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Abstract  
   This paper studied a potential hazard of titanium dioxide nanomaterials in the primary sreening 

methods on the sample of bull sperm. A method for stabilizing metal nanopowders and their derivatives 

for biomedical studies is proposed. It was found that the complex of titanium dioxide doped with silver 

(Ag-TiO2) and nanopowder of titanium dioxide (TiO2) at concentrations of 3 mg/ml initiate pathological 

changes in the bull sperm: the release of phospholipids as a result of the destruction of membranes and 

morphological abnormalities (abnormalities of the head, middle part, and tail, as well as the absence of 

acrosome, etc). The pathological effect of Ag-TiO2 nanocomposite was more pronounced. Doping with 

silver can increase the toxicity of nanotitanium dioxide, which requires further in-depth experimental 

studies using different concentrations by in vivo and in vitro methods. 
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1. INRODUCTION  

   Nano-titanium dioxide (TiO2) is one of 

the most commonly used materials being 

synthesized for use as one of the top five 

nanoparticles [1]. The applications of 

nano-structured TiO2 can be now found in 

a wide range of areas including electronic 

materials, energy, environment, health & 

medicine, catalysts, etc because of its 

special photovoltaic and photocatalytic 

activities [2, 3, 4]. Due to the extensive 

application of TiO2 nanoparticles and their 

inclusion in many commercial products, 

increased exposure of human beings to 

nanoparticles is possible. Therefore, the 

assessment of potential hazards associated 

with new technologies and related products 

has become a new area for health risk 

assessment [5, 6]. Screening evaluation of 

nanomaterials in vitro allows to obtain 

additional information on the possible 

danger and is also appropriate from the 

standpoint of bioethics [7, 8, 9]. The main 

advantage of most in vitro studies is the 

ability to test a large array of objects, as 

well as the ability to assess the direct toxic 

effect on the cell (target). It should be 

noted that the toxicity of nanoparticles is 

primarily due to the development of OS, 

and peroxidation of the membrane with a 

subsequent increase in their permeability, 

dysfunction, and destruction [10, 11]. In 

the body, the substrate of the lipid 

peroxidation reaction is lipophilic 

compounds localized in membranes and 

other lipid structures, and the initiators are 

hydrophilic reactive oxygen species (ROS) 

[12, 13].  

   The choice of sperm as a test object is 

conditioned by the fact that despite the 

short period of life, their biological 

features (plasma membrane and acrosome, 

which are lipoprotein and glycoprotein 

formations, packing density of proteins and 

nucleic acids in the nucleus, low content of 
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low level of metabolism in a stationary 

state) cause great resistance to external 

influences [14, 15, 16]. Sperm are more 

sensitive to OS than other cells due to a 

large number of polyunsaturated fatty 

acids and lipids found in their cell 

membranes, which are easily peroxidized; 

the low amount of cytoplasm with low 

concentrations of DNA repair systems and 

antioxidant enzymes, which are unable to 

protect the cell membrane and acrosome 

[17]. Accumulations of peroxides in tissues 

are accompanied by the destruction of the 

molecular structure of cellular lipids, 

particularly phospholipids [18, 19].  

   Thus, the work aimed to evaluate the 

expediency of using a combination of 

indicators (phospholipid release and 

morphological abnormalities) that reflect 

the potentially dangerous impact of 

nanomaterials for their primary screening. 

 

2. MATERIALS AND METHODS  

2.1. Materials 

   The study used a complex of titanium 

dioxide doped with a silver 

(nanocomposite Ag-TiO2, mass fraction of 

Ag~4%), which was obtained by ultrasonic 

dispersion of TiO2 + AgNO3 [20] (Fig. 1). 

and nanopowder of titanium dioxide 

(TiO2) synthesized by thermal 

decomposition [21] (Fig. 2). 

   Frozen bull sperm (granules) was used as 

a test object. 

 

2.2. Methods 

A. Determination of Hydrodynamic 

Diameter of Nanomaterials 

   The particle size was determined by the 

method of dynamic light scattering using 

the device Analysette 12 DynaSizer 

(Fritsch, Germany).  

 

B. Sperm Sample Preparation and 

Phospholipid Extraction 

   As a screening method for determining 

the toxicity and damaging effects of 

nanomaterials in vitro using bull sperm as 

a test object, the method of extracting 

phospholipids from a rat brain was adapted 

and used [22]. Instead of a rat brain, frozen 

bull semen (granules) was used, which was 

thawed in a glucose-citrate buffer (ratio of 

glucose and sodium citrate 4:1) in a 

thermostat at a temperature of 37 0C for 90 

minutes. To the test solution at the 

beginning of thawing was added 3 mg of 

nanopowder in 1 ml of glucose-citrate 

buffer. The phospholipid extract of the 

experimental and control samples was 

examined on a ULAB 101 UV 

spectrophotometer (HLR, China) at a 

wavelength of 540 nm. 

 

 

 
Figure 1. Electron microscopy of TiO2 (JEM-1400, JEOL, Japan). 
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Figure 2. Electron microscopy of Ag-TiO2 (JEM-1400, JEOL, Japan). 

 

C. Morphological Studies of the Test 

Object 

   For morphological studies of sperm 

defects under the action of TiO2 

nanopowder and Ag-TiO2 composite, 

ejaculate smears were prepared by evenly 

distributing a drop of bioliquid on a glass 

slide, air-dried, and fixed with ethanol for 

one minute. Staining of smears was 

performed according to the method of 

Lefler (methylene blue), fixed by Main-

Grunwald with staining by Romanovsky 

diluted (1/3) and undiluted paint [23]. 

Stained specimens were analyzed by 

immersion under an x1000 lens using a 

Charles Zeiss microscope (Germany). 

 

D. Data Analysis 

   The obtained research results were 

statistically processed by the methods of 

variational statistics using the Microsoft 

Excel 2007 with StatPlus add-in. Data are 

represented by the mean and standard 

deviation, and the Mann–Whitney U test 

[24] was used for comparison between 

groups. 

 

3. RESULTS AND DISCUSSIONS 

   To study the potentially damaging effects 

of nanomaterials, it was necessary to 

develop a method of stabilizing metal 

nanopowders and their derivatives in 

aqueous solutions for subsequent use in 

biomedical studies in vitro and in vivo. It 

is known for the stabilization of 

nanomaterials in solutions using organic 

and inorganic compounds that provide 

colloidal solutions of varying degrees of 

stability. The toxicity of the composition is 

determined not only by the toxicity of the 

active substance (eg, metal nanoparticles) 

but also by stabilizing or other auxiliary 

components that may affect the biological 

activity of the resulting solution. A key 

aspect was the search for a stabilizer that 

would not increase the toxicity of the 

source nanomaterial and would also 

provide a «comfortable» environment for 

bovine sperm. 

   As a stabilizer, a glucose-citrate buffer 

(glucose (4 g), sodium citrate (1 g) in 100 

ml of distilled water) is proposed, which is 

usually used for thawing sperm, as well as 

as a control solution [25]. Thus, the 

proposed stabilizer allows for obtaining 

relatively stable hydrosols of metal 

nanopowders, while avoiding undesirable 

effects on the toxicity of the source 

nanomaterial (Table 1, Fig. 3, 4). 
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Table 1. Dispersion of Ag-TiO2 

nanocomposite (4%) in glucose citrate 

buffer over time. 

Glucose: 

sodium 

citrate, 

correlation 

Day 

Hydrodynamic 

diameter, 

nm 

4:1 І 48,65±1,08 nm 

4:1 ІІ 53,37±1,43 nm 

4:1 ІІІ 52,12±1,37  nm 

 

   Determination of the optical density of 

the obtained phospholipid extracts indi-

cates favor of the destruction of the 

molecular structure of sperm membranes 

that were exposed to nanomaterials and the 

release of phospholipids (Table 2). 

 

 
Figure 3. Distribution by the number of 

particles in the sample of nanocomposite 

Ag-TiO2 (4%) in glucose and sodium 

citrate 4:1 (1st day). 

 

 

Figure 4. Distribution by the number of 

particles in the sample of nanocomposite 

Ag-TiO2 (4%) in from the ratio of glucose 

and sodium citrate 4: 1 (2nd day). 

 

   The application of the Mann-Whitney U-

test showed that the differences in the 

sample levels are significant (U1 

(0.05)=23, U2c(0.01)=16, U=0,), which 

indicates the existence of a correlation 

between the effect of the investigated 

nanomaterials and the increase in optical 

density. 

   The obtained results correspond to the 

data of morphological analysis of sperm 

anomalies exposed by the studied 

nanomaterials: the share of their defects 

was significantly higher in the 

experimental samples (61% under the 

influence of Ag-TiO2 nanocomposite and 

39% under the influence of TiO2) 

compared with control (20%) (Table 3). 

 

Table 2. Optical density and transmittance 

of experimental and control extracts of 

phospholipids (λ = 540 nm). 

Sample 
Transmitta

nce% 

Optical 

density 

 

Р* 

Control 

(n=10) 
98,6±0,8 

0,0085±0,0

01 
 

˂0,00

05 

 

ТіО2 

(n=10) 
50,1±0,02 

0,204±0,00

3 

Ag-

ТіО2 

(n=10) 

57,65±0,0

7 

0,243±0,00

4 

* P values were calculated from Mann–Whitney U 

test  

 

   When evaluating the sperm head, its 

edema and absence of the acrosomal 

region were noted, which was more often 

detected in all observations compared to 

the control (Figs. 5, 6, 7). Sperm tail 

defects were characterized by shortening, 

twisting, and swelling, which indicates 

their low motility.  

   In addition, the aggregation of sperm was 

determined, which further indicates their 

pathological condition. 
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Table 3. Morphological abnormalities of 

sperm exposed to nanomaterials. 

Morpholog

ical 

abnormaliti

es 

Contro

l, 

% 

n=10 

ТіО2, 

% 

n=10 

Ag-ТіО2, 

% 

n=10 

Defects of 

the head 
3±0,47 

6±1,0

5 
11±3,06 

Lack of 

acrosome 

12±1,9

4 

21±2,

71 
23±2,21 

Defects of 

the middle 

part 

- 
5±1,1

5 
9±3,27 

Tail 

defects 
5±1,41 

7±1,5

6 
18±3,33 

The share 

of 

anomalies 

20±1,2

7 

39±1,

62 
61±2,97 

 

   After exposure of sperm to Ag-TiO2 

nanocomposite, a significant number of 

residual cells were detected as a result of 

cell death. These changes, along with the 

detected abnormalities of sperm, indicate 

in favor of a more pronounced pathological 

effect of nanocomposite Ag-TiO2: the 

percentage of morphological abnormalities 

of sperm caused by exposure Ag-TiO2 was 

3.05 times higher than by TiO2 and 1.5 

times higher than control (P˂0,0005). In 

particular, Ag-TiO2 caused 1.8 times more 

head defects compared to TiO2 and 3.7 

times more than the control, as well as 2.6 

times and 3.6 times more tail defects, 

respectively.  

 

 
Figure 5. Bull sperm (control). 

 

 
Figure 6. Bull sperm exposed to Ag-TiO2 

(double defects: head-edema, tilt, 

reduction of the acrosomal region; tail-

twisting of the middle section and loop in 

the end). 

 

   Thus, Ag-TiO2 nanocomposite (mass 

fraction of Ag ~ 4%) and TiO2 

nanopowder in concentrations of 3 mg/ml 

initiate pathological changes in bull sperm, 

which are markers of oxidative stress, 

anomalies of the head, middle part, and 

tail, as well as the absence of acrosomes, 

etc.), while the pathological effect of the 

nanocomposite Ag-TiO2 is more 

pronounced. 

 

 
Figure 7. Bull sperm exposed to Ag-TiO2 

(defects of the middle part - edema). 

 

   It should be noted that the 

functionalization of nanoparticles by the 

components of the environment can be 

excluded because sodium citrate and 

glucose are usually used for thawing 

human and animal spermatozoa. They 

contribute to the prevention of a negative 

impact on mobility and other morpho-
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functional indicators [26]. The proposed 

approach to the express evaluation of 

nanomaterials was also used in the 

evaluation of the potential danger of nano-

sized fractions of the solid component of 

welding aerosols. The data on the content 

of membrane phospholipids and 

morphological abnormalities of bull sperm 

corresponded to the results of our 

experimental studies in vivo and in vitro 

[27]. It should be noted that the presented 

data correspond to the results obtained 

during the exposure of titanium-containing 

nanomaterials to other test objects. In 

particular, the skin exposed to ultraviolet 

light can be a significant target for 

photosensitized damage to commercial 

nanoproducts TiO2 in concentrations of 

0.2-3.0 mg/ml [28]. In turn, in the study of 

the effect of nanofractions of food TiO2-

containing nanofractions on individual 

pathogenic and opportunistic intestinal 

bacteria, the concentration of 0.3 mg/ml 

was recognized as the minimum effective 

antibacterial concentration [29]. Other 

experimental studies in vitro have shown 

that under the influence of TiO2 at a 

concentration of 30 μg/ml on peripheral 

blood mononuclear cells, we observe a 

statistically significant increase in IL-1 

production. In contrast, Ag-TiO2 at 

concentrations of 30 μg/ml can increase 

the functional activity of peripheral blood 

mononuclear cells by producing pro-

inflammatory cytokines IL-1, IL-6, TNF-α 

and IL-4 production in volunteer donors, 

indicating a potential effect on the 

formation of chronic inflammation and 

allergic reactions in the relevant 

occupational groups [30].  

   Other studies have also shown that Ag-

TiO2 nanoparticles are more toxic than 

TiO2 nanoparticles. The toxicity intensity 

of TiO2 nanoparticles increased with 

increasing amounts of Ag doping. In 

addition, it was found that Ag-doped TiO2 

nanoparticles provoke the formation of 

ROS and the depletion of antioxidants 

[31]. When loading Ag nanoparticles in 

TiO2, it increases the toxic effect of Ag-

TiO2 due to synergistic effects.  

     Thus, it is quite likely that doping nano 

titanium dioxide with silver contributes to 

increased toxicity, which requires further 

in-depth experimental studies using 

different concentrations in vivo and in 

vitro methods. 

 

4. CONCLUSION 

   A simple, informative, inexpensive, and 

acceptable approach from the point of view 

of bioethics to the assessment of the 

potential hazard of nanomaterials with a 

bull sperm as a test object is proposed. It 

can be used as a primary screening in the 

study of nanomaterials in vitro. It was 

found that the complex of titanium dioxide 

doped with a silver (mass fraction of Ag 

4%) and nanopowder of titanium dioxide 

in concentration 3 mg/ml caused the 

release of phospholipids as a result of the 

destruction of membranes and 

morphological abnormalities of the bull 

sperm (abnormalities of the head, middle 

part, and tail, as well as the absence of 

acrosome, etc). Doping with silver can 

increase the toxicity of nanotitanium 

dioxide, which requires further in-depth 

experimental studies using different 

concentrations by in vivo and in vitro 

methods. 
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