPs (Mobasherat Jajroud et al. 2018) and iron NPs (Mirzaei et al. 2018) 

can cause heme degradation in a concentration-dependent manner. 

In this paper, we also revealed that NiO NPs results in the aggregation of Hb molecules into the 

amorphous species. Actually, by doing UV-Vis spectroscopy and exploring the absorption intensity 
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at 360 nm as a criterion for the amorphous aggregation of protein, it was observed that the intensity 

of Hb molecules enhances as the concentration of NiO NP increases. Also, far and near UV-CD 

showed that the secondary and quaternary structures of protein were substantially changed from a 

folded structure toward a more random coil conformation. TEM study and ThT assay also revealed 

the formation of pro-aggregatory species after interaction of Hb with NiO NPs. In this paper, we 

incubated Hb with different concentrations of NPs for 2 min. However, it was found that the 

incubation time of 2 hr had no significant effect on the ThT fluorescence intensity or CD signal of 

Hb molecules in the presence of NiO NPs compared to incubation time of 2 min (data not shown). 

Indeed, the effect of incubation time on the aggregation tendency of large molecules like Hb should 

be explored in the amyloidogenic conditions, whereas in our study Hb was dissolved in a normal 

phosphate buffer with a pH 7.4. Therefore, in the future studies, the Hb molecules can be dissolved 

in amyloidogenic buffers having acidic or basic pH with high ionic strength to induce the formation 

of amyloid like fibrils of Hb and explore the inhibitory or activatory effects of NiO NPs on the 

kinetic pathways of aggregation. 

Zeinabad et al. (2016) also manifested that carbon nanotube [single wall (SW) or multiwall (MW)] 

with different diameters and morphologies have different effects in tau structure. Indeed, it was 

shown that amorphous aggregation of tau was more triggered by MWCNTs relative to SWCNTs 

(Zeinabad et al. 2016) after 2 min of incubation.  

Regarding cellular assays, we found that NiO NPs only with high concentration can stimulate cell 

mortality. Indeed, NiO NPs with an IC50 of 95 μg/ml can up-regulate the expression of Bax mRNA 

and down-regulate the expression of Bcl-2 mRNA, as apoptotic and antiapoptotic genes, 

respectively.  

Ye et al. (2010) reported that SiO2 NPs triggered apoptosis via upregulation of apoptotic gens 

induced by oxidative stress in human hepatic cells. Ahamed et al. (2011) revealed that zinc oxide 

(ZnO) nanorod stimulated cell mortality and apoptosis via Bax/Bcl-2 pathways. Assadian et al. 

(2018) reported the cytotoxicity of CuO NPs and Fe2O3 NPs on lymphocytes cells. They revealed 

that both NPs, increased the cell mortality with a remarkable enhance at intracellular ROS value 

and loss of mitochondrial dysfunction (Assadian et al. 2018). Recently, NiO NPs were found to 

target endoplasmic reticulum and mitochondria in rat renal tubular cells (Abdulqadir & Aziz 

2019). The toxicity of titanium oxide (TiO2) NPs (Kang et al. 2008; Kang et al. 2011; Ghosh et al. 

2013; Aliakbari et al. 2019), cobalt NPs (Rajiv et al. 2016), Fe3O4 NPs (Rajiv et al. 2016), SiO2 NPs 

(Rajiv et al. 2016; Sabziparvar et al. 2018), and zero-valent iron NPs (Asl et al. 2018) against 

lymphocyte cells have been also reported. Indeed, the qPCR assay has been widely used to monitor 

the variation in the Bax and Bcl-2 mRNA expression for evaluation of cytotoxicity of NPs. For 

instance, it has been documented that SiO2 NPs (Ye et al. 2010), ZnO nanorod (Ahamed et al. 2011), 

TiO2 NPs (Zhu et al. 2012), fullerene (Song et al. 2012), ZnO NPs (Liang et al. 2016), gadolinium 

oxide NPs (Alarifi et al. 2017), and Ag/gold (Au) bimetallic NPs (Katifelis et al. 2018) induce cell 

mortality in cell lines via Bax/Bcl-2 pathways. 

The NP-induced cell mortality also depends on physicochemical features of NPs. Indeed, unlimited 

modification of NPs with different moieties and tuning the morphology and size of NPs can be used 

for the modulation of the NP toxicity (Hofmann-Amtenbrink et al. 2015). The attachment of 

proteins to NPs is also influenced the NP internalization into the cells and subsequent toxicity 

(Aggarwal et al. 2009). 

5. Conclusion 

Herein, the impact of NiO NPs on conformational alterations, heme degradation and aggregation of 

Hb was evaluated by different techniques. Moreover, the genotoxicity of NiO NPs on human 
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lymphocyte cell was assayed by qPCR assay. The spectroscopic and theoretical analysis revealed 

that NiO NPs resulted in secondary and quaternary structural changes of Hb, heme degradation, and 

aggregation of Hb. Moreover, cellular and genotoxicity assay showed that the DNA fragmentation 

and expression ratio of Bax/Bcl-2 mRNA increased in lymphocyte cells incubated with IC50 doses of 

NiO NPs for 24 hr. Exploring the reaction of NPs with a biological system is required to realize the 

behavior of biomolecules in contact with NPs. All chemical data must live up to the “biological 

systems”, first in vitro and finally in vivo, to help us to develop a brand-new system for promising 

therapeutic approaches. 
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Table 1. Different contents of secondary structure of Hb either alone or with different concentration 

of NiO NPs  

Concentration of 

NPs 

α-helix 

(%) 

β-sheets 

(%) 

Turn/ loop 

(%) 

Random coil 

(%) 

0 66.02 14.88 9.01 10.09 

0.01 65.51 14.58 9.25 10.66 

0.05 58.08 13.21 11.03 17.68 

0.1 54.81 12.58 12.21 20.40 
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Figure 1. UV-Vis spectra of Hb either alone (red) or with different concentrations of NiO NPs 0.01 

mg/ml (green), 0.05 mg/ml (purple), and 0.1 mg/ml (blue). 
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Figure 2. Fluorescence spectra of Hb with an excitation emission of 325 nm (a) and 465 nm (b) in 

the absence (red) and presence of NiO NPs with different concentrations of 0.01 mg/ml (green), 0.05 

mg/ml (purple), and 0.1 mg/ml (blue). 
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Figure 3. The Far UV-CD (190-260 nm) bands of Hb in the absence (red) and presence of NiO NPs 

with different concentrations of 0.01 mg/ml (green),0.05 mg/ml (purple), and 0.1 mg/ml (blue). 
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Figure 4. The near UV-CD (260-350 nm) bands of Hb either alone (red) or with NiO NPs with 

different concentrations of 0.01 mg/ml (green), 0.05 mg/ml (purple), and 0.1 mg/ml (blue). 
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Figure 5. The near UV-CD (380-440 nm) bands of Hb in the absence (red) and presence of NiO NPs 

with different concentrations of 0.01 mg/ml (green),0.05 mg/ml (purple), and 0.1 mg/ml (blue). 
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Figure 6. The side view of molecular modelling in the beginning (a) and after the interaction of Hb 

with NiO slab (b). The top view in the beginning (c) and after the interaction of Hb with NiO 

nanocluster (d) 
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Figure 7. The molecular modelling of heme group at the beginning (a) and after interaction of Hb 

with NiO slab (b). 
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Figure 8. ThT fluorescence spectra of Hb in the absence (red) and presence of NiO NPs with 

different doses of 0.01 mg/ml (green), 0.05 mg/ml (purple), and 0.1 mg/ml (blue). 
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Figure 9. TEM images of Hb solution (a), NiO NP solution (b) and NiO/Hb complex solution(c). 
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Figure 10. MTT assay of lymphocyte cells after treating with different doses of NiO NPs. *P-value 

<0.05 and **P-value <0.01, relative to the negative control group 
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Figure 11. DAPI staining of cells exposed to varying doses of NiO NPs (0 [A], 1 [B], 10 [C], 50 [D], 

100 [E] and 200 µg/ml [F]) for 24 hr. 
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Figure 12. Bax, Bcl-2 and Bax/Bcl-2 mRNA expression at IC50 concentrations of NiO NPs for 24 hr. 

*P-value <0.05 relative to the negative control group. 
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