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Abstract 

 

Nanoparticles have become popular in parallel with many advanced 

developments in formulation technologies. These nanoparticles are often used 

without safety warranties and often exposed to people and other organisms 

with various environmental and ecological problems. These days, the 

consumption of titanium dioxide nanoparticles (TiO2) has been drastically 

increased due to its diverse application in multiple industrial products in the 

fields of healthcare, cosmetics, optics and electronics. In this study, the cardiac 

and phototactic properties of Daphnia magna have been investigated to 

understand the underlying mechanism of the parameters of the organism by 

using a swimming lane installed with alternating light sources. The study 

examined how the titanium dioxide nanoparticle suspension affected the 

cardiac and phototactic properties of the daphnia, when incubated in the 

solutions for 72 hours. As a result, the heartbeat was changed linearly with a 

functional relation of 17.65*(TiO2 Nanoparticle concentration) +8.5 [BPM] 

(R2=0.994), while the swimming rate was decreased linearly as -3.66*(TiO2 

Nanoparticle concentration)+10.6 [inch/minute] (R2=0.867). There was also a 

highly linear relation of heartbeat difference and swimming rate with the 

regression coefficient of R2=0.8896. The phototactic properties of D. magna 

could be a reliable indicator for evaluating the physiological effects of the 

nanoparticle on the D. magna. The result suggested that the heartbeat and 

swimming ability might be disturbed moderately within the duration of our 

observation. 
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INTRODUCTION 

Titanium dioxide is essential in the industry of several products that people often use 

in their daily lives [1]. Titanium dioxide is one of the chemical compounds in white 

pigment paints, plastics, papers, inks, foods, and toothpaste [2]. It is an important 

additive in sun blocks and sunscreen lotions, because titanium dioxide has the ability 

of protecting the skin from UV rays[3]. Like the plethora of new nanoparticles that 

are being created and consumed in many industries, titanium dioxide is widely 

employed, though its possibility of harming the surrounding environment has not been 

verified [4]. However, being so useful titanium dioxide in many industries, 

documented researches show some toxicity for the exposure to the nanoparticle in 

certain cases. This experiment was conducted to determine the effects that titanium 

dioxide (TiO2) has on the heart rate and phototactic properties of Daphnia magna. 

Daphnia’s heartbeat has been recognized as an important indicator of toxicity 

internationally as explained in the OECD guidelines.  

Many studies have been done on physiological changes of daphnia from the exposure 

to the nanoparticles [5]. Particularly, any industrial chemical compounds should be 

studied with Daphnia on the effects on the organism [6]. Most commercial products 

that have any possibility of exposing to water should be tested using the daphnia 

model. It has been known that the daphnia's heartbeat should be estimated properly 

[7]. Compared to the recognition of the importance for the cardiac effect on Daphnia, 

its phototactic property has not been studied. Daphnia magna is typically positively 

phototactic, or drawn to light, but some of them are negatively phototactic [8,9,10]. In 

fact, according to a study that was done on the phototaxis of daphnia, it was observed 

that the variables of temperature, temperature shocks and pH shocks affect the 

phototaxis of daphnia [11,12]. Daphnia was chosen to be the model organisms for this 

study because they function as the first level consumers of several food chains [13]. 

When Daphnia, or other first level consumers, are exposed to harmful substances - 

like nanoparticles - that do not filter out of their bodies, eventually the animals that eat 

this daphnia will begin to accumulate the nanoparticles in their bodies [14]. If this 

problem of bioaccumulation continues without being addressed or stopped, humans 

will be affected by the nanoparticles that have stored up in the animals that are a part 

of the same food chain as daphnia [15]. This study was conducted to comprehend how 

much titanium dioxide nanoparticle suspensions affect the phototaxis and 

cardiovascular system of Daphnia by examining the change of heartbeat and 

swimming ability. The study might contribute to the understanding of the ecological 

effects of the chemical compounds to the freshwater organisms such as Daphnia 
magna. 

 

MATERIALS AND METHODS 

Materials and Reagents 

Titanium oxide nanoparticle (Titanium(IV) Oxide, anatase nanopowder) was 

purchased from Sigma-Aldrich, Inc. (Atlanta, GA). Daphnia magna was purchased 

from Carolina Biological Supplies (Burlington, NC), and maintained in a 10-gallon 
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fish tank until tested, while being fed with active yeast mixed with flakes of fish food 

(25 oC, 60% relative humidity) under the 12/12 light/dark cycle. The Biological 

Science Student model compound microscope (Irvine, CA), clear acrylic sheet 

(OPTIX 48”x99”x0.093”, Paramus, NJ), LED light bulbs (Jameco Electronics, CA), 

three-way switch (Radio Shack, NJ), nutrient water, silicon glue (Devcon, NJ), Rust-

Oleum Semi-Gloss Protective Enamel, Black (CA) were utilized accordingly. 

Arduino microcontrollers and electronic parts were acquired from Sparkfun 

Electronics (Thief River Falls, MN). 

 

Preparation of Titanium Oxide Nanoparticle Suspension 

Titanium oxide nanoparticles with the dimension less than 25 nm was purchased from 

Sigma-Aldrich Company. The titanium oxide nanoparticles were weighed out on a 

balance using wax paper and placed into a 1000 mL plastic square container into 

which 500 mL of culturing water was poured and blended thoroughly to create the 

titanium oxide suspensions. The culturing water was acquired from the Daphnia's 

culture tank and used throughout the study, since Daphnia should be kept in the 

titanium oxide suspensions with sufficient nutrients for 72 hours. Initially, multiple 

concentrations of the titanium oxide suspensions were prepared to optimize the study 

from 0 mg, 100mg, 200mg, 300mg titanium oxide in 500 mL, respectively. After a 

few of preliminary studies of 72-hour incubation, there found no difference in the 

changes of study parameters. And, then, another ranges of titanium oxide 

concentration were prepared; 0mg, 200mg, 500mg, 100mg titanium oxide in 500mL 

culturing water. And, the preliminary study was repeated. Our data for the cardiac and 

swimming ability was still not reproducible. Finally, the suspension concentrations of 

titanium oxide were optimized to 0mg, 500mg, 1,000mg and 2,000mg titanium oxide 

in 500mL culturing water. Those were the equivalent concentrations of 0.0, 1.0, 2.0, 

4.0 mg/mL. Each titanium oxide suspension was placed in separate containers with 

labels accordingly. The color of the suspension was purely white and the 

nanoparticles seemed to precipitate within hours at any level of concentrations. The 

precipitated condition deemed to be closer to the real situations at polluted area in 

water than artificially creating mixing conditions by stirring in the experiment 

container. 

 

Measurement of Heartbeat 

Measuring the Daphnia's heartbeat in a consistent and reliable method required some 

skills and discipline. A Daphnia in the test tubes was randomly selected and placed on 

a clean slide glass with 1 drop of the culturing water from the beaker using a 

disposable plastic pipette. Then, a piece of paper towel was used to dap around the 

slide glass to remove some of the excess water around the Daphnia to minimize its 

circling movement on the slide glass. After that, the slide with the daphnia was 

brought on the stage of the compound light microscope. The microscope was turned 

and its heart was focused carefully. And, the time to take for 40 heartbeats were 

measured and recorded. A recommended method for counting correctly was to tap 
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one of fingers in synchronization with counting the Daphnia’s heartbeat. This would 

make it easier to count the daphnia’s heart beats without looking at both the stopwatch 

and the Daphnia’s heart through the microscope. Once the time of 40 beats measured, 

it was recorded and the Daphnia was returned to the test tube.  

 

Phototactic Swimming Lane Assembly 

A swimming lane system with an alternating light was constructed as seen in Fig. 1 

below in order to induce the phototactic properties of the daphnia.  

 

Figure 1: The diagram illustrates the swimming lane and alternating light system set 

up. The Arduino microcontroller system controlled the alternative lighting module as 

programmed. 

Briefly, 2 pieces of 3” by 3” pieces of acrylic sheets and 2 pieces of 14.25” by 3” 

were spray painted black. The fifth piece of an acrylic sheet was cut to 14” by 3.125” 

was marked for an inch scale with a permanent marker. To complete the swimming 

lane, the four smaller pieces of an acrylic sheet were attached to the four sides of the 

larger piece of the acrylic sheet using a silicon glue. As for the alternating light 

system, two lamp holders were placed at both ends of the swimming lane, and then 

they were connected using wires to an Arduino circuit board. Turning on the Arduino 

system initiated the light bulbs in the holders to be on and off alternatively with preset 

duration. Two LED lights were used throughout this experiment. After all was 

prepared, the swimming lane was filled halfway with culturing water. The LED light 

bulbs were put in the lamp holders, and the alternating light system was turned on.  

 

Measurement of Phototactic Swimming Rate 

Four test tubes were prepared first with labeled as 0, 500, 1000, 2000 mg using a 

permanent marker. Five Daphnia were randomly taken using a disposable plastic 

pipette from a tank that was filled with culturing water and placed in the swimming 

lane which was filled with 500 mL of filtered water. And, the lamp light on the left 

end of the track was turned on. After waiting for the Daphnia to swim close to the left 

end by phototaxis, the lamp on the left turned off, and the right lamp turned on, when 

the incubation stopwatch was immediately started. The locations of the five Daphnia 

were recorded every minute using marked coordinates that were in inches on the 



The Evaluation of Titanium Dioxide Nanoparticle Effects on Cardiac and Swimming … 1379 

bottom of the swimming lane. After 3 minutes, the five Daphnia were taken out of the 

swimming lane using the plastic pipette and transferred to the first test tube labeled 0 

that was partially filled with culturing water. This process was repeated three more 

times for remaining test tubes 500, 1000 and 2,000 mg. For example, after five new 

Daphnia were placed in the swimming lane and observed for 3 minutes, they were 

placed into another test tube partially filled with nutritional water labeled 0 mg. Then, 

subsequently, the heart rates of each Daphnia in the 4 test tubes were measured as 

described previously and recorded in the table. 

After the pre-incubation measurement of cardiac and swimming ability, these four 

groups of five Daphnia, were incubated for 72 hours to the various titanium dioxide 

suspensions prepared in the previous section. And, afterwards, the 5 Daphnia in each 

group were picked up from its container, and placed into the swimming lane for the 

measurement of post-incubation changes. Like the procedures of pre-incubation, the 

left light bulb was on to make the Daphnia swim toward left and the locations of the 

Daphnia were recorded every minute for 3 minutes after the right light was turned on. 

The heartbeat measurement was followed after the measurement of the swimming 

ability.  

 

RESULTS AND DISCUSSION 

Study Population Sampling 

This study was carried out for examining if the presence of titanium dioxide 

nanoparticles in water would cause any disturbances in the cardiac and phototactic 

properties of Daphnia magna. To begin, the first experiment was attempted to verify 

the optimal size of Daphnia to use for the other experiments. As seen in Fig. 2, the 

heartbeat from medium size daphnia looked less variability with high consistency, 

though not statistical difference (P<0.05). 

 
Figure 2: This bar graph data illustrates mean heartbeat measured with normal 

daphnia immediately after taking out from the culturing tank. The standard deviation 

from the measurement with medium size daphnia was smaller than that of other sizes. 



1380  William Chung, Jun Myung Song and Jongbin Lee
  
Cardiac Effects in Terms of BPM 

The measurement of heartbeat was carried out with the steady and reliable method of 

40 count time before and after the 72-hour incubation. Table 1 presents a typical 

summarized data acquired at 1.0 mg/mL titanium oxide nanoparticle suspension. The 

data showed that a consistent increase of heartbeat after the incubation. Considering 

the magnitude of heartbeat per minute (BPM) and standard deviation even from the 

normal Daphnia heartbeat, this much of heartbeat change might be defined to be 

moderate at this suspension concentration 1.0 mg/mL. 

 

Table 1. A representative data table that was used to determine the cardiac effect 

from the titanium dioxide suspensions before and after 72-hour incubation at 1.0 

mg/mL suspensions. 

 

 

There existed a positive linearity of the heartbeat difference with respect to the 

titanium dioxide suspension concentration as seen in Fig. 2. Even the magnitude of 

BPM difference was not significant, there was a consistency in the trend of changing 

BPM with the linearity constant R2 equal to 0.9935. The increase of the data was 

consistent with the study done by Sarah B. Lovern et. Al (5), in which Daphnia was 

incubated for 60 minutes. For defining the cardiac toxicity of titanium dioxide for 

Daphnia, more detailed research and reproducible study might be needed.  
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Figure 2: This graph shows the average heart rate changes of the daphnia that were 

exposed to the titanium dioxide solutions (N=5). 

 

 

Phototactic Properties in Term of Swimming Rate 

At first, ten Daphnia in each group were used for increasing reproducibility, but 

keeping track of seven Daphnia for reading locations was not practical, since one or 

two Daphnia were usually hidden somewhere in the swimming lane and hard to spot 

within the observation time window. And, then, the number was reduced to five 

Daphnia, which facilitated even more accurate data acquisition. Before the 

phototactic swimming test, the individual Daphnia was made to swim closely toward 

the left end of the swimming lane by lighting up the left light bulb. And, after the 

right light was on starting swimming stopwatch, they swam toward the right end by 

the induced phototaxis. Some arrived at the right end within the first minute, while 

others took longer time, since they frequently swam back and forth with not specific 

direction in the middle of the lane. There found some difference in inherent phototaxis 

for each Daphnia. Most Daphnia expressed positive phototaxis, but, some were 

negative phototactic, or rarely, no orientation has been expressed. In spite of some 

weak expression of phototaxis, Fig. 3 shows that there existed a consistent decrease of 

swimming rate with the linear relation for the increase of suspension concentration. 

Even though the suspension was precipitated, their free swimming movement in the 

incubation container must give the Daphnia more chances to be exposed to more 

titanium oxide particles, compared to container with less concentrated suspension, 

from which the data should be reasonable. 
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Figure 3: This graph shows the mean swimming rate with respect to the titanium 

oxide suspension concentration. The swimming rate showed a linear functional 

relation with the concentration (R2=0.8671, N=5).  

 

 

The effect of titanium dioxide particles on the phototactic properties of Daphnia was 

focused to be clearly understood during the study, while the data that has been 

gathered up to this point was rather inconclusive. In other words, after analyzing the 

data that was shown while testing the swimming speeds of daphnia, the effects of the 

concentrations of titanium dioxide that we used, seemed to have rather different 

effects on the swimming rate of the daphnia every time when studied. For instance, 

using 4.0 mg/mL titanium dioxide suspension caused the swimming speed of the 

Daphnia to decrease, but then in the second trial, this solution had no effect on the 

speed of the Daphnia. Also, the concentrations used in this experiment had to be 

changed twice because it was determined after three trials that the concentrations that 

were used were not having a noticeable effect on the daphnia. Mostly, the individual 

phototactic trait for the testing Daphnia seemed to cause some variability.  

While the experiment as a whole was set up well, there was another minor problem 

that might increase the data to be slightly inaccurate. Titanium dioxide is not soluble 

in water, but it is soluble in specific salt solutions and the heated sulfuric acid. Neither 

could be used in this study since Daphnia could not survive in sulfuric acid, and they 

could not tolerate certain concentrations of salt. Still, rather than attempting to find a 

solution that could dissolve titanium dioxide, it would probably be better to find a 

way to keep the titanium dioxide particles suspended in water for 72 hours or more. 
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Stirring titanium dioxide suspension on a hot plate that had a stirring magnet for 24 

hours might be helpful for increase the solubility for a while. However, this 

precipitating condition could be the real situation in any body of water like ponds and 

lakes.  

 

Fig. 4 presents the relationship of heartbeat difference for the change of swimming 

rate. As examined in the figure, there was a linear relation with the regression 

coefficient of R2=0.8896. Though there were a few of documented studies on 

phototactic properties and its application to environmental toxicity, no study has been 

attempted to derive the relationship of these two important parameters. 

 

 

Figure 4. The relation of cardiac effect with respect to the swimming property for the 

difference of the parameters before and after 72 hour incubation in titanium oxide 

suspension. 

 

 

CONCLUSION 

Though somewhat variable, the study clearly found that titanium dioxide could cause 

consistent disturbances in the cardiac and phototactic systems of Daphnia. Overall, as 

of right now there was no clear conclusion as to how titanium dioxide nanoparticles 

particularly affect the phototactic properties of daphnia in its mechanistic point of 

view. Still, while this study was not able to provide a clear conclusion, it did show 

that certain concentrations of titanium dioxide slow down the heart rates of Daphnia 

with the statistic difference. Clearly, if daphnia and other first level consumers come 

into contact with sufficient amounts of these nanoparticles, humans, and other 

consumers could suffer adverse effects as a result of the bioaccumulation of 
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nanoparticles like titanium dioxide. However, this study might need to be adjusted to 

see precisely whether or not the presence of titanium dioxide nanoparticles in water 

would induce some changes in the phototactic properties and heart rates of Daphnia 
magna. The titanium dioxide suspensions could be stirred for 24 hours to ensure that 

the titanium dioxide nanoparticles would stay longer as in suspension, if solubility 

could be increased. More study might be repeated with different nanoparticles such as 

silver nanoparticles, iron oxide, zinc oxide, and silicon dioxide. Then, the various 

effects of these nanoparticles might be compared to one another and the conclusions 

should be more evident. 
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