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Abstract: The use of nanoparticles in biological applications and cancer treatment has increased 

dramatically in the recent decade. Metal oxides of nanoparticles are among the most significant 

nanoparticles. Due to its suitable physical and chemical properties, zinc oxide is utilized in various 

fields, especially biomedicine and cancer treatment. This has raised a great deal of concern about the 

effects of nanoparticles on the body's biomolecules. The current study was set out to investigate zinc 

oxide nanoparticle's effects on neuroblastoma cells and their interaction with Tau protein. MTT and 

LDH tests were performed according to the instructions to evaluate the toxicity of zinc oxide 

nanoparticles on human neuroblastoma cells. Afterward, UV spectroscopy, CD spectroscopy, and 

fluorescence spectroscopy were performed according to the guidelines to investigate the interaction of 

zinc oxide nanoparticles with Tau protein. The results of the MTT assay showed a decrease in the 

survival rate of human neuroblastoma cells in a dose-dependent manner. The results of the Lactate 

dehydrogenase evaluation indicated an increase in LDH enzyme leakage from human neuroblastoma 

cells. Furthermore, zinc oxide nanoparticles form complexes with Tau-P through spontaneous and 

electrostatic interactions. The interaction of zinc oxide nanoparticles with Tau-P caused the 

accumulation of this protein and showed a significant change in the Tau-P structure. CD spectroscopy 

results showed that zinc oxide nanoparticles changed the α-helix and β-sheet structure of the Tau 

protein. Besides, the results of the Stern-Volmer equation revealed that the type of interaction of zinc 

nanoparticles with Tau-P is static quenching interaction.  In summary, these results demonstrated the 

safety aspect of zinc oxide nanoparticles in proteins and natural cells and their biological applications, 

which emphasizes further investigation on zinc oxide nanoparticles usage. Zinc oxide nanoparticles can 

manipulate the structure of Tau-P that can lead to Alzheimer's disease. Consequently, more studies on 

the use of zinc oxide nanoparticles are required. 
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1. Introduction 

Nanotechnology is a new platform to produce novel nanomaterials for a broad range of 

biological and biomedical applications from sensing to drug delivery [1, 2]. Nanoparticles 

(NPs) are generally defined as any material having at least one dimension smaller than 100 nm  
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and, due to its novel properties, have a diverse range of products with applications in diagnosis, 

drug delivery, food industry, paints, electronics, cosmetics, and sunscreens [3-5]. The use of 

nanotechnology and nanoparticles in biomedical treatments is known as nanomedicine [6, 7] . 

One of the most important metal oxide nanoparticles is zinc oxide nanoparticles, which are 

widely used in consumer products due to their attractive chemical properties [8, 9].  Commonly, 

ZnO-NPs have been used for industrial purposes such as semiconductors in microelectronic 

devices and degradation accelerator of water pollutants by photocatalytic activity [10, 11]. 

Previous studies have shown that ZnO can be used in biomedical and cancer treatment, 

including ovarian, gastric, breast, and colon cancer [12, 13].  Despite their benefits, zinc oxide 

nanoparticles also have toxicities to some extent that cause toxicity through mechanisms such 

as releasing Zn2
+ cations and free radicals.  Wan-Seob Cho et al. indicated that administration 

of ZnO-NPs orally for 13 weeks causes long-term accumulation of nanoparticles in the organs 

such kidney, brain, liver, and spleen [14].  ZnO-NPs have antibacterial, antidiabetic, 

antioxidant, and protective effects, whereas other investigators recorded harmful impacts of 

ZnO-NPs in the cultured human cells and experimental animals Further studies on these 

nanoparticles are necessary [15, 16]. Zinc is known as one of the most abundant trace metals 

in the brain, which is not only involved in physiological processes in the brain, including signal 

transmission and nerve growth but also plays an important role in the pathogenesis of several 

neurodegenerative diseases such as Alzheimer's [17-19]. The zinc ion maintains the structure 

and function of a wide range of proteins, including proteins with enzymatic roles, cell receptors, 

and signaling [20]. It has been found that ZnO-NPs interaction with proteins prompt structural 

alteration, and denaturation lead to adverse effects against biological systems [21, 22]. Tau-P 

belongs to the microtubule-associated proteins (MAPs) family, being recognized in 1975, by 

Weingarten et al., as a heat-stable protein and plays a pivotal role in stabilizing microtubules 

[23, 24].  In healthy nerve cells, the Tau protein is located in the axon  [25].  In patients with 

Alzheimer's disease, Tau-P loses its ability to bind microtubules. Therefore, its normal duty, 

which is keeping the well-organized cytoskeleton, is no longer effective [26]. Also, according 

to research, no study has been performed on the cell lethal effects of ZnO-NPs on human 

neuroblastoma cell bristles and toxicity to the Tau protein. The purpose of this study is to 

achieve a variety of topics, including: Investigation of the lethal effects of zinc oxide 

nanoparticles on human neuroblastoma cell line with cell membrane disorders; better 

understanding of the interaction between zinc oxide nanoparticles and Tau protein; The 

possibility of nanoparticles binding to proteins and interfering with their function and stability. 

The result of this study can provide valuable information for discovering a new 

compound with minimum side effects in the treatment of diseases such as cancer and 

understanding the nanoparticles and protein surfaces interaction, which contribute to many 

complex cellular processes. 

2. Materials and Methods 

Zinc nanoparticles were purchased from US Nano as a powder with a 20 - 50.5 nm 

particle size with a purity of 99% and a spherical morphology. Human Tau protein (Sigma-

USA), Human neuroblastoma cell line (Pasteur Institute, Tehran, Iran), The metals composition 

Eagle’s Minimum Essential Medium (Gibco), Fetal Bovine Serum (Gibco BRL), 

penicillin/streptomycin solution 100X, PBS tablet, MTT (3-(4, 5-dimethylthiazol-2-thiazol-2-

tl)-2, 5-diphenyl tetrazolium bromide) (Sigma), dimethyl sulfoxide (DMSO), Lactate 

dehydrogenase kit (Sigma). 
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2.1. UV-visible. 

The UV-visible spectra of Tau-P and Tau-Pin in the presence of varying concentrations 

of ZnNPs (0, 2, 5, 10, 20, 50 µM) were recorded in the wavelength range of 360 nm on 

Spectrophotometer.  

2.2. Fluorescence spectrophotometer measurement. 

Fluorescence measurements were registered on a Varian, Cary Eclipse fluorescence 

spectrophotometer. The excitation wavelength was set at 270 nm, and emission was measured 

in the range of 300–400 nm. The absorption and emission slot widths were adjusted to 5 and 

10 nm, respectively. Three sets of fluorescence measurements were recorded at temperatures 

of 298 K, 310 K, and 315 K for different concentrations of ZnONPs (0, 5, 20, 50, 100 µM). 

2.3. Circular dichroism (CD) spectropolarimetry. 

The spectra were recorded using Jasco J-815 Circular Dichroism (CD) 

Spectropolarimeter. Measurements were performed in the UV region in the wavelength range 

190-260 nm and recorded after at least 1 min of incubation required to interact with ZnO-NPs 

and tau protein. 

2.4. MTT assay. 

Cell toxicity was evaluated by MTT according to the standard method. In summary, 

human neuroblastoma cells (5×103 in 200 μl culture medium, four replicates) are seeded in a 

96-well culture plate. After that, we treat them with different concentrations of ZnO-NPs (0, 1, 

10, 20, 50, 100μgmL-1) concentration. At the end of the exposure time, a wash step was 

performed. Then, 20 μl of MTT solution (5 mg / L) was added to each well and incubated for 

3 hours. Color formazan crystals produced from the reduction of MTT in 200 μl of dimethyl 

sulfoxide (DMSO) were dissolved. Optical density (O.D.) solution at 540 nm wavelength was 

measured as an excitation wavelength using a spectrophotometer screen (Applied Biosystems, 

Life Technologies, Monza, Italy).  

2.5. Lactate dehydrogenase assay. 

The leakage of LDH in SH-SY5Y cells was determined with LDH assay (Sigma) 

according to the manufacturer. SH-SY5Y cells were plated into the 96-well plates and exposed 

to different concentrations of ZnO-NPs (0, 1, 10, 20, 50, 100μgmL-1). At the end of exposure, 

the aliquot of a 50 μl cell medium was used for LDH activity analysis, and the absorption was 

measured using the ELISA reader at 490 nm. It is also worth mentioning that all experiments 

were performed in triplicate.  

2.6. Statistical analysis. 

All experiments were performed in three days and triplicate. Statistical analysis of this 

study was performed using SPSS version 16, and the results were analyzed by one-way 

ANOVA. Data were shown as mean ± standard deviations,  and a significant level was 

considered compared to the mean of data P <0.05. 
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3. Results and Discussion 

3.1. UV-visible. 

The results of this experiment showed that at the beginning when Tau-P existed 

individually, the absorption rate was 360 nanometers at its minimum. By increasing the 

concentration of nanoparticles on zinc, the amount of adsorption gradually increases. 

Therefore, the structure of Tau-P is folded and accumulated due to interaction with zinc oxide 

nanoparticles. This procedure is quite similar to the occurrence of Alzheimer's disease [27] 

(Figure 1). 

 
Figure 1. Uv-visible spectroscopy to measure the amount of light absorbed at 360 nm. 

3.2. Fluorescence quenching studies of tau protein in the presence of ZnO-NPs. 

Fluorescence spectroscopy is used as a simple method to investigate changes in the 

structural interaction of biological macromolecules [28]. In fact, the fluorescence quenching 

mechanism can provide information about the displacement of fluorophores. Changes in the 

fluorescence spectrum of fluorophores often occur in response to changes in subunit 

conformation or bonding to the ligand [29,30]. Exposure of proteins to ligands such as 

nanoparticles can change the structure of proteins and finally change the function of proteins 

[31]. There are two types of fluorescence quenching mechanisms due to the interaction of the 

ligand with the protein, dynamic and static quenching [32]. The fluorescence static quenching 

is due to the formation of a less fluorescent complex in the ground state [33]. In comparison, 

dynamic quenching is due to a collision process among the protein and the ligand [34]. 

The fluorescence spectra of the Tau-P were recorded at temperatures of 298 K, 310 K, 

and 315 K. The outcomes showed the Tau-P protein has a strong emission band when excited 

with 270 nm wavelength, and as the concentration of ZnO-NPs increases, the intensity of 

fluorescence band gradually decreases. Therefore, zinc oxide nanoparticles lead to quenching 

of Tau-P as well as shifting the amino acid position of tyrosine fluorescence from the 

hydrophobic region to the hydrophilic region on the protein surface. This change in the 

fluorescence characteristic of the Tau-P indicates the binding between ZnO-NPs and Tau-P to 

form a complex (Figure 2). 

The fluorescence test confirmed the formed complex of nanoparticles and protein Tau-

P, and a closer examination by the Stern-Volmer equation revealed that the type of mattress 

complex is static quenching (Figure 2). 
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(A)  

(B)  

(C)  

Figure 2. Fluorescence spectra, recorded for tau protein and ZnO-NP system, at the temperature of (A) 298, (B) 

310, (C) 315 K. 

3.3. Binding mechanisms between tau protein and ZnO-NPs. 

The fluorescence quenching data at different temperatures were analyzed by the Stern–

Volmer Equation (Eq. 1) 

 

(Eq. 1)     
𝐹𝑂

𝐹
= 1 + 𝑘𝑆𝑉[𝑄] 

 

The Stern–Volmer diagram of F0/F vs. [Q] is presented in Figure 5. The slope of the 

linear regression of this plot yields a Stern-Volmer constant (Table 1). As the temperature 
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surges, the constant quenching drops. Thus, it can be concluded that the type of silencing 

mechanism is the interaction of zinc oxide nanoparticles with the Tau-P of static quenching. In 

fact, these nanoparticles are complex with Tau-P. (Figure 3) 

 
Figure 3. Stern–Volmer diagram of the interaction of tau protein with zinc oxide nanoparticles at temperatures 

298, 310, 315 K. 

Table 1. Stern–Volmer constant at 298, 310 and 315 K. 
2R )1-Ksv (M T (K) 

0.98 810 ×1.35 298 

0.95 810 ×1.31 310 

0.93 810 ×1.0 5 315 
 

The Stern-Volmer linear diagram states that the Ksv protein complex decreases with 

increasing temperature (Figure 3). In line with our study, previous studies have reported that 

the binding constant of zinc oxide nanoparticles to albumin protein reduces with growing 

temperature (Table 1) [35,36].  

3.4. Number of binding sites and binding constant ZnO-NPs and Tau-P complex. 

The fluorescence quenching data provides the information on the binding constant and 

the number of binding sites (n) between the ZnO-NPs and Tau-P; therefore, the data were 

analyzed at different temperatures by the Hill equation (Eq. 2) (Figure 4): 

 

(Eq. 2)     𝑙𝑜𝑔
𝐹𝑂−𝐹

𝐹
= 𝑙𝑜𝑔𝐾 + 𝑛 𝑙𝑜𝑔[𝑄] 

 

As shown in Table 2, the binding remains constant, and the number of binding sites 

decreases with an increase in temperature. However, the decrease in Ksv is not so significant. 

This could mean that minor structural changes in the tau protein occur with increasing 

temperature. This, in turn, indicates that as the temperature rises, the binding of ZnO-NPs to 

the Tau-P becomes weaker. In other words, their bond is stronger at lower temperatures. It is 

also observed that the value of the n coefficient is approximately 0.5, meaning that each number 

of ZnO-NPs interacts with two Tau-P proteins. This result indicates the formation of an 

unstable complex of Tau-P with ZnO-NPs may decompose at higher temperatures. We 

examined the number of binding sites by the Hill equation and showed that each of ZnO-NPs 

binds to 2 tau proteins (Figure 4-Table 2).  
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Figure 4. Hill plot of the interaction of tau protein with ZnO-NPs at three different temperatures. 

Table 2. Calculation of binding parameters of Tau protein interaction with ZnO-NPs at three different 

temperatures. 
2R n )1-logKb (M T (K) System 

0.97 0.59 4.21 298  

ZnO-Tau 0.99 0.58 4.20 310 

0.99 0.56 4.01 315 

3.5. Binding forces between ZnO-NPs and Tau protein. 

The thermodynamic parameters DH ° and DS ° can be determined by Van't Hoff Eq 

(Eq. 3): 

 

(Eq. 3)     𝑙𝑛𝐾 = −
△𝐻°

𝑅𝑇
+

△𝑆°

𝑅
 

 

K  is the binding constant at the corresponding  temperature, and R is the gas constant. 

The  DH°  and  DS°  are determined from the linear van’t Hoff plots (Figure 6). The Gibbs free 

energy (DG°) is estimated from the following Eq (Eq. 4): 

 

(Eq. 4)     ∆𝐺° = ∆𝐻° − 𝑇∆𝑆° 

 
Figure 5. Schematic representation of the interaction between ZnO-NP and tau protein. 

The plot of ln vs. 1/T was fitted linearly to determine the value of S◦ and H◦ from the 

slope (Figure 6). Thermodynamic parameters are presented in Table 3.  Bonding parameters 

were obtained for ZnO-NPs and revealed that by increasing temperature (from 298 K to 315 
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K), the binding affinity of ZnO-NPs to Tau-P increased. The negative sign of Gibbs free energy 

changes indicates the binding process occurs spontaneously. The negative sign of ΔH and the 

positive sign of ΔS also indicate that the force involved in the bonding between the Tau-P and 

the ZnO-NPs is electrostatic and ionic. In other words, positively charged zinc nanoparticles 

interact with negatively charged ligands on the tau protein (Figure 5). 

Specific electrostatic interactions between ionic species in an aqueous solution are 

characterized by a positive ΔS value and a negative ΔH value.  The negative sign for ΔG 

manifested that the binding process was spontaneous   [37  ,38] (Figure 6- Table 3). To confirm 

our study, Bardhan et al. Showed that the force between zinc oxide nanoparticles and bovine 

albumin protein is electrostatic. The process of interaction of oxide nanoparticles on bovine 

albumin protein is spontaneous [39]. The study of the effect of zinc oxide nanoparticles on 

human albumin protein also confirms previous studies [40]. 

Another study in 2020 by Kumar et al. on albumin protein and zinc oxide nanoparticles 

showed negative enthalpy and entropy, which showed the formation of complexes with Van 

der Waals forces and hydrogen bonding. It indicates that thermodynamic forces play a pivotal 

role in the interactions of nanoparticles and proteins [41] Non-covalent weak forces play an 

undeniable role in the interactions of nanoparticles with biomolecules, which originate from 

hydrophobic, van der Waals, electrostatic, and hydrogen bonds [42]. Chakraborti et al. Found 

that the interactions of zinc oxide nanoparticles with Lactalbumin, one of the cow's milk 

proteins, after hemolysis with zinc oxide nanoparticles establish high-affinity van der Waals 

and hydrogen interactions [43].  

 
Figure 6. Van't Hoff Linear Diagram for the Interaction of Tau Protein with ZnO-NP. 

Table 3. Calculation of Thermodynamic Parameters of Interaction of ZnO-NP with Tau Protein. 

System T (K) ΔG  ֠ ΔH ֠ ΔS ֠ 

 

ZnO-Tau 

298 -24.07  

-17.24 

82.6 

310 -24.34 7.10 

315 -24.46 7.21 

3.6. Circular dichroism spectroscopy. 

The CD spectrum of a protein in the 190-260 nm region provides information about its 

conformation with the secondary structure. As can be seen in Figure 7, the Tau-P has a peak at 

195 nm, indicating that it has a random coil structure. Increasing the concentration of oxide 

nanoparticles changed the structure of the Tau protein towards alpha-helix and beta-sheet.  As 

the ZnO-NPs concentration augmented from zero to 20 μM, the beta-sheet band increased from 

10.4% to 12.7%, and the alpha-helix band raised from 3.1% to 6.1%. At the same time, the rate 

of random coil structure decreased from 62.3 to 59.1% and the turn structure from 24.2% to 

22.1%, which implies a reduction in the random coil structure in the Tao protein. The 
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interaction of ZnO-NPs with the Tau-P destroys the linear structure and random coil of protein 

and transformation into beta-sheet and alpha-helix structures. This change can lead to 

neurological disorders, according to Figure 7 and Table 4. 

The results of dual CD spectroscopy showed that zinc oxide nanoparticles alter the 

structure of tau protein. Thus, the protein loses its function and accumulates. In addition, 

previous studies have shown that zinc oxide nanoparticles alter the structure of lysosomal and 

glucose oxidase proteins by decreasing the level of alpha-helix and increasing the structure of 

beta-sheet, causing their inactivation. [44, 45]. Previous studies demonstrated that the heart 

cystatin protein upon interaction with ZnO-NPs led to the altered protein conformation [46] 

(Figure 7 and Table 4). 

 
Figure 7. Circular dichroism spectra of Tau protein and ZnO-NPs at different concentrations. 

Table 4. Changes were observed in the secondary structure of the Tau protein by interaction with ZnO-NPs. 

[NP] µM Helix % Sheet % Turn % Random coil % 

0 3.1 10.4 24.2 62.3 

5 3.3 10.5 24.2 62.0 

10 5.4 11.4 23.1 60.1 

20 6.1 12.7 22.1 59.1 

         3.7. MTT assay.   

The results of the MTT test showed that exposing SH-SY5Y cells to ZnO-NPs for 24 

hours resulted in reduced cell survival in a concentration-dependent manner. In the control 

group, 100% viability of the cells was observed, and before 10 μg/ml concentration of ZnO-

NPs, the decrease in cell viability was negligible. At a concentration of 20 μg, cell viability 

declined to 78.22 % in comparison with the control group (P<0.05). By increasing the 

concentration of ZnO-NPs to 100 μg/ml, cell survival was reduced to 50.4% (p<0.01) (Figure 

8). Evaluation of the MTT test on human neuroblastoma cells showed that the level of cellular 

activity was significantly reduced when exposed to 50 and 100 μM zinc oxide nanoparticles. 

Although the results of this test were significant from 20 to 100 μM, the most notable changes 

were observed at concentrations of 50 and 100 μM. The results of our study are consistent with 

other studies on other categories of human cancer cells such as liver, kidney, and lung, which 

vary depending on the shape and concentration of nanoparticles (Figure 8) [47]. To confirm 
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our study, Kim YJ et al. performed the antitumor effect of zinc oxide nanoparticles in the MCF-

7 cell line as a breast cancer cell model, and their results showed that the application of 31 μg 

of this nanoparticle killed 50% of tumor cells [13]. 

 
Figure 8. Evaluation of MTT assay. Different concentrations of ZnO-NP (0, 1, 10, 20, 50, 100 𝜇gmL−1). 

3.8. Lactate dehydrogenase assay. 

In previous studies, cancer cells were found to have a very high expression of lactate 

dehydrogenase, which is associated with cancer progression [48]. During cell damage, the 

amount of lactate dehydrogenase released into the blood increases, which is used as a marker 

of tissue damage  [49].  In the present study, ZnO-NPs caused cell damage and leakage of LDH 

from SH-SY5Y cells. Enzyme levels (LDH) in the group treated with 1 and 10 µg/ml ZnO-

NPs did not affect the control group significantly.  

 
Figure 9. Evaluation of LDH assay. Different concentrations of ZnO-NP (0, 1, 10, 20, 50, 100 𝜇gmL−1). 

The level of LDH increased significantly at 20μg concentration and raised with 

concentration up to 100μg to 7.2-fold in comparison with the control group (Figure 9). A study 

conducted by Saud Alarifi et al. Indicated that by increasing the concentration of zinc oxide 

nanoparticles up to 20 μg on human skin cancer cells for 48 hours, the amount of lactate 

dehydrogenase released significantly increased [50]. In 2020, a study showed that nanoparticles 

lead to cell hemolysis and membrane damage [51] . 

4. Conclusions 

The results of our study indicated that zinc oxide nanoparticles reduce the viability of 

neuroblastoma cells and increase the leakage of lactate dehydrogenase from these cells. 
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Besides, the results of the Stern-Volmer equation showed that the type of extinction mechanism 

of zinc oxide nanoparticles with Tau-P is static quenching. In fact, the results revealed that zinc 

oxide nanoparticles form spontaneously complex with Tau protein. Our observations of the 

interaction of zinc oxide nanoparticles with the Tau-P indicated the accumulation of the 

structure of this protein and indicated the change in the structure of the Tau-P from the random 

coil structure to the beta plate structure and alpha helix. Since the same factor leads to 

Alzheimer's disease, further study is essential in consuming these nanoparticles. The results 

also showed that the force between the complex of zinc oxide nanoparticles with Tau-P is 

electrostatic force. This force is more stable at the low temperature of this complex and the 

more the temperature increase, the more the bond of zinc oxide nanoparticles with Tau-P 

degrade. 
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