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Abstract: The response of oyster (Crassostrea virginica) hemocytes was studied following 

exposure to anatase nanoparticles (ca. 7.4 nm), surface-coated rutile nanocomposites (UV-Titan 

M212, ca. 86 nm) and bulk titanium dioxide (TiO2) particles (anatase and rutile crystalline 

forms; ca. 2-5 µm). Hemocytes were collected from oysters and exposed to one of the four 

particle types at concentrations of 0.1, 0.5, and 1.0 mg/L under dark and environmentally-

relevant light conditions for periods of two and four hours.  Hemocyte mortality, phagocytosis, 

and reactive oxygen species (ROS) production were then evaluated using flow-cytometric 

assays. Bulk and nanoparticulate TiO2 had little effect on viability of oyster hemocytes or on 

production of ROS. Significant changes in phagocytosis occurred after exposure to anatase 

nanoparticles for 4 hours under dark conditions, and UV-Titan for 2 hours under light conditions. 

Results demonstrate that TiO2 particles (bulk or nanoscale) produce minimal effects on hemocyte 

biomarkers examined following acute, in vitro exposures.   
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1. Introduction 

 Nanoparticles (NP) have applications in a diverse range of consumer products with an 

economic worth projected to reach $173.95 billion dollars by 2025 (Business Wire, 2016). In 

particular, titanium dioxide nanoparticles (n-TiO2) possess novel physicochemical properties that 

are highly sought after in the manufacture of paint, surfaces, solar-powered devices, cosmetics, 

and sunscreens. For example, n-TiO2 are used in paint as opaquers (Carp et al., 2004) and to 

absorb air pollutants (Bueza et al., 2007), on surfaces to expedite chemical and microbial 

decomposition (Albrecht et al., 2006; Bueza et al., 2007; Sharma, 2009), in photovoltaic devices 

to capture UV radiation (Matsui, 2005), and in cosmetics and sunscreens to absorb UV radiation 

(Jaroenworaluck et al., 2006; Siddiquey et al., 2007; Labille et al., 2010). As a result, the 

production rates of n-TiO2 are projected to increase to 200,000 tons per year to meet demand 

(Robichaud et al., 2009; Future Markets, 2011). With an increasing demand for production and 

inclusion in retail products, it is nearly certain that NP are reaching aquatic environments 

(Moore, 2006; Baun et al., 2008; Mueller and Nowack, 2008). Currently, environmental 

concentrations of n-TiO2 in aquatic systems are estimated to be 16 μg/L (Mueller and Nowack, 

2008), with environmental loads expected to be in the range of 2,000,000 to 6,000,000 tons over 

the next decade (Robichaud et al., 2009). Upon entering marine and freshwater ecosystems, 

however, anthropogenic nanomaterials will be diluted, thereby exposing organisms to likely 

sublethal concentrations of the particles (Boxall et al., 2007; Handy et al., 2008; Klaper et al., 

2008). As a result, there is a growing need to evaluate possible sublethal effects of NP at 

environmentally relevant concentrations (De Coen and Janssen, 1997; De Coen et al., 2001; 

Klaper et al., 2008; Canesi et al., 2012). 

 The toxicity of different crystalline forms of n-TiO2 has been demonstrated with several 

different species including Oncorhynchus mykiss (rainbow trout; Vevers and Jha, 2008), Oryzias 

latipes (Japanese medaka; Ma et al., 2012), Arenicola marina (lugworm; Galloway et al., 2010), 

and Daphnia magna (water flea; Adams et al., 2006; Hund-Rinke and Simon, 2006; Lovern and 

Klaper, 2006; Warheit et al., 2007; Ma et al., 2012).  The adverse effects on bivalves also have 

been reported (see Canesi et al., 2012; Doyle et al., 2016 for reviews).  For example, Libralato et 

al. (2013) reported that exposure of the larvae of the mussel Mytilus galloprovincialis produced 

malformations and adverse effects during development. Exposure of adult M. galloprovincialis 

to n-TiO2 produced several effects upon digestive gland cells, including oxidative stress and 
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decreased transcription of antioxidant and immune-related genes (Barmo et al., 2013).  

Deleterious effects upon bivalve hemocytes also have been reported.  Exposure of M. 

galloprovincialis to n-TiO2 in vitro resulted in sublethal effects such as changes in lysozyme 

activity, phagocytosis, production of ROS and nitric oxide, and upregulation of stress genes 

(Canesi et al., 2010a; Ciacci et al., 2012). Further, Barmo et al. (2013) reported that exposure of 

M. galloprovincialis to n-TiO2 decreased lysosomal membrane stability, inhibited phagocytosis, 

and produced other effects upon hemocytes.  In one of the few in vitro studies with the eastern 

oyster, Crassostrea virginica, Abbott-Chalew et al. (2012) noted reduced phagocytic activity of 

hemocytes when exposed to n-TiO2.  These reports suggest that contact with n-TiO2 may present 

an unfamiliar challenge to the innate immune systems of bivalves as synthetic NP did not exist 

throughout the evolutionary process (Moore, 2006). 

 The effects of n-TiO2 upon aquatic organisms can be attributed to two properties: 1) effects 

resulting from high surface area (nanoparticulate reactivity), and 2) effects resulting from 

photocatalytic activity and production of reactive oxygen species (ROS).  Most previous studies, 

however, do not distinguish between these two effects because researchers seldom reported the 

amount of UV to which the animals were exposed; although under laboratory conditions and 

typical indoor lighting, the amount of UV is likely low.  The photocatalytic properties of TiO2 in 

the presence of ultra-violet radiation (UV, 290-400 nm), first described by Fujishima and Honda 

(1972), are well known (Wold, 1993; Konaka et al., 2001; Serpone et al., 2007; Markowska-

Szczupak et al., 2011).  Upon exposure to UV, atoms at the surface of TiO2 absorb the energy of 

photons and produce electron-hole pairs. In the presence of water and oxygen, the free electron 

and the electron-hole begin producing ROS (Ma et al., 2012). Typically, exposure of TiO2 to UV 

results in the production of oxygen radicals such as singlet oxygen and superoxide anion (1O2, 

•O2
-; Konaka et al., 2001), hydroxyl radicals (•OH; Uchino et al., 2002), and hydrogen peroxide 

(H2O2; Rao et al., 1980).  Taking advantage of these properties, manufacturers have used TiO2 in 

a wide variety of commercial and industrial applications, including self-cleaning building 

materials, air and water purification, (Fujishima et al., 2000; Bueza et al., 2007), antimicrobials 

(Kim et al., 2003; Adams et al., 2006; Li et al., 2006; Foster et al., 2011; Markowska-Szczupak 

et al., 2011); degradation of organic pollutants (Chatterjee and Mahata, 2002); and as anti-cancer 

agents (Zhang and Sun, 2004; Rozhkova et al., 2009). In addition, TiO2, particularly in the 

nanoparticulate form (n-TiO2), has been used extensively in sunscreens as a barrier that acts to 
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both absorb and reflect UVA and UVB radiation (Wolf et al., 2001; Serpone et al., 2007; Lin and 

Lin, 2011). Concerns have arisen, however, over the formation of ROS that potentially can harm 

adjacent cells (Dunford et al., 1997; Wolf et al., 2001). Consequently, several strategies have 

been used in the design of sunscreens, such as surface coatings, to remediate the effects of ROS 

in metal-oxide-based sunscreens (Ukmar et al., 2009; Jacobs et al., 2010).  

 Oxidative stress, stimulated by ROS, is known to produce a range of harmful effects upon 

cells. ROS can interact with cell membranes, proteins, and nucleic acids resulting in peroxidation 

of lipids, distortions of the conformation of proteins, disruption of DNA, interference with 

signal-transduction pathways, and modulation of gene transcription (Bueza et al., 2007).  More 

specific photocatalytic effects of n-TiO2 upon aquatic animals also have been reported (Haynes 

et al., 2017).  When activated by UVA radiation, the deleterious effects of n-TiO2 increases, 

causing low cell viability in goldfish skin cells (Reeves et al., 2008), genotoxicity in cells of 

rainbow trout (Vevers and Jha, 2008), and acute toxicity to the crustacean Daphnia magna 

(Amiano et al., 2012). Mortality also was reported for D. magna, larvae of the Japanese killifish 

(medaka), and several freshwater benthic invertebrates when exposed to both n-TiO2 and UV 

light (Ma et al., 2012; Li et al., 2014a,b).    

 The purpose of this study was to determine the effects of two different types of TiO2 particles 

upon the hemocytes of the eastern oyster, Crassostrea virginica. As primary cells involved in the 

immune response of bivalves, hemocytes are motile cells responsible for the recognition, 

transport, and disposal of foreign materials through the process of phagocytosis, and the 

production of proteolytic enzymes and ROS (Fisher, 1986; Chu, 1988; Feng, 1988; Anderson, 

1994; Winston et al., 1996). In this research hemocytes were exposed, in vitro, to bulk TiO2 

particles (rutile and anatase), uncoated n-TiO2 (anatase), and a surface-treated TiO2 (rutile) 

nanocomposite at three different concentrations (0.1, 0.5, 1.0 mg/L) for 2 and 4 hr. Each 

treatment combination was duplicated with one being held under dark conditions and the other 

held under environmentally-relevant light conditions. The particles included in this study are 

used as whiteners in food or as sunblock in personal-care products (e.g., Weir et al., 2012). To 

our knowledge, this study is the first to examine the effects of two widely-used forms of nano-

titania upon the hemocytes of oysters, and to probe differences between nanoparticulate (dark) 

and photocatalytic (light) effects.   
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2. Materials and Methods 

2.1 Characterization and Preparation of TiO2 Particles 

 Anatase NP were obtained from Meliorum Technologies ( particle size = 7.4 nm ± 2.5 SD; 

99.9% pure; hereafter referred to as n-anatase).  Surface-coated rutile NP, which are used in 

sunscreens (UV-Titan M212; https://www.in-cosmetics.com/__novadocuments/2843), were 

obtained from Sachtleben Pigments Oy ( particle size = 86 nm ± 32 SD; 93% rutile TiO2, 6% 

Al2O3, and 1% glycerin; hereafter referred to as n-Titan). Both NP have been characterized 

previously with respect to size, surface area, composition, and zeta potential (Doyle et al., 2014). 

Bulk TiO2 particles, both rutile ( particle size = 485 nm ± 89 SD; 99.9% pure) and anatase ( 

particle size = 454 nm ± 67 SD; 99.8% pure) crystalline forms, were obtained from Sigma 

Aldrich); hereafter referred to as bulk rutile and bulk anatase. Bulk TiO2 particles were used to 

separate crystalline-form effects from particle-size effects. Bulk rutile particles are the best 

approximation of a control for n-Titan because a bulk rutile particle with an alumina oxide and 

glycerin coating does not exist. Hydrodynamic diameter of both bulk particles was determined 

using dynamic light scatter (Zetasizer Nano ZS, Malvern) following procedures modified from 

Doyle et al. (2014). 

 Stock suspensions of each particle type were prepared in MQ water at a concentration of 250 

mg/L.  To prepare working suspensions, stocks were diluted to 10 mg/L with MQ water, placed 

on a stir plate, and subjected to ultrasonication (Fisher Scientific FB-505) at 20% power (13.8 

Watts) for 30 minutes (modified from Wang et al., 2009).  

 

2.2 Maintenance and Preparation of the Animals 

 Oysters (ca. 4-6 cm in shell height) were maintained in lantern nets suspended from floating 

docks in Avery Point Harbor (Groton, CT USA; 18-20 °C, 28.5 ppt). Animals were allowed to 

acclimate for a minimum of one week prior to experimentation. All fouling organisms and 

sediment were cleaned from the shells, and a notch cut in the dorsal-posterior edge of the shell. 

A 22-gauge needle attached to a 5-mL syringe was inserted through the notch and into the 

adductor muscle, and 1.75 mL of hemolymph was withdrawn (adapted from Hégaret et al., 

2003a). A few microliters were spotted onto a microscope slide, and the hemolymph was 

examined under a compound light microscope for the presence of hemocytes and absence of gut 

contents and debris.  Shell fragments and similar debris, if present, were removed by passing the 
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hemolymph through a 53-µm mesh.  The hemolymph was then transferred to a 2.0-mL 

Eppendorf tube and stored on crushed ice to reduce clumping until it was used, always within 

one hour, in the assays described below. Four 350 µL aliquots were separated from the 

hemolymph collected from each animal, one aliquot for each particle concentration to which the 

cells were exposed (0 ppm, 0.1 ppm, 0.5 ppm, and 1.0 ppm).  Extra hemolymph was removed 

from each animal to compensate for spills or errors in pipetting, and cells from multiple oysters 

were never mixed.  Experiments were conducted on 252 oysters for the dark exposures and 240 

oysters for the light exposures. The experimental matrix was as follows: 10 to 12 replicate 

oysters x 4 particle concentrations x 4 particle types x 3 cellular effects x 2 time intervals for a 

total of 1008 samples in the dark and 960 samples in the light exposures.  

 

2.3 Hemolymph Exposure to TiO2 particles 

 Hemolymph aliquots of 350 µL were placed into either 5-mL flow cytometry tubes, for 

exposures in the dark, or into 48-well cell culture plates, for exposures in the light (Falcon, BD 

BioSciences). One of the aforementioned particle types (bulk anatase, bulk rutile, n-anatase, or 

n-Titan) was then added at a nominal concentration of 0.1, 0.5, or 1.0 mg/L. The actual amount 

of hemolymph added to each tube or well was slightly different for each concentration so that the 

total volume of liquid in each was the same.  No filtered seawater or phosphate buffer was used 

to dilute the hemolymph (Hégaret et al., 2003a).  Given the small volume of working suspension 

added to each well, ionic strength of the hemolymph was only minimally effected (e.g., at 1.0 

mg/L hemolymph salinity was 35.7 ppt).  Cells from each oyster were exposed to all 

concentrations of one particle type, making these experiments a repeated measures design.  The 

culture tubes and plates were divided into two sets, with one set being exposed for 2 hr and the 

second set being exposed for 4 hr at a temperature of ca. 20° C. Controls consisted of only 

hemocytes (no TiO2 particles) incubated in the dark or light for 2- and 4-hr durations. 

 

2.4 Exposure to Simulated Solar Radiation  

 Solar-simulation lamps (150W Solarlux®, Class B metal halide full spectrum lamps, EYE 

Applied Optics) were used to simulate the spectral output of natural sunlight found below the 

surface of the water (ca. 350-800 nm). A Jaz Spectrometer (Ocean Optics, Inc, ca. 320-1000 nm) 

was used to examine the spectral power curve of the solar lamps, and the distance between the 
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48-well plates and lamps was adjusted to 55 cm to match the modeled irradiance (Hydrolight, 

Sequioa Scientific) found at mid-latitude marine waters during summer months at a depth of ca. 

0.6 m below the surface (Haynes et al., 2017).  Total irradiance within the photoactivation range 

of TiO2 was ca. 3 mW/cm2 (350-420 nm). Each circular well was 1.1 cm in diameter giving an 

irradiance level of 2.85 mW per well.  An LS-1-Cal lamp (NIST traceable) was used to calibrate 

the spectrometer. The 48-well plates (without lids) were floated in a water bath and held in 

position under the lamps by small racks. Ice was added to the water bath at intervals of 10 to 15 

minutes throughout the 2- and 4-hour exposures, and temperature was monitored continuously to 

ensure it was maintained at ca. 20° C.  

 

2.5 Flow Cytometry Assays 

 The effects of nanoparticle exposure on oyster hemocytes were assessed using the cellular 

viability, phagocytosis, and ROS assays. All samples were analyzed using a FACScan flow 

cytometer (Becton Dickinson Biosciences; San Jose, CA), and analyzed with the WinMDI 2.8 

software package.  

 

2.5.1 Cellular Viability Assay 

 The cellular viability assay measured the number of living and dead hemocytes present 

following exposure to the TiO2 particles. Briefly, 300 μL of 0.2-μm filtered seawater was 

combined with 4 μL of SYBR green, 4 μL of propidium iodide, and 100 μL of the hemocyte-

TiO2 suspension. The samples were then incubated for one hour at room temperature (ca. 20° C) 

in the dark. Living hemocytes were identified by characteristic SYBR green (FL1) fluorescence, 

and dead hemocytes were identified from propidium-iodide (FL3) fluorescence (modified from 

Hégaret et al., 2003a). Data are presented as mortality which is the fraction of cells identified as 

dead, and calculated in the following manner: 

 

 % Dead Hemocytes = (# propidium-iodide-fluorescent cells / total hemocyte count) x 100 

 

2.5.2 Phagocytosis Assay 

 The phagocytosis assay measured the percentage of highly-phagocytic cells present in the 

hemolymph following exposure to TiO2 particles. Briefly, 150 μL of 0.2-μm filtered seawater 
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was combined with a 30-μL suspension of fluorescent microspheres (1 x 107 beads/mL; 

Polysciences Fluoresbrite YG Microspheres, 2 µm) and 150 μL of the hemocyte-TiO2 

suspension. The samples were incubated for two hours at room temperature (ca. 20° C) in the 

dark. To eliminate the possibility of false positives resulting from the adherence of fluorescent 

beads to the cell membrane, the presence of three or more fluorescent beads in each hemocyte 

was used as the criterion to categorize a hemocyte as “highly-phagocytic” (modified from 

Hégaret et al., 2003b).  

 

2.5.3 Reactive Oxygen Species (ROS) Assay 

 A fluorescent assay was used to measure the amount of ROS production in the hemocytes 

following exposure to TiO2 particles. Briefly, 300 μL of 0.2-μm filtered seawater was combined 

with 4 μL of 2ʹ,7ʹ-dichlorofluorescein diacetate (DCFH-DA) and 100 μL of the hemocyte-TiO2 

suspension. The samples were incubated for two hours at room temperature (ca. 20° C) in the 

dark. The production of ROS in the hemocytes was measured by detecting the intensity of 

fluorescence of 2ʹ,7ʹ-dichlorofluorescein (DCF; modified from Hégaret et al., 2003b).  

 

2.6 Statistics 

 Given the number of assays conducted in this study, it was not possible to collect and assay 

all oysters at one time (total of 492 animals). Therefore, data obtained from flow-cytometry 

assays were standardized to their respective mean control values, i.e. oysters sampled at the same 

time but hemocytes not exposed to TiO2 particles, to account for temporal differences in 

biomarkers as a result of natural variations in water temperature, food supply, and other 

environmental factors. Standardized values were used for statistical analyses described below. 

 A mixed-model, two-way repeated measures analysis of variance (ANOVA) was used to 

compare the within-subject random effects (particle concentrations) and between-subject fixed 

effects (particle type; i.e., bulk vs NP) upon the mortality, phagocytic activity, and ROS 

production of oyster hemocytes. For each dependent variable, separate analyses were completed 

for data within each exposure time and particle type (e.g., bulk anatase vs n-anatase).  Following 

ANOVA, a Tukey's HSD post-hoc test was applied to examine differences between levels of the 

independent variables and interaction effects. A Dunnett’s post-hoc test was used to compare the 

viability, phagocytic activity, and ROS production of oyster hemocytes exposed to TiO2 particles 
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to those of control (unexposed) hemocytes. To further probe the effects of particle type, 

concentration, and exposure time upon the three response variables, a multivariate analysis of 

variance (MANOVA) was performed.  Prior to statistical analyses, data were assessed for 

homoscedasticity and normality using an Equality-of-Variance test and Kurtosis test, 

respectively.  Data sets that did not meet the underlying assumptions were transformed by means 

of a natural-log transformation. In all tests, an alpha level of 0.05 was used. 

 

3. Results 

3.1 Mortality 

 Hemocyte mortality at the end of all experiments was low. For the controls (no TiO2 

particles), the percentage of dead hemocytes observed under dark and light exposures ranged 

from 0.2 to 0.6% and 0.7 to 1.6%, respectively.  For treatments with TiO2 particles, the 

percentage of dead hemocytes found under dark and light exposures ranged from 0.2 to 0.9% and 

0.6% to 2.1%, respectively. With regard to standardize data under dark conditions, there were no 

significant effects of particle concentration or type (bulk, NP) upon mortality of oyster 

hemocytes after either 2 or 4 hr of exposure (ANOVA, p>0.05, Table 1A).  No significant 

interaction effects were found between these two variables.  Under light conditions, hemocytes 

exposed to anatase particles for 2 hr and rutile particles for 4 hr demonstrated a small but 

significant increase in mortality with increasing concentration (Tukey’s HSD, p<0.05, Table 1B). 

No difference in mortality was found between the bulk particles and NP, and the increase in 

mortality of hemocytes was driven largely by effects of the bulk particles. No significant 

interaction effects were found between particle type and concentration ANOVA, p>0.05).     

 

3.2 Phagocytic Activity 

 When hemocytes were exposed to anatase particles for 2 hr in the dark, there was a 

significant effect of concentration (ANOVA, p<0.05, Table 2A, Fig. 1A), but no effect of 

particle type (bulk, NP) upon phagocytic activity.  There were also no significant interaction 

effects between these two variables.  Pairwise comparisons showed that the phagocytic activity 

of hemocytes exposed to anatase particles at 1.0 mg/L was significantly higher than that of 

hemocytes exposed to anatase particles at 0.1 mg/L (Tukey’s HSD, p<0.05, Fig. 1A).  No other 

significant effects were found. After 4 hr of exposure to anatase particles, there were significant 
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effects of concentration and particle type on phagocytic activity, and a significant interaction 

effect between these two variables (ANOVA, p<0.05, Table 2A, Fig. 1B).  Pairwise comparisons 

revealed significant differences in phagocytosis between hemocytes exposed to bulk anatase and 

those exposed to n-anatase at all three concentrations (Tukey’s HSD, p<0.05, Table 2A, Fig. 1B).  

Phagocytic activity of hemocytes exposed to n-anatase increased in a dose-dependent manner, 

and at 0.5 and 1.0 mg/L was significantly higher than the phagocytic activity of control 

hemocytes (Dunnett’s, p < 0.05; Fig. 1B).   

 When hemocytes were exposed to rutile particles for 2 hr in the dark, phagocytic activity was 

significantly affected by concentration (ANOVA, p<0.05, Table 2A, Fig. 1C), with a slightly but 

significantly higher activity at 1.0 mg/L compared to the two lower concentrations (Tukey’s 

HSD, p<0.05, Table 2A, Fig. 1C).  There were no significant effects of particle type (bulk, NP) 

or significant interaction effects upon phagocytosis. After 4 hr of exposure to rutile particles, no 

significant concentration, particle type, or interactive effects were found (ANOVA, p>0.05, 

Table 2A, Fig. 1D).     

 The significant effects of anatase and rutile particles upon hemocyte phagocytosis under dark 

conditions largely diminished under light conditions. When hemocytes were exposed to anatase 

particles for 2 or 4 hr, no significant concentration, particle type, or interactive effects were 

found (ANOVA, p>0.05, Table 2B, Fig. 2A, B).  After 2 hr of exposure to rutile particles, only 

particle type (bulk, NP) significantly affected phagocytic activity of hemocytes (ANOVA, 

p<0.05, Table 2B, Fig. 2C). Pairwise comparisons demonstrated that hemocytes exposed to n-

Titan had significantly lower phagocytic activity than hemocytes exposed to bulk rutile particles 

at concentrations of 0.1 and 1.0 mg/L (Tukey’s HSD, p<0.05, Table 2B, Fig. 2C). After 4 hr of 

exposure to rutile particles, however, no significant concentration, particle type, or interactive 

effects were found (ANOVA, p>0.05, Table 2B, Fig. 2D).     

 

3.3 Production of ROS 

 When hemocytes were exposed to anatase particles for 2 or 4 hr in the dark, there were no 

significant concentration, particle type, or interactive effects upon ROS production (ANOVA, 

p>0.05, Table 3A, Fig. 3A, B).  After 2 hr of exposure to rutile particles, there was a significant 

effect of concentration (ANOVA, p<0.05, Table 3A, Fig. 3C), but no effect of particle type 

(bulk, NP) on ROS production by hemocytes. No significant interaction effects were found 



12 
 

between these two variables. Pairwise comparisons found that ROS production by hemocytes 

exposed to rutile particles (bulk & n-Titan) at 1.0 mg/L was significantly different than that of 

hemocytes exposed to the same particles at 0.1 and 0.5 mg/L (Tukey’s HSD, p<0.05, Table 3A, 

Fig. 3C). After 4 hr of exposure to rutile particles, however, no significant concentration, particle 

type, or interactive effects were found (ANOVA, p>0.05, Table 3A, Fig. 3D).     

 Under light conditions, there was a significant effect of particle type upon ROS production 

by hemocytes (ANOVA, p<0.05, Table 3B, Fig. 4A), but no effects of concentration or 

interactions between the two variables.  Pairwise comparisons showed that hemocytes exposed to 

bulk anatase had significantly lower ROS production compared to hemocytes exposed to n-

anatase at a concentration of 0.5 and 1.0 mg/L (Tukey’s HSD, p<0.05, Table 3B, Fig. 4A). After 

4 hr of exposure to anatase particles, however, no significant concentration, particle type, or 

interactive effects were found (ANOVA, p>0.05, Table 3A, Fig. 4B).  Similarly, when 

hemocytes were exposed to rutile particles for 2 or 4 hr, there were no significant concentration, 

particle-type, or interactive effects on ROS production (ANOVA, p>0.05, Table 3B, Fig. 4C, D).         

 

3.4 Multivariate Analysis of Mortality, Phagocytic Activity, and ROS Production   

 Multivariate analysis largely confirmed the results of the univariate, mixed-model ANOVA.  

Significant differences between bulk and NP treatments occurred only for phagocytic activity of 

hemocytes, and only when exposed to anatase particles at 1.0 mg/L in the dark, and rutile 

particles at 0.1 and 0.5 mg/L in the light (Table 4).  At 0.5 mg/L there was also a significant 

effect of exposure time (2 vs 4 hr) upon phagocytosis.  One other significant effect was detected; 

for ROS production, there was a significant interaction effect between particle concentration and 

exposure time when hemoctyes were exposed to anatase particles at 0.5 mg/L in the light (Table 

4).     

 

4. Discussion  

 Results of this in vitro study indicate that exposure of oyster hemocytes to bulk and n-TiO2 

for up to 4 hr under dark and environmentally-relevant light conditions produce minimal 

apparent effects upon cell mortality, phagocytosis, and ROS production. Even at 1.0 mg/L, a 

concentration at the upper end of environmental relevancy, few effects were observed after 4 hr 

of exposure.  Surprisingly, photoactivation of the TiO2 did not increase mortality or sub-lethal 
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effects upon the hemocytes. Although there were few significant effects overall, notable 

exceptions were apparent.   

 Mortality of oyster hemocytes was least affected by experimental treatments, with only a 

slight but significant increase when cells were exposed to anatase (2 hr) and rutile (4 hr) particles 

under light conditions at 1.0 mg/L compared to lower concentrations. In both cases, no 

significant differences were detected between the effects produced by bulk particles and those 

produced by NP, demonstrating that no nano-effect occurred. Additionally, actual mean 

mortality of hemocytes (not standardized) in these treatments increased to a maximum of only 

2.1% (± 1.9%, SD), which was the highest mortality observed in any treatment.  The mortality of 

hemocytes observed in our experiments was consistent with, or lower than that reported 

previously (Anderson, 1994; Anderson et al., 1994; Hégaret et al., 2011; Croxton et al., 2012). 

 Production of ROS by oyster hemocytes was also little affected by TiO2 particles or by 

environmentally-relevant light exposure.  Although under dark conditions, there was a slight but 

significant increase in ROS when cells were exposed for 2 hr to rutile particles at 1.0 mg/L 

compared to lower concentrations, no significant differences were detected between the effects 

produced by bulk particles and those produced by NP.  Again, these data demonstrate that no 

nano-effect occurred.  Under light conditions, there was a strong and significant decrease in ROS 

production by hemocytes exposed for 2 hr to bulk anatase particles compared to n-anatase at 

both 0.5 and 1.0 mg/L.  Surprisingly, this reduction in ROS production was not observed when 

hemocytes were exposed to the same treatments for 4 hr, which led to the significant interaction 

effect detected by the MANOVA between particle type and time of exposure in the 0.5 mg/L 

treatment (Table 4).  These findings indicate that although TiO2 particles produce ROS when 

photoactivated by UV light (Ma et al., 2012), they did not stimulate ROS production by oyster 

hemocytes. Several studies have previously reported either no change in the level of ROS 

production in bivalve hemocytes exposed to xenobiotics (Coles et al., 1995; Croxton et al., 

2012), or a significant increase in ROS production following hemocyte exposure to toxicants 

(Canesi et al., 2008; Canesi et al., 2010a; Ciacci et al., 2012). Taken as a whole, these findings 

suggest the production of ROS by bivalve hemocytes exposed to xenobiotics may be dependent 

upon several interrelated factors such as bivalve species, time of exposure, the specific pollutant 

encountered, and the concentration of the pollutant. 
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 Phagocytic activity was the cellular function most affected by TiO2 particles. Under dark 

conditions, a significant increase in phagocytosis was observed in response to an increase in 

concentration of anatase particles (2 hr exposure) and rutile particles (2 hr exposure). In both 

cases, however, no significant differences were detected between the effects produced by bulk 

particles and those produced by NP. A nano-effect was observed when hemocytes were exposed 

to n-anatase for 4 hr. At all three concentrations, phagocytic activity was significantly higher 

when hemocytes were exposed to NP compared to the bulk anatase particles. Additionally, when 

exposed to n-anatase at concentrations of 0.5 and 1.0 mg/L, hemocytes demonstrated 

significantly higher phagocytic activity compared to the control hemocytes. The dose-dependent 

nature of the response could be attributed to a greater probability of encounter between the 

hemocytes and the TiO2 particles as a result of the higher concentrations. The strong phagocytic 

response of hemocytes to n-anatase, however, was not observed with n-Titan (rutile). This 

finding may be a result of the different sizes and surface areas of the two NP. The n-anatase used 

in this study had a mean size of 7.4 nm (± 2.5 nm, SD) and a BET surface area of 121. 2 m2/g (± 

0.6 m2/g, SD); whereas, the n-Titan had a mean size of 86.0 nm (± 32.0 nm, SD) and a BET 

surface area of 62.5 m2/g (± 1.2 m2/g, SD; Doyle et al., 2014). Given the much higher surface 

area, n-anatase would be more reactive than n-Titan under dark conditions. As such, the increase 

in phagocytosis in response to n-anatase could indicate induction of a protective immune 

response to foreign particles. Surprisingly, the response to n-anatase was not observed under the 

light conditions. Additionally, when exposed to light and n-Titan for 2 hr, hemocytes 

demonstrated a significant decrease in phagocytosis compared to the bulk rutile treatment at both 

0.1 and 1.0 mg/L. This decrease, however, was not significantly different than the controls and 

was likely caused by the slight increase in phagocytosis produced by the bulk rutile particles.  

Hemocytes seem to recover from this effect after 4 hr of exposure. 

 In vitro assays utilizing cells of aquatic animals have been used in a range of studies as a way 

to rapidly assess the sub-lethal effects of natural and xenobiotic materials (Larson et al., 1989; 

Fisher et al., 1990; Anderson et al., 1994; Winston et al., 1996; Sauvé et al., 2002; Hégaret and 

Wikfors, 2005; Hégaret et al., 2007; Reeves et al., 2008; Vevers and Jha, 2008; Hégaret et al., 

2011). With respect to n-TiO2, various deleterious effects have been reported under both light 

and dark conditions, including effects on goldfish skin cells (Carassius auratus; Reeves et al., 

2008), rainbow trout gonadal tissue (Oncorhynchus mykiss; Vevers and Jha, 2008), mussel 
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hemocytes (M. galloprovincialis; Canesi et al., 2010a; Ciacci et al., 2012), and oyster hemocytes 

(Crassostrea virginica; Abbott-Chalew et al., 2012) and digestive-gland tissues (Johnson et al., 

2015). In most cases, deleterious effects were observed at n-TiO2 concentrations above 1.0 mg/L 

(Vevers and Jha, 2008; Canesi et al., 2010a; Ciacci et al., 2012). Other studies, however, have 

reported no effect on cells at high n-TiO2 concentrations.  For example, Reeves et al. (2008) 

observed no toxic effects on goldfish cells even at concentrations exceeding 100 mg/L, unless 

the exposure was in combination with UVA light.  Wang et al. (2014) exposed hemocytes of the 

mussel, Perna viridis, to n-TiO2 (P25) at concentrations of 2.5 and 10 mg/L and found no 

significant effects on hemocyte mortality, phagocytosis, ROS production or other immune 

variables after 2 hr.  One factor that might influence effects measured in vitro at high NP 

concentrations, is particle agglomeration.  As concentration increases, more agglomerates form, 

which could effectively reduce particle interactions with cells resulting in greater effects at lower 

concentrations.  Additionally, there may be species-specific sensitivity to various forms of n-

TiO2.  Such factors could explain the mixed results obtained in previous in vitro studies outlined 

above. 

 Comparing results of in vitro studies within a species at environmentally relevant 

concentrations of n-TiO2 (≤ 1.0 mg/L) also demonstrate inconsistencies.  In a pilot study, 

Abbott-Chalew et al. (2012) exposed hemocytes of the oyster, C. virginica, to n-TiO2 (form not 

indicated) at concentrations of 1 to 400 µg/L for periods of 15 to 120 min.  They found 

significant reduction in the phagocytosis of Cryptosporidium parvum oocysts at all 

concentrations except 10 µg/L. Johnson et al. (2015) reported significant lysosomal 

destabilization of digestive-gland tissue isolated from the oyster, C. virginica, when exposed to 

n-TiO2 (form not indicated) at 50, 500 and 5000 µg/L for 24 hr under dark conditions, but no 

effect at 5 µg/L.  In the current research, minimal effects were observed when oyster hemocytes 

where exposed to n-anatase and n-Titan at concentrations of 100, 500, and 1000 µg/L for 2 and 4 

hr.  In order to reduce between-study variation, future in vitro work should strive to standardize 

particle preparation, exposure time, and the crystalline form of n-TiO2 to which cells are 

exposed. 

 One shortcoming of the studies cited above, is that few exposed cells to bulk TiO2 (i.e., > 100 

nm).  Therefore, the reported effects could be a result of the titania itself (material effect) and not 

a result of size (NP effect). In the current research, bulk titania was used to examine a materials 
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effect, and in one treatment (2 hr, anatase, light exposure), bulk anatase significantly decreased 

ROS production by hemocytes at 0.5 and 1.0 mg/L compared to n-anatase. Additionally, TiO2 

concentrations and light were held to environmentally-relevant levels, and exposure time was 

held to a maximum of 4 hr so as to reduce stress on hemocytes which show increasing mortality 

after ca. 6 hr ex vivo (Wikfors, unpublished hemocyte incubation time trials).  

 In vivo experiments have been used as a way to increase cellular exposure times, and these 

studies have demonstrated more consistent deleterious effects of n-TiO2.  Barmo et al., (2013) 

exposed the mussel, M. galloprovincialis, to n-TiO2 (P25) at concentrations as low as 1.0 µg/L 

for 96 hr and reported significant negative effects on digestive gland cells and hemocytes. 

Effects of higher concentrations of n-TiO2 on cells of whole animals exposed in vivo have also 

been reported (Canesi et al., 2010b; Canesi et al., 2012; Couleau et al., 2012; D’Agata et al., 

2014; Wang et al., 2014; Johnson et al., 2015).  Similar to work conducted in vitro, few of the 

studies cited above exposed cells to bulk TiO2 (i.e., > 100 nm).  Therefore, an actual nano effect 

is ambiguous.  One exception is the study by D’Agata et al. (2014), who found that bulk TiO2 

(ca. 151 nm) at 10 mg/L elicited the same effects upon mussel hemocytes and stronger effects 

upon transcriptional expression of mitochondrial genes than n-TiO2 (P25).  Given these results, 

future studies should test for the effects of bulk TiO2 to separate a materials effect from a NP 

effect.  

 

5. Conclusions 

 This study examined the effects of acute exposure to bulk and nanoparticulate TiO2 upon 

mortality, phagocytosis, and ROS production of oyster hemocytes. Overall the results indicate 

minimal apparent effects upon these three immune-function biomarkers.  In particular, hemocyte 

mortality and ROS production remained stable following exposure to bulk and nanoparticulate 

TiO2. Hemocyte phagocytosis was significantly changed under some conditions, but these effects 

were not consistent with regards to exposure time (2 vs 4 hr) or light conditions (dark vs light 

exposure). Result of the current study with the oyster, C. virginica, support the conclusions of 

Wang et al. (2014) for the mussel, P. viridis.  Generally, the response of hemocytes to n-TiO2 in 

vitro do not necessarily represent the possible in vivo effects observed with longer exposure time 

upon the whole organism. Even when photoactivated, the effects of short-term exposure to n-

TiO2 upon oyster hemocytes are minimal. Future studies with nanomaterials should continue 
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focusing on chronic, in vivo exposures and consider other factors that cause stress in bivalves, 

activate the immune system, and work synergistically with NP such as changes in temperature, 

pH, food availability, parasitic infection, and other xenobiotics (e.g., Canesi et al., 2014, Hu et 

al., 2017). Bulk material should always be tested along with the chosen nanomaterial so as to 

differentiate a material effect from a size (nano) effect. Experiments that adhere to 

environmentally-relevant concentrations and conditions will provide a more accurate assessment 

of the actual effects of NP upon physiological processes of bivalves.   

 

Acknowledgements 

 The authors would like to thank Bridget Holohan, Jennifer Alix, Meghan Danley, and James 

Markow (Noank Shellfish Cooperative) for their assistance with various aspects of this study. 

This work was supported by Connecticut Sea Grant (R/P-1, NA10OAR4170095) and the 

National Science Foundation, Biological and Environmental Interactions of Nanoscale Materials 

program (CBET-1336358). 

  



18 
 

References 

Abbott-Chalew, T.E., Galloway, J.F., Graczyk, T.K., 2012. Pilot study on effects of nanoparticle 

exposure on Crassostrea virginica hemocyte phagocytosis. Mar. Pollut. Bull. 64 (10), 2251-

2253. 

Adams, L.K., Lyon, D.Y., McIntosh, A., Alvarez, P.J.J., 2006. Comparative toxicity of nano-

scale TiO2, SiO2, and ZnO water suspensions. Water Sci. Technol. 54 (11-12), 327-334. 

Albrecht, M.A., Evans, C.W., Ratson, C.L., 2006. Green chemistry and the health implications of 

nanoparticles. Green Chem. 8, 417-432. 

Amiano, I., Olabarrieta, J., Vitorica, J., Zorita, S., 2012. Acute toxicity of nanosized TiO2 to 

Daphnia magna under UVA radiation. Environ. Toxicol. 31 (11), 2564-2566. 

Anderson, R.S., 1994. Hemocyte-derived reactive oxygen intermediate production in four 

bivalve mollusks. Dev. Comp. Immunol. 18 (2), 89-96. 

Anderson, R.S., Mora, L.M., Thomson, S.A., 1994. Modulation of oyster (Crassostrea virginica) 

hemocyte immune function by copper, as measured by luminol-enhanced 

chemiluminescence. Comp. Biochem. and Physiol.,C. 108 (2), 215-220. 

Barmo C., Ciacci C., Canonico B., Fabbri R., Cortese K., Balbi T., Marcomini A., Pojana G., 

Gallo G., Canesi L., 2013. In vivo effects of n-TiO2 on digestive gland and immune function 

of the marine bivalve Mytilus galloprovincialis. Aquat. Toxicol. 132–133, 9–18. 

Baun, A., Hartmann, N.B., Grieger, K., Kusk, O., 2008. Ecotoxicity of engineered nanoparticles 

to aquatic invertebrates: A brief review and recommendations for future toxicity testing. 

Ecotoxicol. 17 (5), 387-395. 

Boxall, A.B.A., Chaudhry, Q., Sinclair, C., Jones, A., Aitken, R., Jefferson, B., Watts, C., 2007. 

Current and future predicted environmental exposure to engineered nanoparticles. Report by 

the Central Science Laboratory (CSL) York for the Department of the Environment and 

Rural Affairs (DEFRA), UK, 1-89. 

Bueza, C., Pacheco, I.I., Robbie, K., 2007. Nanomaterials and nanoparticles: Sources and 

toxicity. Biointerphases 2 (4), MR17-MR71. 

Canesi, L., Ciacci, C., Betti, M., Fabbri, R., Canonico, B., Fantinati, A., Marcomini, A., Pojana, 

G., 2008. Immunotoxicity of carbon black nanoparticles to blue mussel hemocytes. Environ. 

Int. 34 (8), 1114-1119. 



19 
 

Canesi, L., Ciacci, C., Vallotto, D., Gallo, G., Marcomini, A., Pojana, G., 2010a. In vitro effects 

of suspensions of selected nanoparticles (C60 fullerene, TiO2, SiO2) on Mytilus hemocytes. 

Aquat. Toxicol. 96 (2), 151-158. 

Canesi, L., Fabbri, R., Gallo, G., Vallotto, D., Marcomini, A., Pojana, G., 2010b.  Biomarkers in 

Mytilus galloprovincialis exposed to suspensions of selected nanoparticles (Nano carbon 

black, C60 fullerene, Nano-TiO2, Nano-SiO2). Aquat. Toxicol. 100 (2), 168-177. 

Canesi, L., Ciacci, C., Fabbri, R., Marcomini, A., Pojana, G., Gallo, G., 2012. Bivalve molluscs 

as a unique target group for nanoparticle toxicity. Mar. Environ. Res. 76, 16-21. 

Canesi L., Frenzilli, G., Balbi, T., Bernardeschi, M., Ciacci, C., Corsolini, S., Della Torre, C., 

Fabbri, R., Faleri, C., Focardi, S., Guidi, P., Kočan, A., Marcomini, A., Mariottini, M., Nigro, 

M., Pozo-Gallardo, K., Rocco, L., Scarcelli, V., Smerilli, A., Corsi, I., 2014. Interactive 

effects of n-TiO2 and 2,3,7,8-TCDD on the marine bivalve Mytilus galloprovincialis. Aquat. 

Toxicol. 153, 53–65. 

Carp, O., Huisman, C.L., Reller, A., 2004. Photoinduced reactivity of titanium dioxide. Prog. 

Solid State Ch. 32, 33-177. 

Chatterjee, D., Mahata, A., 2002. Visible light induced photodegradation of organic pollutants on 

dye adsorbed TiO2 surface. J. Photochem. Photobiol., A. 153, 199-204. 

Chu, F.-L.E., 1988. Humoral defense factors in marine bivalves. Am. Fish. Soc. 18 (Suppl), 178-

188. 

Ciacci, C., Canonico, B., Bilaniĉovă, D., Fabbri, R., Cortese, K., Gallo, G., Marcomini, A., 

Pojana, G., Canesi, L., 2012. Immunomodulation by different types of N-oxides in the 

hemocytes of the marine bivalve Mytilus galloprovincialis. Plos One 7 (5), 1-10. 

Coles, J.A., Farley, S.R., Pipe, R.K., 1995. Alteration of the immune response of the common 

marine mussel Mytilus edulis resulting from exposure to cadmium. Dis. Aquat. Organ. 22 (1), 

59-65. 

Couleau, N., Techer, D., Pagnout, C., Jomini, S., Foucaud, L., Laval-Gilly, P., Falla, J., 

Bennasroune, A., 2012. Hemocyte responses of Dreissena polymorpha following a short-

term in vivo exposure to titanium dioxide nanoparticles: preliminary investigations. Sci. 

Total Environ. 438, 490–497. 



20 
 

Croxton, A.N., Wikfors, G.H., Schulterbrandt-Gragg, R.D., 2012. Immunomodulation in eastern 

oysters, Crassostrea virginica, exposed to a PAH-contaminated, microphytobenthic diatom. 

Aquat. Toxicol. 118-119, 27-36. 

D’Agata, A., Fasulo, S., Dallas, L.J., Fisher, A.S., Maisano, M., Readman, J.W., Jha, A.N., 2014. 

Enhanced toxicity of ‘bulk’ titanium dioxide compared to ‘fresh’ and ‘aged’ nano-TiO2 in 

marine mussels (Mytilus galloprovincialis). Nanotoxicology 8 (5), 549-558.  

De Coen, W.M., Janssen, C.R., 1997. The use of biomarkers in Daphnia magna toxicity testing 

II. Digestive enzyme activity in Daphnia magna exposed to sublethal concentrations of 

cadmium, chromium and mercury. Chemosphere 35 (5), 1053-1067. 

De Coen, W.M., Janssen, C.R., Segner, H., 2001. The use of biomarkers in Daphnia magna 

toxicity testing V. In vitro alterations in the carbohydrate metabolism of Daphnia magna 

exposed to sublethal concentrations of mercury and lindane. Ecotox. Environ. Safe. 48 (3), 

223-234. 

Doyle, J.J., Palumbo, V., Huey, B.D., Ward, J.E., 2014. Behavior of titanium dioxide 

nanoparticles in three aqueous media samples: Agglomeration and implications for benthic 

deposition. Water Air Soil Poll. 225:2106. DOI 10.1007/s11270-014-2106-7. 

Doyle, J.J., Ward, J.E., Mason, R., 2016. Exposure of bivalve shellfish to titania nanoparticles 

under an environmental-spill scenario: Encounter, ingestion and egestion. J. Mar. Biol. 

Assoc. UK. 96 (1), 137-149. 

Dunford, R., Salinaro, A., Cai, L., Serpone, N., Horikoshi, S., Hidaka, H., Knowland, J., 1997. 

Chemical oxidation and DNA damage catalysed by inorganic sunscreen ingredients. FEBS 

Lett. 418 (1-2), 87-90. 

Feng, S.Y., 1988. Cellular defense mechanisms of oysters and mussels. Am. Fish. Soc. 18 

(Suppl), 153-168. 

Fisher, W. S., 1986. Structure and function of oyster hemocytes. In: Immunity in Invertebrates. 

Springer-Verlag, pp. 25-35. 

Fisher, W.S., Wishkovsky, A., Chu, F.-L.E., 1990. Effects of tributyltin on defense-related 

activities of oyster hemocytes. Arch. Environ. Con. Tox. 19 (3), 354-360. 

Foster, H.A., Ditta, I.B., Varghese, S., Steele, A., 2011. Photocatalytic disinfection using 

titanium dioxide: spectrum and mechanism of antimicrobial activity. Appl. Microbiol. 

Biotechnol. 90 (6), 1847-1868. 



21 
 

Fujishima, A., Honda, K., 1972. Electrochemical Photolysis of Water at a Semiconductor 

Electrode. Nature 238 (5358), 37-38. 

Fujishima, A., Rao, T.N., Tryk, D.A., 2000. Titanium dioxide photocatalysis. J. Photochem. 

Photobio. C. 1 (1), 1–21. 

Future Markets, Inc., 2011. The world market for nanoparticle titanium dioxide. 

https://www.researchandmarkets.com/reports/3390463/. 

Galloway, T.S., Lewis, C., Dolciotti, I., Johnston, B.D., Moger, J., Regoli, F., 2010. Sublethal 

toxicity of nano-titanium dioxide and carbon nanotubes in a sediment dwelling marine 

polychaete. Environ. Pollut. 158 (5), 1748-1755. 

Handy, R.D., von der Kammer, F., Lead, J.R., Hassellöv, M., Owen, R., Crane, M., 2008. The 

ecotoxicology and chemistry of manufactured nanoparticles. Ecotoxicol. 17 (4), 287-314. 

Haynes, V.N., Ward, J.E., Russell, B.J., Agrios, A.G., 2017. Photocatalytic effects of titanium 

dioxide nanoparticles on aquatic organisms – Current knowledge and suggestions for future 

research. Aquat. Toxicol. 185, 138-148. 

Hégaret, H., Wikfors, G.H., Soudant, P., 2003a. Flow-cytometric analysis of haemocytes from 

eastern oysters, Crassostrea virginica, subjected to a sudden temperature elevation I. 

Haemocyte types and morphology. J. Exp. Mar. Biol. Ecol. 293 (2), 237-248. 

Hégaret, H., Wikfors, G.H., Soudant, P., 2003b. Flow-cytometric analysis of haemocytes from 

eastern oysters, Crassostrea virginica, subjected to a sudden temperature elevation II. 

Haemocyte functions: aggregation, viability, phagocytosis, and respiratory burst. J. Exp. 

Mar. Biol. Ecol. 293 (2), 249-265. 

Hégaret, H, Wikfors, G.H., 2005. Time-dependent changes in hemocytes of eastern oysters, 

Crassostrea virginica, and northern bay scallops, Argopecten irradians irradians, exposed to 

a cultured strain of Prorocentrum minimum. Harmful Algae 4 (2), 187-199. 

Hégaret, H, Wikfors, G.H., Soudant, P., Lambert, C., Shumway, S.E., Bérard, J.B., Lassus, P., 

2007. Toxic dinoflagellates (Alexandrium fundyense and A. catenella) have minimal apparent 

effect on oyster hemocytes. Mar. Biol. 152 (2), 441-447. 

Hégaret, H., Mirella da Silva, P., Wikfors, G.H., Haberkorn, H., Shumway, S.E., Soudant, P., 

2011. In vitro interactions between several species of harmful algae and haemocytes of 

bivalve molluscs. Cell Biol. Toxicol. 27 (4), 249-266. 

 



22 
 

Hu, M., Lin, D., Shang, Y., Hu, Y., Lu, W., Huang, X., Ning K., Chen, Y., Wang, Y., 2017. 

CO2-induced pH reduction increases physiological toxicity of nano-TiO2 in the mussel 

Mytilus coruscus. Sci. Rep. 7, 40015; DOI: 10.1038/srep40015. 

Hund-Rinke, K., Simon, M., 2006. Ecotoxic effect of photocatalytic active nanoparticles (TiO2) 

on Daphnia and algae. Environ. Sci. Pollut. Res. 13 (4), 225-232. 

Jacobs, J.F., Poel, I., Osseweijer, P., 2010. Sunscreens with titanium dioxide (TiO2) nano-

particles: A societal experiment. Nanoethics 4 (2), 103-113. 

Jaroenworaluck, A., Sunsaneeyametha, W., Kosachan, N., Stevens, R., 2006. Characteristics of 

silica-coated TiO2 and its UV absorption for sunscreen cosmetic applications. Surf. Interface 

Anal. 38 (4), 473-477. 

Johnson, B.D., Gilbert, S.L., Khan, B., Carroll, D.L., Ringwood, A.H., 2015. Cellular responses 

of eastern oysters, Crassostrea virginica, to titanium dioxide nanoparticles. Mar. Environ. 

Res. 111, 135-143. 

Kim, B., Kim, D., Cho, D., Cho, S., 2003. Bactericidal effect of TiO2 photocatalyst on selected 

food-borne pathogenic bacteria. Chemosphere 52 (1), 277-281. 

Klaper, R., Crago, J., Barr, J., Arndt, D., Setyowati, K., Chen, J., 2008. Toxicity biomarker 

expression in daphnids exposed to manufactured nanoparticles: Changes in toxicity and 

functionalization. Environ. Pollut. 157 (4), 1152-1156. 

Konaka, R., Kasahara, E., Dunlap, W.C., Yamamoto, Y., Chien, K.C., Inoue, M., 2001. 

Ultraviolet irradiation of titanium dioxide in aqueous dispersion generates singlet oxygen. 

Redox Rep. 6 (5), 319-325.  

Labille, J., Feng, J., Botta, C., Borschneck, D., Sammut, M., Cabie, M., Auffan, M., Rose, J., 

Bottero, J.Y., 2010. Aging of TiO2 nanocomposites used in sunscreen. Dispersion and fate of 

the degradation products in aqueous environment. Environ. Pollut. 158 (12), 3482-3489. 

Larson, K.G., Roberson, B.S., Hetrick, F.M., 1989. Effect of environmental pollutants on the 

chemiluminescence of hemocytes from the American oyster Crassostrea virginica. Dis. 

Aquat. Organ. 6, 131-136. 

Lovern, S.B., Klaper, R., 2006. Daphnia magna mortality when exposed to titanium dioxide and 

fullerene (C60) nanoparticles. Environ. Toxicol. Chem. 25 (4), 1132-1137. 



23 
 

Li, Y., Zhang, W., Niu, J., Chen, Y., 2006. Mechanism of photogenerated reactive oxygen 

species and correlation with the antibacterial properties of engineered metal-oxide 

nanoparticles. ACS Nano 6 (6), 5164-5173. 

Li, S., Wallis, L.K., Diamond, S.A., Ma, H., Hoff, D.J., 2014a. Species sensitivity and 

dependence on exposure conditions impacting the phototoxicity of TiO2 nanoparticles to 

benthic organisms. Environ. Toxicol. Chem. 33 (7), 1563–1569. 

Li, S., Wallis, L.K., Ma, H., Diamond, S.A., 2014b. Phototoxicity of TiO2 nanoparticles to a 

freshwater benthic amphipod: are benthic systems at risk? Sci. Total Environ. 466–467, 800–

808. 

Libralato, G., Minetto, D., Totaro, S., Mičetić, I., Pigozzo, A., Sabbioni, E., Marcomini, A., 

Ghirardini, A., 2013. Embryotoxicity of TiO2 nanoparticles to Mytilus galloprovincialis 

(Lmk). Mar. Environ. Res. 92, 71-78. 

Lin, C.-C., Lin, W.-J., 2011. Sun protection factor analysis of sunscreens containing titanium 

dioxide nanoparticles. J. Food Drug Anal. 19 (1), 1-8. 

Ma, H., Brennan, A., Diamond, S.A., 2012. Phototoxicity of TiO2 nanoparticles under solar 

radiation to two aquatic species: Daphnia magna and Japanese Medaka. Environ. Toxicol. 

Chem. 31 (7), 1621-1629. 

Markowska-Szczupaka, M., Ulfig, K., Morawskia, A.W., 2011. The application of titanium 

dioxide for deactivation of bioparticulates: An overview. Catal. Today 169 (1), 249-257. 

Matsui, I., 2005. Nanoparticles for electronic device applications: a brief review. J. Chem. Eng. 

Jpn. 38 (8), 535-546. 

Moore, M.N., 2006. Do nanoparticles present ecotoxicological risks for the health of the aquatic 

environment? Environ. Int. 32 (8), 967-976. 

Mueller, N., Nowack, B., 2008. Exposure modeling of engineered nanoparticles in the 

environment. Environ. Sci. Technol. 42 (12), 4447-4453. 

Rao, M.V., Rajeshwar, K., Pal Verneker, V.R., DuBow, J., 1980. Photosynthetic production of 

H2 and H2O2 on semiconducting oxide grains in aqueous solutions. J. Phys. Chem. 84 (15), 

1987-1991. 

Reeves, J.F., Davies, S.J., Dodd, N.J., Jha, A.N., 2008. Hydroxyl radicals (•OH) are associated 

with titanium dioxide (TiO2) nanoparticle-induced cytotoxicity and oxidative DNA damage 

in fish cells. Mutat. Res. 640 (1-2), 113-122.  



24 
 

Robichaud, C.O., Uyar, A.E., Darby, M.R., Zucker, L.G., Wiesner, M.R., 2009. Estimates of 

upper bounds and trends in nano-TiO2 production as a basis for exposure assessment. 

Environ. Sci. Technol. 43 (12), 4227-4233. 

Rozhkova, E.A., Ulasov, I., Lai, B., Dimitrijevic, N.M., Lesniak, M.S., Rajh, T., 2009. A high-

performance nanobio photocatalyst for targeted brain cancer therapy. Nano Lett. 9 (9), 3337–

3342. 

Sauvé, S., Brousseau, P., Pellerin, J., Morin, Y., Senécal, L., Goudreau, P., Fournier, M., 2002. 

Phagocytic activity of marine and freshwater bivalves: in vitro exposure of hemocytes to 

metals (Ag, Cd, Hg, and Zn). Aquat. Toxicol. 58 (3-4), 189-200. 

Serpone, N., Dondi, D., Albini A., 2007. Inorganic and organic UV filters: Their role and 

efficacy in sunscreens and suncare products. Inorg. Chim. Acta 360 (3), 794-802. 

Sharma, V.A., 2009. Aggregation and toxicity of titanium dioxide nanoparticles in aquatic 

environment-A review. J. Environ. Sci. Health A Tox. Hazard. Subst. Environ. Eng. 44 (14), 

1485-1495. 

Siddiquey, I.A., Ukaji, E., Furusawa, T., Sato, M., Suzuki N., 2007. The effects of organic 

surface treatment by methacryloxypropyltrimethoxysilane on the photostability of TiO2. 

Mater. Chem. Phys. 105 (1-2), 162-168. 

Uchino, T., Tokunaga, H., Ando, M., Utsumi, H., 2002. Quantitative determination of OH 

radical generation and its cytotoxicity induced by TiO2-UVA treatment. Toxicol. In Vitro 16 

(5), 629-635. 

Ukmar, T., Godec, A., Maver, U., Planinšek, O., Bele, M., Jamnik, J., Gaberščcek, M., 2009. 

Suspensions of modified TiO2 nanoparticles with supreme UV filtering ability. J. Mater. 

Chem. 19 (43), 8176-8183. 

Vevers, W.F., Jha, A.N., 2008. Genotoxic and cytotoxic potential of titanium dioxide (TiO2) 

nanoparticles on fish cells in vitro. Ecotoxicol. 17 (5), 410-420. 

Wang, H., Wick, R.L., Xing, B., 2009. Toxicity of nanoparticulate and bulk ZnO, Al2O3 and 

TiO2 to the nematode Caenorhabditis elegans. Environ. Pollut. 157 (4), 1171-1177. 

Wang Y., Hu, M., Li, Q., Li, J., Lin, D., Lu, W., 2014. Immune toxicity of TiO2 under hypoxia in 

the green-lipped mussel Perna viridis based on flow-cytometric analysis of hemocyte 

parameters. Sci. Total Environ. 470–471, 791–799. 



25 
 

Warheit, D.B., Hoke, R., Finlay, C., Donner, E.M., Reed, K.L., Sayes, C.M., 2007. Development 

of a base set of toxicity tests using ultrafine TiO2 particles as a component of nanoparticle 

risk management. Toxicol. Lett. 171 (3), 99-110. 

Weir, A., Westerhoff, P., Fabricius, L., von Goetz, N., 2012. Titanium dioxide nanoparticles in 

food and personal care products. Environ. Sci. Technol. 46 (4), 2242-2250. 

Winston, G.W., Moore, M.N., Kirchin, M.A., Soverchia, C., 1996. Production of reactive oxygen 

species by hemocytes from the marine mussel, Mytilus edulis: Lysosomal localization and 

effects of xenobiotics. Comp. Biochem. Physiol. C Pharmacol. Toxicol. Endicrinol. 113 (2), 

221-229. 

Wold, A., 1993. Photocatalytic properties of titanium dioxide (TiO2). Chem. Mater. 5 (3), 280–

283. 

Wolf, R., Tüzün, B., Tüzün, Y., 2001. Sunscreens. Dermatol. Ther. 14 (3), 208-214. 

Zhang, A.P., Sun, Y.P., 2004. Photocatalytic killing effect of TiO2 nanoparticles on Ls-174-t 

human colon carcinoma cells. World J. Gastroenterol. 10 (21), 3191–3193. 

 

Web References 

Business Wire, 2016 - http://www.businesswire.com/news/home/20160928005566/en/Global-

Nanotechnology-Market-Worth-USD-173.95-Billion 

https://www.in-cosmetics.com/__novadocuments/2843 

 

 

 

 

 

 

 

 



26 
 

Table 1. Mortality of hemocytes exposed to three concentrations (within-subject effects) of two 

different particle sizes (bulk vs NP, between-subject effects), for two different exposure periods 

under both dark (A) and light (B) regimes. Statistical comparisons of data within each exposure 

time were conducted using a mixed-model analysis of variance. Means designated with different 

capital letters indicate significant within-subject differences (p<0.05, within an exposure time), 

whereas means designated with different lowercase letters indicate significant between-subject 

differences (p<0.05, within an exposure time and within a concentration). Means without letter 

designations indicate that there were no significant within- or between-subject effects (p>0.05). 

Data were standardized to their respective mean control value and are presented as mean ratios 

(index values) ± standard error (SE). Ten to twelve replicates were used for each concentration 

within each exposure time and within each particle comparison.    

A. Dark Exposure 

  1. Bulk Anatase vs n-Anatase 

   Exposure Time 
   (hours) 

Within-subject Effects Between-subject Effects 

Concentration 
(mg/L) 

Index Value 
[Mean (± SE)] 

Particle Type Index Value 
[Mean (± SE)] 

2 0.1 1.15 (0.18) Bulk Anatase 
n-Anatase 

0.91 (0.19) 
1.44 (0.30) 

0.5 1.16 (0.14) Bulk Anatase 
n-Anatase 

1.04 (0.21)  
1.30 (0.16) 

1.0 1.32 (0.16) Bulk Anatase 
n-Anatase 

1.33 (0.21) 
1.30 (0.26)  

4 0.1 1.46 (0.24) Bulk Anatase 
n-Anatase 

1.52 (0.40) 
1.39 (0.26) 

0.5 1.25 (0.18) Bulk Anatase 
n-Anatase 

1.21 (0.30) 
1.30 (0.20) 

1.0 1.54 (0.29) Bulk Anatase 
n-Anatase 

1.33 (0.39) 
1.79 (0.43) 

   2. Bulk Rutile vs n-Titan 

   Exposure Time 
   (hours) 

Within-subject Effects Between-subject Effects 

Concentration 
(mg/L) 

Index Value 
[Mean (± SE)] 

Particle Type Index Value 
[Mean (± SE)] 

2 0.1 1.12 (0.17) Bulk Rutile 
n-Titan 

0.95 (0.19) 

1.29 (0.27) 

0.5 1.17 (0.15) Bulk Rutile 
n-Titan 

1.03 (0.12) 
1.31 (0.28) 

1.0 1.28 (0.17) Bulk Rutile 
n-Titan 

1.17 (0.19) 
1.38 (0.28) 

4 0.1 1.07 (0.17) Bulk Rutile 
n-Titan 

1.02 (0.14) 
1.11 (0.32) 

0.5 0.97 (0.14) Bulk Rutile 
n-Titan 

1.01 (0.20) 
0.92 (0.22) 

1.0 0.90 (0.15) Bulk Rutile 
n-Titan 

1.03 (0.27) 
0.76 (0.12) 
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B. Light Exposure 
  1. Bulk Anatase vs n-Anatase 

   Exposure Time 
   (hours) 

Within-subject Effects Between-subject Effects 

Concentration 
(mg/L) 

Index Value 
[Mean (± SE)] 

Particle Type Index Value 
[Mean (± SE)] 

2 0.1 0.88 (0.10)A Bulk Anatase 
n-Anatase 

0.81 (0.12) 
0.95 (0.17) 

0.5 0.99 (0.11)AB Bulk Anatase 
n-Anatase 

1.11 (0.16) 
0.88 (0.15) 

1.0 1.22 (0.16)B Bulk Anatase 
n-Anatase 

1.38 (0.30) 
1.07 (0.11) 

4 0.1 1.03 (0.21) Bulk Anatase 
n-Anatase 

1.10 (0.31) 
0.96 (0.30) 

0.5 1.05 (0.18) Bulk Anatase 
n-Anatase 

0.87 (0.19) 
1.24 (0.31) 

1.0 1.32 (0.24) Bulk Anatase 
n-Anatase 

1.21 (0.27) 
1.44 (0.41) 

   2. Bulk Rutile vs n-Titan 

   Exposure Time 
   (hours) 

Within-subject Effects Between-subject Effects 

Concentration 
(mg/L) 

Index Value 
[Mean (± SE)] 

Particle Type Index Value 
[Mean (± SE)] 

2 0.1 1.13 (0.17) Bulk Rutile 
n-Titan 

1.26 (0.19) 
1.00 (0.28) 

0.5 1.13 (0.17) Bulk Rutile 
n-Titan 

1.31 (0.14) 
0.95 (0.30) 

1.0 1.16 (0.20) Bulk Rutile 
n-Titan 

1.04 (0.14) 
1.27 (0.38) 

4 0.1 0.97 (0.14)A Bulk Rutile 
n-Titan 

0.86 (0.21) 
1.08 (0.20) 

0.5 1.19 (0.21)AB Bulk Rutile 
n-Titan 

1.35 (0.39) 
1.03 (0.17) 

1.0 1.23 (0.15)B Bulk Rutile 
n-Titan 

1.21 (0.21) 
1.24 (0.23) 
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Table 2. Phagocytosis activity of hemocytes exposed to three concentrations (within-subject 

effects) of two different particle sizes (bulk vs NP, between-subject effects), for two different 

exposure periods under both dark (A) and light (B) regimes. See Table 1 for explanation of 

statistical comparisons. Data were standardized to their respective mean control value and are 

presented as mean ratios (index values) ± standard error (SE).  Ten to twelve replicates were 

used for each particle-type mean within each level of concentration.   

 

A. Dark Exposure 

  1. Bulk Anatase vs n-Anatase 

   Exposure Time 
   (hours) 

Within-subject Effects Between-subject Effects 

Concentration 
(mg/L) 

Index Value 
[Mean (± SE)] 

Particle Type Index Value 
[Mean (± SE)] 

2 0.1 1.07 (0.11)A Bulk Anatase 
n-Anatase 

1.01 (0.13) 
1.14 (0.18) 

0.5 1.14 (0.12)AB Bulk Anatase 
n-Anatase 

1.09 (0.14) 
1.21 (0.20) 

1.0 1.21 (0.13)B Bulk Anatase 
n-Anatase 

1.14 (0.15) 
1.30 (0.24) 

4 0.1 1.18 (0.18)A Bulk Anatase 
n-Anatase 

0.91 (0.20)a 
1.52 (0.28)b 

0.5 1.31 (0.21)B Bulk Anatase 
n-Anatase 

0.85 (0.16)a 
1.86 (0.36)b 

1.0 1.57 (0.20)C Bulk Anatase 
n-Anatase 

1.04 (0.21)a 
2.20 (0.27)b 

   2. Bulk Rutile vs n-Titan 

   Exposure Time 
   (hours) 

Within-subject Effects Between-subject Effects 

Concentration 
(mg/L) 

Index Value 
[Mean (± SE)] 

Particle Type Index Value 
[Mean (± SE)] 

2 0.1 1.05 (0.15)A Bulk Rutile 
n-Titan 

1.00 (0.21) 
1.11 (0.23) 

0.5 0.94 (0.12)A Bulk Rutile 
n-Titan 

0.85 (0.17) 
1.04 (0.18) 

1.0 1.27 (0.15)B Bulk Rutile 
n-Titan 

1.35 (0.21) 
1.19 (0.22) 

4 0.1 0.96 (0.13) Bulk Rutile 
n-Titan 

1.04 (0.24) 
0.87 (0.09) 

0.5 1.11 (0.14) Bulk Rutile 
n-Titan 

1.08 (0.27) 
1.14 (0.12) 

1.0 1.12 (0.13) Bulk Rutile 
n-Titan 

1.11 (0.21) 
1.13 (0.16) 
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B. Light Exposure 
  1. Bulk Anatase vs n-Anatase 

   Exposure Time 
   (hours) 

Within-subject Effects Between-subject Effects 

Concentration 
(mg/L) 

Index Value 
[Mean (± SE)] 

Particle Type Index Value 
[Mean (± SE)] 

2 0.1 1.11 (0.08) Bulk Anatase 
n-Anatase 

1.15 (0.12) 
1.08 (0.12) 

0.5 1.11 (0.09) Bulk Anatase 
n-Anatase 

1.11 (0.14) 
1.11 (0.12) 

1.0 0.97 (0.08) Bulk Anatase 
n-Anatase 

1.07 (0.13) 
0.87 (0.09) 

4 0.1 1.07 (0.10) Bulk Anatase 
n-Anatase 

1.24 (0.17) 
0.89 (0.10) 

0.5 1.19 (0.12) Bulk Anatase 
n-Anatase 

1.35 (0.19) 
1.02 (0.13) 

1.0 1.23 (0.16) Bulk Anatase 
n-Anatase 

1.34 (0.22) 
1.12 (0.24) 

   2. Bulk Rutile vs n-Titan 

   Exposure Time 
   (hours) 

Within-subject Effects Between-subject Effects 

Concentration 
(mg/L) 

Index Value 
[Mean (± SE)] 

Particle Type Index Value 
[Mean (± SE)] 

2 0.1 0.99 (0.16) Bulk Rutile 
n-Titan 

1.29 (0.23)a 
0.69 (0.18)b 

0.5 0.80 (0.12) Bulk Rutile 
n-Titan 

1.03 (0.18) 
0.58 (0.11) 

1.0 0.99 (0.14) Bulk Rutile 
n-Titan 

1.25 (0.18)a 
0.73 (0.19)b 

4 0.1 1.09 (0.12) Bulk Rutile 
n-Titan 

1.22 (0.15) 
0.95 (0.18) 

0.5 1.15 (0.10) Bulk Rutile 
n-Titan 

1.28 (0.15) 
1.03 (0.14) 

1.0 1.12 (0.11) Bulk Rutile 
n-Titan 

1.18 (0.12) 
1.06 (0.18) 
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Table 3. Reactive oxygen species production by hemocytes exposed to three concentrations 

(within-subject effects) of two different particle sizes (bulk vs NP, between-subject effects), for 

two different exposure periods under both dark (A) and light (B) regimes. See Table 1 for 

explanation of statistical comparisons. Data were standardized to their respective mean control 

value and are presented as mean ratios (index values) ± standard error (SE).  Ten to twelve 

replicates were used for each particle-type mean within each level of concentration.   

 

A. Dark Exposure 

  1. Bulk Anatase vs n-Anatase 

   Exposure Time 
   (hours) 

Within-subject Effects Between-subject Effects 

Concentration 
(mg/L) 

Index Value 
[Mean (± SE)] 

Particle Type Index Value 
[Mean (± SE)] 

2 0.1 0.96 (0.08) Bulk Anatase 
n-Anatase 

0.90 (0.14) 
1.02 (0.09) 

0.5 1.02 (0.10) Bulk Anatase 
n-Anatase 

1.03 (0.17) 
1.00 (0.09) 

1.0 0.97 (0.08) Bulk Anatase 
n-Anatase 

0.95 (0.13) 
1.00 (0.08) 

4 0.1 0.94 (0.07) Bulk Anatase 
n-Anatase 

0.87 (0.11) 
1.01 (0.06) 

0.5 0.98 (0.08) Bulk Anatase 
n-Anatase 

0.95 (0.15) 
1.02 (0.06) 

1.0 0.97 (0.07) Bulk Anatase 
n-Anatase 

0.90 (0.12) 
1.06 (0.07) 

   2. Bulk Rutile vs n-Titan 

   Exposure Time 
   (hours) 

Within-subject Effects Between-subject Effects 

Concentration 
(mg/L) 

Index Value 
[Mean (± SE)] 

Particle Type Index Value 
[Mean (± SE)] 

2 0.1 1.00 (0.09)A Bulk Rutile 
n-Titan 

1.06 (0.15) 
0.93 (0.10) 

0.5 1.10 (0.08)A Bulk Rutile 
n-Titan 

1.15 (0.11) 
1.05 (0.11) 

1.0 1.24 (0.09)B Bulk Rutile 
n-Titan 

1.22 (0.10) 
1.25 (0.15) 

4 0.1 1.11 (0.12) Bulk Rutile 
n-Titan 

1.07 (0.12) 
1.16 (0.22) 

0.5 1.09 (0.13) Bulk Rutile 
n-Titan 

0.99 (0.11) 
1.19 (0.23) 

1.0 1.14 (0.12) Bulk Rutile 
n-Titan 

1.04 (0.12) 
1.24 (0.22) 
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B. Light Exposure 
  1. Bulk Anatase vs n-Anatase 

   Exposure Time 
   (hours) 

Within-subject Effects Between-subject Effects 

Concentration 
(mg/L) 

Index Value 
[Mean (± SE)] 

Particle Type Index Value 
[Mean (± SE)] 

2 0.1 1.07 (0.17) Bulk Anatase 
n-Anatase 

0.82 (0.21) 
1.32 (0.25) 

0.5 0.83 (0.18) Bulk Anatase 
n-Anatase 

0.34 (0.13)a 
1.31 (0.25)b 

1.0 0.80 (0.13) Bulk Anatase 
n-Anatase 

0.54 (0.13)a 
1.10 (0.19)b 

4 0.1 1.04 (0.09) Bulk Anatase 
n-Anatase 

1.09 (0.14) 
1.00 (0.11) 

0.5 0.94 (0.09) Bulk Anatase 
n-Anatase 

1.04 (0.13) 
0.83 (0.13) 

1.0 0.95 (0.09) Bulk Anatase 
n-Anatase 

0.99 (0.14) 
0.91 (0.13) 

   2. Bulk Rutile vs n-Titan 

   Exposure Time 
   (hours) 

Within-subject Effects Between-subject Effects 

Concentration 
(mg/L) 

Index Value 
[Mean (± SE)] 

Particle Type Index Value 
[Mean (± SE)] 

2 0.1 0.96 (0.13) Bulk Rutile 
n-Titan 

0.90 (0.19) 
1.03 (0.18) 

0.5 1.00 (0.13) Bulk Rutile 
n-Titan 

0.97 (0.18) 
1.03 (0.20) 

1.0 1.03 (0.12) Bulk Rutile 
n-Titan 

0.99 (0.21) 
1.07 (0.15) 

4 0.1 0.95 (0.11) Bulk Rutile 
n-Titan 

0.77 (0.12) 
1.13 (0.18) 

0.5 0.89 (0.10) Bulk Rutile 
n-Titan 

0.75 (0.14) 
1.03 (0.14) 

1.0 0.80 (0.12) Bulk Rutile 
n-Titan 

0.73 (0.21) 
0.86 (0.13) 

 

 

  



32 
 

Table 4. Summary of two-way MANOVA results showing effects of two independent variables 

(particle type, time) on the three dependent variables (cell mortality, phagocytosis, ROS 

production) for each level of particle concentration (mg/L). Data were standardized to their 

respective mean control value before analysis. In cases where significant model effects were 

detected, the most effected dependent variable is listed (n.s. = not significant). A) Anatase 

particles (bulk vs NP); B) Bulk rutile vs n-Titan. 

 

  

A) Anatase Independent variables Most effected 
dependent 
variable 

  Regime 
     Concentration (mg/L) 

Particle 
(bulk vs NP) 

Time 
(2 vs 4 hr) 

Interaction 

  Dark       

     0.1  n.s. n.s. n.s. -- 

     0.5  n.s. n.s. n.s. -- 

     1.0 P < 0.05 n.s. n.s. Phagocytosis 

  Light  

     0.1 n.s. n.s. n.s. -- 

     0.5 n.s. n.s. P < 0.01 ROS 

     1.0 n.s. n.s. n.s. -- 

B) Rutile/Titan Independent variables Most effected 
dependent 
variable 

  Regime 
     Concentration (mg/L) 

Particle 
(bulk vs NP) 

Time 
(2 vs 4 hr) 

Interaction 

  Dark       

     0.1 n.s. n.s. n.s. -- 

     0.5 n.s. n.s. n.s. -- 

     1.0 n.s. n.s. n.s. -- 

  Light  

     0.1 P < 0.05 n.s. n.s. Phagocytosis 

     0.5 P < 0.01 P < 0.05 n.s. Phagocytosis 

     1.0 n.s. n.s. n.s. -- 
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Figure 1: Phagocytic activity of oyster hemocytes under dark conditions following exposure to 
bulk anatase particles and n-anatase for (A) two-hour and (B) four-hour periods, and exposure to 
bulk rutile particles and n-Titan for (C) two-hour and (D) four-hour periods. Means designated 
with different capital letters indicate significant within-subject differences (p<0.05, within an 
exposure time), whereas means designated with different lowercase letters indicate significant 
between-subject differences (p<0.05, within an exposure time and within a concentration).  
Means without letter designations indicate that there were no significant within- or between-
subject effects (p>0.05). Asterisks indicate significant changes in phagocytosis compared to the 
respective control values (dashed line). Data were standardized to their respective mean control 
value and are presented as mean ratios (index values) ± standard error (n = 10-12). 
 
Figure 2: Phagocytosis activity of oyster hemocytes under light conditions following exposure 
to bulk anatase particles and n-anatase for (A) two-hour and (B) four-hour periods, and exposure 
to bulk rutile particles and n-Titan for (C) two-hour and (D) four-hour periods. See Figure 1 for 
explanation of statistical comparisons. Data were standardized to their respective mean control 
value and are presented as mean ratios (index values) ± standard error (n = 10-12). 
 
 Figure 3: Reactive oxygen species (ROS) production by oyster hemocytes under dark 
conditions following exposure to bulk anatase particles and n-anatase for (A) two-hour and (B) 
four-hour periods, and exposure to bulk rutile particles and n-Titan for (C) two-hour and (D) 
four-hour periods. See Figure 1 for explanation of statistical comparisons. Data were 
standardized to their respective mean control value and are presented as mean ratios (index 
values) ± standard error (n = 10-12). 
 

Figure 4: Reactive oxygen species (ROS) production by oyster hemocytes under light conditions 
following exposure to bulk anatase particles and n-anatase for (A) two-hour and (B) four-hour 
periods, and exposure to bulk rutile particles and n-Titan for (C) two-hour and (D) four-hour 
periods. See Figure 1 for explanation of statistical comparisons. Data were standardized to their 
respective mean control value and are presented as mean ratios (index values) ± standard error (n 
= 10-12). 
 
 
 

 

 

 

 












