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Abstract 23 

 Increasing usage of both nanomaterials and pharmaceuticals and their unabated release 24 

to the marine ecosystem pose a serious concern nowadays. The toxicity of the mixture of  TiO2 25 

NPs and tetracycline (TC) in the marine species are not very well covered in prior literature. 26 

The current study explores the joint toxic effects of TiO2 NPs and TC in a simulated marine 27 

food chain: Chlorella sp. and A. salina.  Chlorella sp. was interacted with pristine TiO2 NPs 28 

(0.05, 05, and 5 mg/L), TC (0.5 mg/L), and their combinations for 48 h. The toxicity induced 29 

in Chlorella sp. by pristine TiO2 NPs through oxidative stress and chloroplast damage was not 30 

significantly changed in the presence of TC. Principal component analysis for the toxicity 31 

parameters revealed a strong association between TiO2 NPs effects and internalization. In the 32 

second trophic level (A. salina), the waterborne exposure of TC additively increased the 33 

toxicity of TiO2 NPs. Degradation of TC rather than their adsorption played a major role in 34 

their removal from the suspension, resulting in additive toxic effects in both Chlorella sp. and 35 

A salina. Compared to the waterborne exposure, the foodborne exposure of TiO2 NPs and TC 36 

induced lesser toxic effects owing to reduced uptake and accumulation in A. salina. 37 

Biomagnification results indicate that the dietary transfer of TiO2 NPs and TC does not pose a 38 

serious environmental threat in this two-level marine food chain. 39 
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1. Introduction 48 

 The use of engineered nanomaterials has increased rapidly over the last decade, 49 

resulting in an increasing number of consumer products in the market (Foss Hansen et al., 50 

2016). Titanium dioxide nanoparticles (TiO2 NPs) are employed in household and industrial 51 

applications such as personal care products, pharmaceuticals, sunscreens, papers, paints, and 52 

foodstuffs due to their high stability, and transparency to UV and visible light absorption 53 

(Braydich-Stolle et al., 2009; Hu et al., 2020; Kotil et al., 2017). The worldwide production 54 

and utilization of TiO2 NPs is expected to reach 2.5 million tons and 8.83 million metric tons, 55 

respectively, by 2025 (Leite et al., 2020; Loosli et al., 2019). Because of the massive production 56 

and consumption, they inevitably enter the marine ecosystem either directly, during 57 

manufacture and use, or indirectly, through sewage sludge and wastewater treatment plants 58 

(Luo et al., 2020). There is the potential for TiO2 NPs to interact with marine species and result 59 

in adverse changes to the marine ecosystem, but the potential effects have so far not been well 60 

characterized. 61 

 Besides nanomaterials, the marine environment serves as a sink for a plethora of 62 

contaminants, including plastics, pharmaceuticals, and pesticides (Saaristo et al., 2018). Thus, 63 

in such a complex environment, contaminants will co-exist as mixtures. In recent years, there 64 

is a growing concern about the hazards posed by the mixture containing nanomaterial and co-65 

contaminants (Zhuang Wang et al., 2017). Over the last decade, pharmaceuticals have gained 66 

increasing attention due to their possible threat to various aquatic organisms. Amidst different 67 

pharmaceuticals, antibiotics have broad antibacterial spectrums and are prescribed as over-the-68 

counter medicines in developing countries (Kovalakova et al., 2020; Liu et al., 2018). 69 

Tetracycline (TC) is known to be one of the essential antibiotics for use in human and 70 

veterinary disease control, as well as agricultural feed additives due to its low cost and broad 71 

antibacterial spectrum (Daghrir and Drogui, 2013). TC administered to animals and humans is 72 
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not completely metabolized and the excreta is found to contain the active form of TC (75 %) 75 

(Xu et al., 2021). Besides, poor removal of TC by wastewater treatment plants results in their 76 

discharge into rivers, which transport it to the marine environment (Xie et al., 2019). Unlike 77 

bacteria, there is no specific mode of action of TC in marine organisms. However, it has been 78 

reported that TC targets microalgae since they have a ribosomal structure similar to bacteria 79 

(Yang et al., 2013). As a result, evaluating the toxic effects of TC on marine biota is quite 80 

relevant. 81 

 Phytoplankton (microalgae) form an integral part of the marine ecosystem because they 82 

produce O2 and organic molecules, as well as serve as food for other species such as 83 

invertebrates and fish. The detrimental effects of contaminants in microalgae can leave an 84 

impact on the structural and functional elements of the environment (Ma et al., 2006). Chlorella 85 

sp. was chosen as the model organism because of its simple cell cycle, and rapid growth. 86 

Zooplankton, on the other hand, plays a crucial part in ecological processes by transferring 87 

energy from primary producers to secondary consumers. Artemia salina is one such 88 

zooplankton found in salt lakes and coastal locations across the globe that plays a vital role in 89 

the flow of energy through marine food chains (Nunes et al., 2006). It is an excellent model for 90 

ecotoxicological investigations owing to several typical characteristics such as ease of 91 

culturing, small body size, short breeding cycle, low cost, availability, and strong adaptability 92 

to harsh environmental conditions (Yi et al., 2020). 93 

 Contaminant exposure in the marine environment is not limited to a single chemical 94 

species. Understanding the toxic effects of the mixtures of contaminants may provide insights 95 

into their impact on the marine species and the marine ecosystem. A previous study on the 96 

combined toxic effects of materials, when  present in both nano and bulk form  of TiO2 and 97 

triclosan on Ruditapes philippinarum, revealed significant alterations in the enzyme activity 98 

levels with maximum bioaccumulation of triclosan observed with the nano form of TiO2 99 
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(Sendra et al., 2017). Sendra et al. (2018) also explored the mixture effects of erythromycin 100 

and CeO2 NPs on Phaeodactylum tricornutum and found the protective role of CeO2 NPs in 101 

the toxicity induced by erythromycin. The genotoxic effects of mixtures containing AuNPs and 102 

gemfibrozil on gilt-head seabream (Sparus aurata) erythrocytes revealed the antagonistic 103 

nature of interaction between the contaminants with the levels of predicted toxicity for the 104 

mixture being lesser than the observed toxicity (Barreto et al., 2019). 105 

 Studies related to the combined toxicity of TiO2 NPs and TC on a single trophic level 106 

organisms have already been conducted by our research group, namely in freshwater biota 107 

(Iswarya et al., 2017; Roy et al., 2020). Iswarya et al. (2017) reported that in the lower 108 

concentrations of TC enhanced the toxicity of TiO2 NPs while the higher concentrations of TC 109 

and TiO2 NPs decreased their toxicity to Scenedesmus obliquus. Roy et al. (2020) also studied 110 

the combined effect of TC and TiO2 NPs in Scenedesmus obliquus and found that a non-lethal 111 

concentration of 0.06 mg/L significantly enhanced the toxicity of both pristine and UV pre-112 

irradiated TiO2 NPs. However, no prior study exists regarding the joint toxic effects of TiO2 113 

NPs and TC as well as their biomagnification in a marine food chain (algae-artemia). 114 

Moreover, there have been only a handful of studies to date reporting the joint toxicity of the 115 

contaminants in a phytoplankton-zooplankton trophic chain (Bergsten-Torralba et al., 2020; 116 

Thiagarajan et al., 2021; Yang et al., 2018). The species selected from each habitat might differ 117 

taxonomically and play different roles in ecosystems. Multi-level species approaches might be 118 

more environmentally relevant, leading to the current study, which tested the combined toxic 119 

effects of nanomaterials and pharmaceuticals in algae and artemia. Thus, the objectives of the 120 

work were framed to study the joint toxic effects of TiO2 NPs and TC in (i) Chlorella sp.; (ii) 121 

A. salina (waterborne route); and (iii) A. salina (foodborne route).  122 

2. Materials and methods 123 
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2.1. Materials  125 

  Nano powders of titanium (IV) oxide (Aeroxide® P25; CAS No: 13463-67-7; 21 nm), 126 

powders of tetracycline antibiotic (CAS No: 60-54-8), and cell-permeable non-fluorescent 127 

probe 2′, 7′ dichlorofluorescein diacetate (DCFH-DA) were supplied by Sigma-Aldrich, USA. 128 

Other chemicals such as 5, 5′-dithiobis (2-nitrobenzoic acid), trichloroacetic acid (TCA), 129 

acetylthiocholine iodide, ethylenediaminetetraacetic acid (EDTA), and thiobarbituric acid 130 

(TBA) were offered by Hi-Media Pvt. Ltd., India. A. salina cysts were supplied by Ocean Star 131 

International Inc., USA. 132 

2.2. Stock preparation 133 

 An homogeneous dispersion of TiO2 NPs (stock concentration-100 mg/L) was prepared 134 

in Milli-Q water by sonicating the dispersion for 30 min with a probe sonicator (Sonics, USA). 135 

Likewise, a stock concentration of 100 mg/L TC was prepared by completely dissolving the 136 

antibiotic powder in Milli-Q water. 137 

2.3. Model organisms 138 

 Two model organisms were chosen in this study. The first organism used was Chlorella 139 

sp. supplied by Central Marine Fisheries Research Institute, Rameswaram, Tamil Nadu, India. 140 

Subcultures were regularly grown in sterilized Erlenmeyer flasks containing artificial seawater 141 

enriched with Conway medium (Supplementary information). The temperature of the growth 142 

chamber was maintained at 23 °C and illuminated with a 3000-lux white fluorescent tube for 143 

16 h and then in the dark for 8 h. The cultures were grown until they entered the log phase, 144 

after which they were harvested for toxicity testing. The second organism used in this study 145 

was A. salina, a marine microcrustacean. They were hatched from A. salina cysts before 146 

experiments. Around 1 g of dry cysts was added to a round-bottomed tank containing 1 L of 147 

natural seawater (filtered and sterilized). The tank was supplied with constant aeration and 148 
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lighting (10 W, 1300 lx, and 0.44 mW cm−2), and maintained at room temperature. A. salina 150 

emerged from the cysts within 24 h, and the hatched nauplii were isolated from the main culture 151 

tank and grown in a separate tank with a fresh matrix of natural seawater. Finally, the 48-h old 152 

A. salina nauplii were collected for use in toxicity experiments. 153 

2.4. Characterization and fate of TiO2 NPs 154 

 The images collected from the transmission electron microscope (HRTEM, FEI 155 

TecnaiG2 T20 S-twin, Vellore Institute of Technology, Vellore) were used to identify the size 156 

and shape of TiO2 NPs. For this, TiO2 NPs dispersed in Milli-Q water were spread over a 157 

copper grid and allowed to dry before being observed under the microscope. 158 

 The particle size of TiO2 NPs (0.05, 0.5, and 5 mg/L) in filtered ASW was quantified 159 

in the absence and presence of 0.5 mg/L TC (0 and 48 h) using NanoBrook 90 Plus Particle 160 

Size Analyzer, USA.  161 

 The sedimentation assay was performed based on the protocol as mentioned in Roy et 162 

al. (2016). The absorbance of 5 mg/L TiO2 NPs in the absence and presence of 0.5 mg/L TC 163 

was measured spectrophotometrically and plotted against different time intervals. 164 

 The fate of TC in the absence and presence of TiO2 NPs was examined by measuring 165 

the degradation of TC using a High-Resolution Liquid Chromatograph Mass Spectrometer 166 

(HR-LCMS) (1290 Infinity UHPLC System, Agilent Technologies, USA, Indian Institute of 167 

Technology-Bombay).. After 48-h interaction of 0.5 mg/L TC in the absence and presence of 168 

5 mg/L TiO2 NPs, the samples were centrifuged at 12000 rpm for 15 min. The supernatant was 169 

filtered using 0.45 μm, 0.1 μm and 3 KDa filters for the complete removal of TiO2 NPs. The 170 

filtered supernatant was then analysed for the degradation of TC using HR-LCMS. For the 171 

same supernatant, the adsorption of TC on TiO2 NPs was determined by measuring the total 172 

organic carbon (TOC) content using a TOC analyzer (TOC-L, Shimadzu).  173 



8 
 

 The residual toxicity induced by degraded products of TC was examined in both 174 

Chlorella sp. and A. salina. For this, 0.5 mg/L TC was incubated with 5 mg/L TiO2 NPs for 48 175 

h, after which the suspension was centrifuged at 12000 rpm for 15 min. The supernatant 176 

containing the degraded products of TC was filtered via 0.1 microns and 3 KDa filters. The 177 

filtrate containing degraded products of TC was then used to expose Chlorella sp. at the cell 178 

concentration equal to an optical density (OD) of 0.1 at 610 nm and ten A. salina for 48 h and 179 

the toxicity was determined by the cell count and immobilization techniques, respectively. 180 

2.5. Toxicity of TiO2 NPs, and TC to Chlorella sp. 181 

2.5.1. Assessment of growth inhibition 182 

 For the growth inhibition study, Chlorella sp. was collected from their log phase and 183 

pelleted down (7000 rpm–10 min–4 ºC). The ASW was added to the pellet to adjust the initial 184 

OD to 0.1 at 610 nm. The OD adjusted cultures were taken in sterile glass beakers and 185 

subsequently incubated with three concentrations of pristine TiO2 NPs (0.05, 0.5, and 5 mg/L) 186 

and pristine TC (0.5 mg/L). The test concentrations of TiO2 NPs were selected based on the 187 

median effective concentration (6.5 mg/L) computed in our earlier study (Thiagarajan et al., 188 

2019a). The selected concentrations of TiO2 NPs were less than the median effective 189 

concentration of TiO2 NPs. For tetracycline exposure experiments, the environmentally 190 

relevant concentration of 0.5 mg/L was used. In joint experiments, each concentration of 191 

pristine TiO2 NPs (0.05, 0.5, and 5 mg/L) was exposed with 0.5 mg/L of TC to Chlorella sp. 192 

In addition, Chlorella sp. not exposed to either of the contaminants were considered as control. 193 

The foregoing interaction was performed under visible light for 48 h in a static condition, with 194 

the cultures shaken every 24 h to reduce the precipitation of cells. After 48 h, the decrease in 195 

growth was monitored with the help of the Neubauer counting chamber. About 10 µL of algal 196 



9 
 

suspension was loaded into the chamber and individual cells without morphological damages 197 

were counted.   198 

2.5.2. Assessment of oxidative stress 199 

 Assessment of oxidative radical generation was performed in Chlorella sp. exposed to 200 

pristine TiO2 NPs, TC, and their mixture. To evaluate the ROS levels, the contaminant exposed 201 

cells were incubated with DCFH-DA dye (100 μM) for 30 min in the dark. Then, the stained 202 

cells were examined with a fluorescence spectrophotometer (Cary Eclipse, G9800A; Agilent 203 

Technologies, USA) at an excitation-emission wavelength of 485–530 nm. 204 

 To assess lipid peroxidation, the algal suspensions were centrifuged (7000 rpm–10 205 

min–4 ºC). Then, 2 mL of TCA–TBA mixture (2 mL) was added to the pellet, vortexed, and 206 

heated to 90 ºC for 30 min. The mixture was then left to cool down and before being centrifuged 207 

at 7000 rpm. The absorbance of MDA–TBA abduct (absorbance at 532 nm – absorbance at 208 

600 nm) from the supernatant was measured using a microplate reader (xMark, BioRad). 209 

2.5.3. Assessment of chloroplast parameters 210 

 The maximum quantum yield of the photosystem II (PSII) was measured for all the 211 

treatment groups using MINI-PAM, Photosynthesis Yield Analyzer, Walz, Germany. 212 

Following 48-h exposure, the samples were acclimatized to the dark condition for 15 min. 213 

Then, 40 µL of culture was exposed to high-intensity actinic light, which recorded the Fv/Fm 214 

ratio. 215 

  The efficiency of photosynthetic apparatus can be monitored by measuring the 216 

autofluorescence of Chlorophyll-a (Chl-a) and the same was done using the protocol described 217 

previously (Machado and Soares, 2015). After the exposure of pristine TiO2 NPs, TC, and their 218 

combination to Chlorella sp. for 48 h, about 200 μL of culture was examined at an excitation-219 
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emission wavelength of 485–680 nm using a spectrofluorometer (Cary Eclipse, G9800A; 220 

Agilent Technologies, USA). 221 

2.5.4 Quantification of internalized Ti 222 

 The amount of Ti internalized in Chlorella sp. was quantified following the 48-h 223 

exposure to TiO2 NPs in the absence and presence of TC. The cultures were centrifuged at 224 

7000 rpm and the loosely-bound nanoparticles on the surface of microalgae were washed away 225 

with EDTA. The wet weight of the pellet (~80-160 mg) was noted. The pellet was transferred 226 

to a Teflon digestion vessel and added with 10 mL of concentrated HNO for digestion using a 227 

microwave digestion system (Anton Paar, Multiwave GO). The digestion procedure included 228 

a 15 min temperature ramp to attain the desired temperature of 200 ºC, which was then held 229 

for 25 min. After digestion, equal volume of Milli-Q water (10 mL) was added to dilute the 230 

samples. Eventually, the amount of Ti internalized was determined using an Inductively 231 

Coupled Plasma-Mass Spectrometer, Agilent (ICP-MS). The analysis was performed at Glens 232 

Innovation Labs Pvt. Ltd., and the instrument had a detection limit of 1 μg/L. 233 

2.6. Waterborne exposure of A. salina to TiO2 NPs, and TC 234 

2.6.1. Assessment of mortality 235 

 Mortality experiments on A. salina were carried out in a sterile glass beaker containing 236 

10 mL ASW. Ten nauplii were added to the beaker containing three concentrations of pristine 237 

TiO2 NPs (0.05, 0.5, and 5 mg/L) and pristine TC (0.5 mg/L) and incubated for 48 h under 238 

static condition and constant illumination. The test concentrations of TiO2 NPs were selected 239 

based on the median effective concentration (3 mg/L) computed for the range of concentrations 240 

(0.25, 0.5, 1, 2, 4, 8, and 16 mg/L) in our earlier study (Bhuvaneshwari et al., 2018). The 241 

concentrations of TiO2 NPs were selected in such a way that two concentrations were less than, 242 

and one closet to the median effective concentration of TiO2 NPs. For tetracycline exposure 243 
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experiments, the environmentally relevant concentration of 0.5 mg/L was used. Likewise, in 244 

the joint experiments, ten nauplii were added to the beaker containing a combination of TiO2 245 

NPs (0.05, 0.5, and 5 mg/L) and TC (0.5 mg/L) and their interactions observed for 48 h under 246 

similar exposure conditions. In addition, a control sample was kept that was devoid of any 247 

contaminant treatment. Three replicate beakers were kept for each treatment. External feed and 248 

aeration were not offered during the experiments. Following 48-h of incubation, the nauplii 249 

were placed under the microscope to examine their movements. Considering the immobilized 250 

nauplii with no movement as dead, the number of viable nauplii was counted.  251 

2.6.2. Assessment of oxidative stress 252 

 To evaluate the ROS levels, the contaminant exposed nauplii were incubated with 253 

DCFH-DA dye (10 μM) for 30 min in the dark. Then, the dye incubated animals were rinsed 254 

in Milli-Q water to remove surface-bound contaminants and subsequently homogenized in pH 255 

7.4 phosphate buffer. The homogenate was centrifuged at 13000 rpm for 15 min and the 256 

obtained supernatant was examined with a fluorescence spectrophotometer (Cary Eclipse, 257 

G9800A; Agilent Technologies, USA) at an excitation-emission wavelength of 485–530 nm. 258 

 Similarly, lipid peroxidation in A. salina after treatment with pristine TiO2 NPs, TC, 259 

and their mixture was quantified (Piotrowska-Niczyporuk et al., 2012). A. salina nauplii from 260 

all the treatment groups were homogenized using a probe sonicator for 30 s in the presence of 261 

ice to avoid enzyme degradation. The homogenate was centrifuged at 7000 rpm for 10 min at 262 

4 ºC. Then, 2 mL of TCA–TBA mixture was added to the tissue homogenate, vortexed, and 263 

heated to 90 ºC for 30 min. The mixture was then left to cool down and before being centrifuged 264 

at 7000 rpm. The absorbance of MDA–TBA abduct (absorbance at 532 nm – absorbance at 265 

600 nm) from the supernatant was measured using a microplate reader (xMark, BioRad). 266 

2.6.3. Estimation of Cholinesterase activity 267 
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 The activity of Cholinesterase (ChE) enzyme in A. salina was estimated using the 268 

previously described protocol (Cavion et al., 2020). A. salina nauplii from all the treatment 269 

groups were homogenized using a probe sonicator for 30 s in the presence of ice to avoid 270 

enzyme degradation. The homogenate was centrifuged at 7000 rpm for 10 min at 4 ºC. The 271 

supernatant (50 μL) was mixed with 10 μL of acetylthiocholine iodide (10 mM), 10 μL of 5, 272 

5′-dithiobis (2-nitrobenzoic acid) (5 mM), and 30 μL of pH 7.4 potassium phosphate buffer 273 

(100 mM). For blank reading, potassium phosphate buffer was used in place of 5, 5′-dithiobis 274 

(2-nitrobenzoic acid). The absorbance of the mixture was measured at 405 nm every minute 275 

for 3 min using a microplate reader (xMark, BioRad). 276 

2.6.4. Quantification of internalized and accumulated Ti  277 

 The amount of Ti internalized and accumulated in A. salina was quantified following 278 

the 48-h exposure to TiO2 NPs in the absence and presence of TC. To quantify the amount of 279 

internalized Ti, around 150 live nauplii were separated and rinsed in water. Then, the wet 280 

weight of the nauplii was noted. The nauplii were transferred to a Teflon digestion vessel and 281 

added with 10 mL of concentrated HNO3 for digestion using a microwave digestion system. 282 

The digestion procedure included a 15 min temperature ramp to attain the desired temperature 283 

of 200 ºC, which was then held for 25 min. After digestion, 5 mL of Milli-Q water was added 284 

to dilute the samples. The digested samples were analyzed with ICP-MS to determine the 285 

concentration of internalized Ti. 286 

 To quantify the amount of accumulated Ti, the 48-h interacted A. salina was separated 287 

and transferred to a 100 mL sterile beaker containing 30 mL of fresh ASW to allow the 288 

discharge of particles from A. salina.  After the depuration period of 24 h, the wet weight of 289 

the nauplii was noted. Subsequently, the nauplii were transferred to a Teflon digestion vessel 290 

and added with 10 mL of concentrated HNO3 for digestion using a microwave digestion 291 
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system. The digestion procedure included a 15 min temperature ramp to attain the desired 292 

temperature of 200 ºC, which was then held for 25 min. After digestion, 5 mL of Milli-Q water 293 

was added to dilute the samples. The digested samples were analyzed with ICP-MS to 294 

determine the concentration of accumulated Ti. 295 

2.7. Foodborne exposure of A. salina to TiO2 NPs and TC 296 

 Before foodborne experiments, 10 mL of 0.1 OD Chlorella sp. was exposed to three 297 

test concentrations of pristine TiO2 NPs (0.05, 0.5, and 5 mg/L), TC (0.5 mg/L), and their 298 

combination for 48 h in a 100 mL sterile glass beaker under static condition and constant 299 

illumination for 48 h.  300 

2.7.1. Assessment of mortality and ingestion rate 301 

 To assess mortality, ten nauplii were fed with contaminated pellets in a sterile beaker 302 

and incubated for 48 h under static condition and constant illumination. Following 48-h of 303 

incubation, the nauplii were placed under the microscope to examine their movements. 304 

Considering the immobilized nauplii with no movement as dead, the number of viable nauplii 305 

was counted. Eventually, the mortality rate in A. salina was determined. 306 

 In addition to the mortality tests, the ingestion of algae by A. salina was calculated. For 307 

this, Chlorella sp. was exposed to pristine TiO2 NPs (0.05, 0.5, and 5 mg/L), TC (0.5 mg/L), 308 

and their mixture for 48 h. After the exposure period, the cell numbers were enumerated by 309 

loading 10 µL of algal suspension into the Neubauer chamber. Then, the samples were 310 

centrifuged at 7000 rpm and the pellet was fed to A. salina. After 48 h, the suspension was 311 

agitated, and 10 µL of algal suspension was loaded into the Neubauer chamber. Cell numbers 312 

were counted once again and the ingestion rate was calculated using the following formula: 313 

I = (Cc-Ce).(V/Nt) 314 
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where I is the ingestion rate (number of algal cells ingested per artemia per h); Cc is the final 316 

algal concentration in control samples; Ce is the final algal concentration in the test samples; t 317 

is the duration of the experiment in hours; V and N are the respective volume (mL) and number 318 

of A. salina in test samples. 319 

2.7.2. Quantification of internalization and accumulation of Ti  320 

 The amount of Ti internalized and accumulated in A. salina was quantified following 321 

the 48-h exposure to contaminated Chlorella sp. as feed. To quantify the amount of internalized 322 

Ti, around 150 live nauplii were separated and rinsed in water. Then, the wet weight of the 323 

nauplii was noted and subsequently digested in 10 mL of concentrated HNO3 using a 324 

microwave digestion system. The digested samples were analyzed with ICP-MS to determine 325 

the concentration of internalized Ti. 326 

 To quantify the amount of accumulated Ti, after 48-h, the  A. salina was separated and 327 

transferred to a 100 mL sterile beaker containing 30 mL of fresh ASW to allow the discharge 328 

of particles from A. salina.  After the depuration period of 24 h, the wet weight of the nauplii 329 

was noted and subsequently digested in 10 mL of concentrated HNO3 using a microwave 330 

digestion system. The digested samples were analyzed with ICP-MS to determine the 331 

concentration of accumulated Ti. 332 

2.7.3. Calculation of BMF 333 

 The BMF of TiO2 NPs with and without TC was computed to assess their transfer across 334 

the trophic levels. The BMF was derived by taking the ratio of Ti concentration in artemia to 335 

the concentration in algae. 336 

2.8. Data analysis 337 
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 All experiments employed three replicates (n=3) and the results are reported as mean ± 338 

standard error. GraphPad Prism 6 was used to plot the graph and conduct the statistical analysis 339 

of the data. Statistical variances in the data were analyzed by Two-way analysis of variance 340 

and Bonferroni post-test. 341 

3. Results 342 

3.1. Characterization of TiO2 NPs 343 

 From the TEM image (Fig. S1, supplementary information), the primary particle size 344 

of TiO2 NPs was estimated to be in the range of 20-25 nm and the shape of the NPs was 345 

spherical and cuboidal. From our earlier study, the X-ray diffraction analyses revealed the 346 

crystalline nature of NPs, which included both anatase and rutile phases (Thiagarajan et al., 347 

2019b). Contact angle measurements (14.7 º ± 1.53 º) demonstrated that TiO2 NPs were 348 

hydrophilic (Thiagarajan et al., 2019b).  349 

3.2. Stability of TiO2 NPs in the presence of TC 350 

 The stability of TiO2 NPs (0.05, 0.5, and 5 mg/L) in ASW was determined by measuring 351 

their effective diameter (0 and 48 h) in the presence and absence of 0.5 mg/L TC. The 0th h 352 

results revealed the effective diameter of 0.05, 0.5, and 5 mg/L pristine TiO2 NPs to be 297.84 353 

± 13.28, 315.75 ± 4.33, and 352.09 ± 4.40 nm respectively, which significantly (p < 0.05) 354 

increased to 1251.61 ± 12.52, 1682.64 ± 116.00, and 2670.24 ± 30.33 nm respectively by the 355 

end of 48 h. 356 

 After mixing with 0.5 mg/L TC, the effective diameter of 0.05, 0.5, and 5 mg/L TiO2 357 

NPs at 0th h was 314.83 ± 3.77, 319.90 ± 1.14, and 369.91 ± 8.88 nm respectively, which 358 

significantly (p < 0.05) increased to 1491.95 ± 30.12, 1883.81 ± 66.13, and 2834.23 ± 231.45 359 

nm respectively by the end of 48 h. It was noticed that the addition of TC did not significantly 360 

increase (p > 0.05) the effective diameter of TiO2 NPs. 361 
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 In addition to particle size measurements, the sedimentation of 5 mg/L TiO2 NPs in the 362 

absence and presence of 0.5 mg/L TC was evaluated (Fig. S2, supplementary information). 363 

With an increase in time, the absorbance of TiO2 NPs in the absence and presence of TC 364 

decreased indicating settling in the medium. Similar to DLS measurements, the presence of TC 365 

did not significantly alter the sedimentation of TiO2 NPs (p > 0.05).  366 

3.3. Fate of TC in the presence of TiO2 NPs 367 

 HR-LCMS analysis was performed to study the possible degradation of TC in the 368 

presence and absence  of TiO2 NPs. The HR-LCMS spectra of 0.5 mg/L TC alone is provided 369 

in Fig. S3A (supplementary information). The analysis of 0.5 mg/L TC alone exhibited a sharp 370 

and high-intensity peak at 445.15 m/z, which confirmed the presence of TC in the suspension. 371 

Besides, the small intensity peak at 227.17 and 340.25 m/z indicate a slight degradation of TC. 372 

On the other hand, analysis of 0.5 mg/L TC with 5 mg/L TiO2 NPs (Fig. S3B, supplementary 373 

information) revealed the intensity of the TC peak (445.15 m/z) to be considerably less 374 

compared to the intensity of peaks of the degraded compounds (340.25, 227.17, and 175.01 375 

m/z), confirming TC degradation. Moreover, the intensity of TC peak in the absence of TiO2 376 

NPs was greater compared to the intensity of TC peak in the presence of TiO2 NPs, confirming 377 

TC degradation in the presence of TiO2 NPs.  378 

 The TOC content in the solution was measured to determine how much TC was 379 

adsorbed on TiO2 NPs. The TOC content for 0.5 mg/L TC at 0th h was 5.19 ± 0.11 mg/L. The 380 

TOC content of 0.5 mg/L TC in the presence of 5 mg/L TiO2 NPs, on the other hand, remained 381 

unaltered after 48 h (p > 0.05) and the value was found to be 5.19 ± 0.05 mg/L. No change in 382 

the TOC content possibly indicates negligible adsorption of TC on TiO2 NPs. 383 

3.4. Impact of TiO2 NPs and TC in Chlorella sp. 384 

3.4.1. Growth Inhibition 385 
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 Fig. 1A depicts the growth inhibition induced by pristine TiO2 NPs, TC, and their 386 

mixture in Chlorella sp. 48-h interaction with individual concentrations (0.5 and 5 mg/L) of 387 

TiO2 NPs produced a concentration-dependent effect on the growth of Chlorella sp. that varied 388 

significantly with control (p < 0.05). Likewise, 0.5 mg/L of TC also induced a significant 389 

growth inhibition compared to control (p < 0.05). In joint experiment, the addition of TC 390 

significantly enhanced the growth inhibition induced by TiO2 NPs as compared to control (p < 391 

0.05). Besides, the growth inhibition induced by 5 mg/L TiO2 NPs together with TC 392 

significantly increased when compared to the growth inhibition induced by 5 mg/L pristine 393 

TiO2 NPs (p < 0.05). 394 

 The growth inhibition by the degraded products of TC formed through interaction of 395 

0.5 mg/L of TC with 5 mg/L TiO2 NPs was assessed in Chlorella sp. The percentage of growth 396 

inhibition induced by degraded products of TC in Chlorella sp. was found to be 4.80 ± 0.48 %, 397 

which was lower than the growth inhibition induced by 0.5 mg/L TC alone (7.10 ± 1.91 %). 398 

3.4.2. Oxidative damage 399 

 The ROS generated in Chlorella sp. treated with pristine TiO2 NPs, TC, and their 400 

combination is depicted in Fig. 1B. Compared to the control, a lower concentration (0.05 mg/L) 401 

of TiO2 NPs did not induce a significant increase in ROS generation, whereas 0.5, and 5 mg/L 402 

of TiO2 NPs significantly increased (p < 0.05) the ROS formation in Chlorella sp. Besides, 0.5 403 

mg/L TC also significantly altered (p < 0.05) the ROS responses in Chlorella sp. In the joint 404 

experiment, the addition of TC to 0.5, and 5 mg/L of TiO2 NPs significantly increased (p < 405 

0.05) the ROS responses in Chlorella sp. as compared to the control. However, no significant 406 

difference (p > 0.05) in ROS formation was observed between mixture and respective 407 

concentrations of pristine TiO2 NPs. 408 
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 The lipid peroxidation in Chlorella sp. after exposure to pristine TiO2 NPs, TC, and 409 

their mixture is depicted in Fig. 1C. Only 5 mg/L pristine TiO2 NPs significantly induced lipid 410 

peroxidation in Chlorella sp. when compared with control (p < 0.05). Treatment with 0.5 mg/L 411 

TC, on the other hand, had no significant difference (p > 0.05) in lipid peroxidation of Chlorella 412 

sp. as compared to the control. In the combined tests, the addition of TC to 0.5, and 5 mg/L 413 

TiO2 NPs significantly increased the lipid peroxidation in Chlorella sp. when compared with 414 

control (p < 0.05). However, no significant difference (p > 0.05) in lipid peroxidation was 415 

observed between mixture and respective concentrations of pristine TiO2 NPs. 416 

3.4.3. Chloroplast parameters 417 

 The maximum quantum yield of PSII in the treated samples was determined (Fig. 2A). 418 

Chlorella sp. treated with pristine TiO2 NPs and TC exhibited a significant reduction in the 419 

quantum yield relative to control (p < 0.05), except for 0.05 mg/L pristine TiO2 NPs. Likewise, 420 

the inclusion of TC to three concentrations (0.05, 0.5, and 5 mg/L) of TiO2 NPs significantly 421 

reduced the quantum yield relative to control (p < 0.05). However, the reduction in quantum 422 

yield observed between pristine TiO2 NPs and TiO2 NPs with TC varied significantly only for 423 

the following combinations: 0.05 mg/L TiO2 NPs vs 0.05 mg/L TiO2 NPs with 0.5 mg/L TC 424 

(p <0.05). 425 

 The autofluorescence of Chl-a from cell suspensions treated with pristine TiO2 NPs, 426 

TC, and their mixture is depicted in Fig. 2B. Three concentrations of pristine TiO2 NPs and 427 

one concentration of TC did not significantly alter the Chl-a autofluorescence in Chlorella sp. 428 

relative to the control (p > 0.05). In the joint study, the addition of 0.5 mg/L TC to the 5 mg/L 429 

TiO2 NPs significantly decreased (p < 0.05) Chl-a autofluorescence with respect to control 430 

 431 

 432 
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3.4.4. Ti internalization  433 

 Figure 3 depicts the amount of Ti internalized by Chlorella sp. after treatment with 434 

TiO2 NPs in the absence and presence of TC. Pristine TiO2 NPs produced a dose-dependent 435 

increase in the concentration of Ti inside Chlorella sp. Likewise, in the joint study, the addition 436 

of TC to TiO2 NPs produced a concentration-dependent increase in the internalization of Ti. 437 

Moreover, there was no statistical significance in Ti internalization for pristine TiO2 NPs and 438 

TiO2 NPs together with TC (p > 0.05). 439 

3.4.5. Principal component analysis 440 

 To figure out the correlations between different parameters tested during the microalgal 441 

study, PCA was performed. Figure 7A shows the components PC1 and PC2 collectively 442 

interpreting 97.67% of data variability. For the highest concentration of pristine TiO2 NPs (5 443 

mg/L), parameters such as growth inhibition and uptake lie in the same quadrant suggesting 444 

their correlation. For lower concentrations (0.05, and 0.5 mg/L) of pristine TiO2 NPs, 445 

parameters such as effective quantum yield, and Chl-a autofluorescence cluster together 446 

indicating their correlation. On the other hand, none of the parameters lie in the quadrant of 0.5 447 

mg/L TC suggesting no correlation of parameters tested. However, for the highest mixture 448 

concentration containing 5 mg/L TiO2 NPs and 0.5 mg/L TC, ROS and lipid peroxidation were 449 

clustered together indicating their correlation. 450 

3.5. Impact of waterborne exposure of TiO2 NPs and TC to A. salina 451 

3.5.1. Mortality 452 

 Figure 4A depicts the mortality of A. salina upon aqueous exposure of pristine TiO2 453 

NPs, TC, and their combinations. Pristine concentrations of TiO2 NPs induced dose-dependent 454 

mortality in A. salina that varied significantly with control only at 5 mg/L TiO2 NPs (p < 0.05). 455 

Similarly, mortality induced by TC was also significant (p < 0.05). In the combined experiment, 456 
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TC significantly enhanced the toxicity of all three concentrations of TiO2 NPs (0.05, 0.5, and 457 

5 mg/L) when compared with control (p < 0.05). 458 

 Toxicity assessment of degraded products of TC in A. salina was carried out, and the 459 

percentage of mortality induced by degraded products of TC in A. salina was found to be 17.85 460 

± 3.57 %, which was less than the mortality induced by 0.5 mg/L TC alone (28.57 ± 3.57 %). 461 

3.5.2. Oxidative damage 462 

 The ROS generated in A. salina after exposure to pristine TiO2 NPs, TC, and their 463 

mixture is depicted in Fig. 4B. Lower concentration of 0.05 mg/L pristine TiO2 NPs did not 464 

induce significant ROS formation (p > 0.05), whereas 0.5, and 5 mg/L TiO2 NPs significantly 465 

enhanced the ROS responses in A. salina (p < 0.05). Besides, 0.5 mg/L of TC also significantly 466 

varied the ROS responses in A. salina (p < 0.05). In the combined experiment, the addition of 467 

TC to 0.5, and 5 mg/L of TiO2 NPs significantly enhanced the ROS responses in A. salina (p 468 

< 0.05). Moreover, there existed no statistical significance in ROS responses between pristine 469 

TiO2 NPs and TiO2 NPs together with TC (p > 0.05). 470 

 The lipid peroxidation in A. salina after exposure to pristine TiO2 NPs, TC, and their 471 

mixture is depicted in Fig. 4C. Lipid peroxidation induced by pristine TiO2 NPs and TC did 472 

not vary significantly with control (p > 0.05). Likewise, in the combined experiment, lipid 473 

peroxidation induced was statistically insignificant with control (p > 0.05), except for 0.5 mg/L 474 

TC with 5 mg/L TiO2 NPs. Furthermore, there existed no difference in the lipid peroxidation 475 

between pristine TiO2 NPs and TiO2 NPs together with TC (p > 0.05). 476 

3.5.3. ChE activity 477 

 The activity of ChE in A. salina incubated with TiO2 NPs, TC, and their combination 478 

are denoted in Fig. 5. A dose-dependent rise in ChE activity was noted upon exposure to 479 

pristine TiO2 NPs that varied insignificantly with control (p > 0.05). Likewise, treatment with 480 
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0.5 mg/L TC also produced an insignificant rise in ChE activity with control (p > 0.05). In the 482 

combined experiment, the rise in ChE activity was noted to be dose-dependent for all the 483 

mixture concentrations that varied significantly with control for 0.5 mg/L TC with 5 mg/L TiO2 484 

NPs (p < 0.05). 485 

3.5.4. Internalization and accumulation 486 

 In the presence of TC, the internalization of TiO2 NPs was also dose-dependent and 487 

varied significantly with control (p < 0.05) for the following concentration: 0.5 mg/L TC with 488 

5 mg/L TiO2 NPs. 489 

 The internalization of TiO2 NPs in the absence and presence of TC is displayed in Fig. 490 

6A. Internalization of TiO2 NPs into A. salina was dose-dependent and varied significantly 491 

with control only at 5 mg/L TiO2 NPs (p < 0.05). Likewise, in the presence of TC, the 492 

internalization of TiO2 NPs was also dose-dependent and varied significantly with control for 493 

0.5 mg/L TC with 5 mg/L TiO2 NPs (p < 0.05). 494 

 The accumulation of TiO2 NPs in the absence and presence of TC is displayed in Fig. 495 

6B. A dose-dependent increase in TiO2 NPs accumulation was observed in the absence and 496 

presence of TC (p > 0.05). Nevertheless, there existed a statistical significance between 497 

internalization and accumulation for 5 mg/L TiO2 NPs with and without TC (p < 0.05). 498 

3.5.5. Principal component analysis 499 

 To figure out the correlations between different parameters tested during waterborne 500 

exposure, PCA was performed. Figure 7B shows the components PC1 and PC2 collectively 501 

interpreting 99.99% of data variability. For the highest concentration of pristine TiO2 NPs (5 502 

mg/L), parameters such as mortality, ROS, and lipid peroxidation lie in the same quadrant 503 

suggesting their correlation. Whereas no correlation in parameters was observed for the lower 504 

concentrations (0.05, and 0.5 mg/L) of pristine TiO2 NPs and 0.5 mg/L TC. The addition of 0.5 505 
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mg/L of TC to 0.05, and 0.5 mg/L of TiO2 NPs, on the other hand, resulted in a correlation 507 

between uptake and accumulation of Ti in A. salina. 508 

3.6. Impact of foodborne exposure of TiO2 NPs and TC to A. salina 509 

 The mortality experienced in A. salina fed with contaminated Chlorella sp. was very 510 

low compared to that in case of waterborne exposure. Almost all the groups experienced a 511 

mortality of less than 10 % (p > 0.05). Besides mortality, the ingestion rate in A. salina was 512 

measured (Fig. S6). The ingestion rate of A. salina decreased with the increasing concentration 513 

of TiO2 NPs with and without TC. However, the ingestion rate was lower in the presence of 514 

TC. 515 

 The internalization of TiO2 NPs in the absence and presence of TC from contaminated 516 

algae is displayed in Fig. 6C. Internalization of TiO2 NPs into A. salina increased with 517 

increasing doses of TiO2 NPs and varied significantly with control at 5 mg/L TiO2 NPs (p < 518 

0.05). Likewise, in the presence of TC, the internalization of TiO2 NPs was also dose-519 

dependent and was significantly different from the control for 0.5 mg/L TC with 5 mg/L TiO2 520 

NPs (p < 0.05). 521 

 The accumulation of TiO2 NPs in the absence and presence of TC from contaminated 522 

algae is displayed in Fig. 6D. Accumulation of TiO2 NPs (with and without TC) in A. salina 523 

was independent of their concentration and was found to be not significantly different from the 524 

control (p > 0.05). Nevertheless, there existed a statistical significance between internalization 525 

and accumulation from contaminated Chlorella sp. for 5 mg/L TiO2 NPs with and without TC 526 

(p < 0.05). 527 

 The BMF of TiO2 NPs was estimated and presented in Table 1. BMF of TiO2 NPs 528 

increased with increasing concentrations of TiO2 NPs and did not vary significantly in the 529 
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absence and presence of TC (p > 0.05). Moreover, all the measured BMF values were less than 531 

one that indicating negligible magnification of TiO2 NPs between Chlorella sp. and A. salina.  532 

4. Discussion 533 

4.1. Fate of TiO2 NPs and TC in ASW 534 

 The changes in the effective diameter of pristine TiO2 NPs demonstrated their rapid 535 

aggregation in the ASW. The high electrolyte content in ASW partly shields the surface charge 536 

of the nanoparticles, which compresses the electric double layer. Particles experience Brownian 537 

motion, which causes them to collide and form aggregates (Morelli et al., 2018). The optical 538 

images (Fig. S4 in Supplementary information) of the TiO2 NPs confirm the formation of the 539 

homo-aggregates in the ASW medium. Such homo-aggregates form quite rapidly and remain 540 

suspended in the water column for a few minutes before beginning to settle (Hsiung et al., 541 

2016). As the micron-sized homo-aggregates settle, their residence time and bioavailability in 542 

the top layer of the suspension would decrease (Fig. S2). However, the aggregation of TiO2 543 

NPs was not significantly affected by the presence of TC. This may be attributed to the rapid 544 

adsorption-desorption mechanism indicated as follows: At first, TC could rapidly adsorb on 545 

the surface of TiO2 NPs, followed by the degradation of TC by •O2− radical. Finally, desorption 546 

of intermediate/degraded products of TC from the surface of TiO2 NPs into the medium might 547 

have minimal impact on the size of TiO2 NPs. The nanoparticles can also form hetero-548 

aggregates with the microalgae as depicted in Fig. S5. The formation of such hetero-aggregates 549 

may further exacerbate the settling and deposition process, thus reducing the availability of the 550 

NPs (Thiagarajan et al., 2021).  551 

 HR-LCMS results demonstrated that TC degraded in the presence of TiO2 NPs under 552 

visible light, resulting in the formation of intermediate compounds (Fig. S3B). Negligible 553 

degradation of TC in the presence of visible light could be attributed to the photolysis 554 
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phenomenon (Jiao et al., 2008). On the other hand, the degradation of TC in the presence of 556 

TiO2 NPs could be attributed to the photocatalytic effect of TiO2 NPs. Besides, the TOC 557 

measurements revealed no change in the values between pristine TC at 0th h, and TC with TiO2 558 

NPs at 48th h, confirming negligible mineralization of TC. Similar to our findings, Wu et al. 559 

(2020) found no mineralization of TC by TiO2 NPs under visible light condition. The 560 

mechanism of visible light photocatalytic degradation of TC over TiO2 NPs may be proposed 561 

as follows: initially, TC may adsorb over TiO2 NPs, and the excitation of surface-adsorbed TC 562 

by visible light may result in the transfer of electron from the lowest unoccupied molecular 563 

orbital of TC into the conduction band of TiO2 NPs. Eventually, electrons in the conduction 564 

band of TiO2 may transfer to an adsorbed O2 to form an •O2− radical, which potentially might 565 

degrade TC (Wu et al., 2020). The toxicity of intermediate products of TC in Chlorella sp. and 566 

A. salina was lower than the toxicity induced by TC alone, showing that the intermediate 567 

products were less toxic than the parent compound. Similar to our results, Ravikumar et al. 568 

(2019) reported lower toxic effects of degraded products of TC after interaction with NiFe 569 

nanoparticles on bacterial and algal species. 570 

4.2. Toxic effects in Chlorella sp. 571 

 Pristine TiO2 NPs induced dose-dependent acute toxicity in Chlorella sp. (Fig. 1A). 572 

Aggregates of TiO2 NPs formed in ASW are prone to sorb on the surface of Chlorella sp., 573 

causing cell wall damage and increasing the likelihood of NPs passage into the cell (Ozkaleli 574 

and Erdem, 2018). The NPs associated with the algae was dose-dependent (Fig. 3). PCA also 575 

demonstrated that the toxicity and association of TiO2 NPs with algae to be positively 576 

correlated (Fig. S7A). Besides the membrane damage, the sorption of TiO2 NPs on the surface 577 

of Chlorella sp. (shading effect) can inhibit light and restrict nutrient availability for 578 

photosynthesis (Xia et al., 2015). On the other hand, the mechanism by which TC induces toxic 579 

effects in microalgae is not quite clear. Although microalgae are not target organisms, the 580 
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presence of chloroplast ribosomes that are similar to the bacterial ribosomal RNA makes them 584 

a potential target for TC (Gray, 1992). Our results agree well with the findings from Roy et al. 585 

(2020), where lower doses of TC enhanced the toxicity of the TiO2 NPs to freshwater 586 

microalgae Scenedesmus obliquus. A small increase in the association of TiO2 NPs in the 587 

presence of TC (Fig. 3) can be explained by exacerbated damage to the cell wall of Chlorella 588 

sp. 589 

 The amount of ROS and lipid peroxidation induced in Chlorella sp. was dose-590 

dependent upon treatment with pristine TiO2 NPs (Fig. 1B and C). TiO2 NPs are photo-active 591 

and aggregates of the NPs can come in contact with Chlorella sp. that generates ROS, damages 592 

the cell membrane, and enhances the membrane permeability as well TiO2 NPs internalization 593 

(Lei et al., 2016; Xia et al., 2015). Besides, the localization of NPs in the chloroplasts and 594 

mitochondria could promote the formation of oxidative radicals (Aravantinou et al., 2017; Li 595 

et al., 2015). Our previous research (Thiagarajan et al., 2019c) found that chloroplasts and 596 

mitochondria were the major sites of ROS production in Chlorella sp. ROS formation in 597 

chloroplasts can damage the photosynthetic apparatus that decreases the autofluorescence of 598 

chlorophyll a, as well as the maximum quantum yield of PSII, as observed in our study (Fig. 599 

2A and B). TC, on the other hand, also increased the ROS and lipid peroxidation in Chlorella 600 

sp. (Fig. 1B and C). This is consistent with the findings of Xu et al. (2019), wherein the ROS 601 

induced by 10 mg/L TC in freshwater Chlorella vulgaris was significantly higher than the 602 

control group. It was also reported that the low concentrations of TC induced cell membrane 603 

damage that decreased the membrane integrity and increased the permeability to TC. It is 604 

known that TC can inhibit protein synthesis in the chloroplast that decrease the quantum yield 605 

of PSII, increase oxidative stress, and cause detrimental effects to chlorophyll synthesis 606 

(Seoane et al., 2014). In joint experiments, TiO2 NPs and TC may have additively increased 607 
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the levels of ROS and lipid peroxidation, thereby decreasing the autofluorescence of 609 

chlorophyll a and the maximum quantum yield of PSII. 610 

4.3. Waterborne exposure effects to A. salina 611 

 Pristine TiO2 NPs induced dose-dependent acute toxicity in A. salina, which was in line 612 

with the previous findings of Thiagarajan et al. (2020). Accumulation of TiO2 NPs in the gut 613 

is considered as one of the mechanisms by which TiO2 NPs may induce mortality in A. salina. 614 

This is because A. salina can consume particles as large as 50 μm in size (Ates et al., 2013). 615 

As evident from the DLS results, the effective diameter of TiO2 NPs falls within the range of 616 

50 μm for A. salina to ingest the aggregated TiO2 NPs. Thus, ingestion was the most likely 617 

route for TiO2 NPs to enter causing toxicity in A. salina. Ingestion of TiO2 NPs was confirmed 618 

by their uptake and accumulation as depicted in Fig. 6A and 6B. Here, uptake was more as 619 

compared to the accumulation that indicates the depuration of TiO2 NPs from the body of A. 620 

salina. Since waterborne exposures are conducted without food supplements, the recognition 621 

of NPs as feed by A. salina can result in their increasing concentrations in the gut. Toxicity 622 

induced by TC in A. salina was significantly enhanced as compared to the control (Fig. 4A). 623 

In contrast to our findings, Metcalf et al. (2002) reported that TC was not found to be toxic up 624 

to 64 h (LC50 > 20 µg/mL) of interaction with A. salina. In general, TC binds reversibly to the 625 

30S subunit of ribosomal RNA in eukaryotic organisms, where it interferes with the binding of 626 

aminoacyl tRNA to the "acceptor" site and inhibits protein translation in the host. Eukaryotic 627 

cells, unlike most bacteria, lack an uptake mechanism and hence the effects of TC is bacterial-628 

specific (Sanchez et al., 2020). However, the mechanism of action of TC is specifically 629 

unavailable for A. salina.  Overall, the toxicity could depend on the ingestion and 630 

bioaccumulation rate of TC in A. salina. Similar to the results obtained in the tests with the 631 

microalgae, the toxic effects of TiO2 NPs in A. salina were additively increased by TC. This 632 

might be attributed to the ingestion of both TC and TiO2 NPs that might have imparted their 633 
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individual effects in A. salina. Once again, the uptake and accumulation data confirm the 635 

assimilation of TiO2 NPs by A. salina.  636 

 Ingestion and accumulation of TiO2 NPs and TC in the gut of A. salina could alter the 637 

gut microbiota, thereby jeopardizing their health. The gut microbiota aids in the regulation of 638 

multiple physiological activities (nutrient absorption and energy metabolism) and contributes 639 

to the overall well-being of the host (Evariste et al., 2019). Chen et al. (2018) studied the 640 

chronic and combined effects of TiO2 NPs and bisphenol A on the dynamics of gut microbiota 641 

in zebrafish. Co-exposure to TiO2 NPs and bisphenol A significantly altered the gut microbial 642 

composition by lowering the abundance of normal metabolic bacteria in the gut. With a lack 643 

of clear evidence on the combined effects of nanoparticles and pharmaceuticals on gut 644 

microbiota, more study is warranted in the future to elucidate their impact. 645 

 ROS induced by the pristine TiO2 NPs in A. salina was concentration-dependent (Fig. 646 

4B). The photocatalytic activity of TiO2 NPs results in the generation of oxidative radicals such 647 

as H2O2, OH, O2−, and 1O2. Bhuvaneshwari et al. (2017) too reported the generation of ROS in 648 

A. salina treated with increasing doses of TiO2 NPs (10-160 mg/L). As per Rekulapally et al. 649 

(2019), the gut accumulation of TiO2 NPs might have resulted in mortality and ROS 650 

production. Excessive ROS production can disrupt the lipid membrane (Fig. 4C) and induce 651 

membrane damage, resulting in oxidative damage to protein and DNA, reducing cell defence 652 

mechanisms, and ultimately cell death. TC, on the other hand, also induced ROS and lipid 653 

peroxidation through waterborne exposure. There is no evidence in the literature to substantiate 654 

the generation of ROS and lipid peroxidation in A. salina after TC exposure. Our finding is in 655 

agreement with the previous reports wherein the exposure of TC to zebrafish embryos resulted 656 

in the superfluous generation of ROS and consequently triggered apoptosis (Zhang et al., 657 

2015). 658 
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  The activity of ChE was evaluated to assess the biochemically-mediated neurotoxicity 659 

in A. salina (Fig. 5). ChE activity induces both physiological and behavioural consequences in 660 

A. salina. Inhibition of ChE activity by pollutants results in excess levels of acetylcholine at 661 

nerve endings. However, in this study, the activity of ChE was not significantly different from 662 

the control upon exposure to TiO2 NPs, and TC, which indicates no impairment in ChE activity. 663 

This was in line with the study reported by Cavion et al. (2020) wherein the interaction of 664 

Artemia franciscana with graphene oxide produced no significant difference in ChE activity. 665 

However, the upregulation of ChE activity at higher mixture concentration (5 mg/L TiO2 NPs 666 

with 0.5 mg/L TC) could be related to greater accumulation that might have induced internal 667 

tissue damage, causing the levels of the biochemical enzyme to change (Yang et al., 2018).  668 

4.4. Foodborne exposure effects to A. salina 669 

 Toxicity induced via foodborne exposure of TiO2 NPs, TC, and their combination was 670 

lower compared to the waterborne exposure of the contaminants. This could be attributed to 671 

the preferential ingestion pattern of A. salina towards the uncontaminated Chlorella sp. From 672 

the ingestion studies (Fig S6), the ingestion of contaminated Chlorella sp. by A. salina was in 673 

the following order: Control > 0.05 > 0.5 > 5 mg/L both in the absence and presence of TC. 674 

This indicates that A. salina consumed more algal cells when the algae were less contaminated. 675 

As crustaceans prefer morphologically intact and non-clumped algal cells as prey, an increase 676 

in the concentrations of the contaminants increases the number of contaminated algae in the 677 

suspension and lowers the ingestion rate (Dalai et al., 2014). Thus, A. salina is forced to 678 

consume a limited amount of food, which can lead to starvation and chronic repercussions 679 

(Schiavo et al., 2018). 680 

 Such a preferential ingestion approach of A. salina resulted in lower uptake and 681 

accumulation of NPs than that in case of waterborne exposure (Fig. 6C and D). Our results are 682 
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in accordance with Bhuvaneshwari et al. (2018), wherein the exposure of TiO2 NPs through 683 

aqueous route to A. salina produced higher mortality, uptake, and accumulation compared to 684 

the foodborne exposure. Compared to the uptake of TiO2 NPs, the concentration of TiO2 NPs 685 

accumulated in A. salina after depuration for 24 h indicates the elimination of TiO2 NPs. Yang 686 

et al. (2018) reported a rapid elimination of unassimilated chemicals from the gut of A. salina. 687 

Similarly in our study, the quick removal of contaminated Chlorella sp. from the body of A. 688 

salina before digestion might have reduced the concentration of absorbed and accumulated 689 

TiO2 NPs. 690 

 The BMF of TiO2 NPs was less than one for all pristine and mixture concentrations, 691 

indicating negligible transfer/magnification between Chlorella sp. and A. salina. Zhenyu Wang 692 

et al. (2017) investigated the effect of feeding 1 mg/L TiO2 NPs contaminated Nitzschia 693 

closterium (microalgae) to Chlamys farreri (scallops) and found BMF values greater than 1 in 694 

multiple tissues (gill, digestive gland, and mantle), indicating the occurrence of 695 

biomagnification. Additionally, the BMF of TiO2 NPs following the addition of TC did not 696 

change significantly from the BMF obtained in the absence of TC, demonstrating that TC does 697 

not affect the trophic transfer of TiO2 NPs.  698 

5. Conclusions 699 

 The current study investigates the two-level trophic toxicity of TiO2 NPs and TC in 700 

Chlorella sp. and A. salina through a range of bio-assays. Toxicity induced in Chlorella sp. did 701 

not differ significantly between pristine TiO2 NPs and mixture containing TiO2 NPs and TC, 702 

showing that the two pollutants did not interact significantly. Likewise, the exposure of TC 703 

through waterborne route additively increased the toxic effects of TiO2 NPs in A. salina. Both 704 

adsorption and degradation played a major role in the removal of TC from the suspension that 705 

resulted in additive toxic effects in both Chlorella sp. and A. salina. However, during the 706 
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foodborne exposure, the uptake and accumulation of TiO2 NPS were lower, indicating the 707 

lower toxic effects of contaminants than through the waterborne exposure. Notably, TiO2 NPs 708 

were not biomagnified between Chlorella sp. and A. salina regardless of the presence of TC, 709 

indicating possibly lower environmental threat of these contaminants in this two-level food 710 

chain. 711 
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Figure Captions: 933 

Fig. 1: Percentage of (A) growth inhibited, (B) oxidative radicals generated, and (C) lipid 934 

peroxidation induced in Chlorella sp. treated with pristine TiO2 NPs (0.05, 0.5, and 5 mg/L) or 935 

TC (0.5 mg/L) or their mixture. (Note: The statistical variance between experimental groups 936 

and control is represented as ‘*’, whereas the symbol ‘γ’ (p<0.001) indicates that the toxicity 937 

difference in the absence and presence of TC is significantly different). 938 

Fig. 2: The effect of pristine TiO2 NPs (0.05, 0.5, and 5 mg/L) or TC (0.5 mg/L) or their mixture 939 

on (A) maximum quantum yield of PSII, and (B) Chl-a fluorescence of Chlorella sp. (Note: 940 

The statistical variance between experimental groups and control is represented as ‘*’). 941 



40 
 

Fig. 3: Concentration of Ti associated with Chlorella sp. treated with 0.05, 0.5, and 5 mg/L of 942 

TiO2 NPs in the absence and presence of 0.5 mg/L TC. (Note: The statistical variance between 943 

experimental groups and control is indicated as ‘*’). 944 

Fig. 4: Percentage of (A) Mortality, (B) oxidative radicals generated, and (C) lipid peroxidation 945 

induced in A. salina treated with pristine TiO2 NPs (0.05, 0.5, and 5 mg/L) or TC (0.5 mg/L) 946 

or their mixture. (Note: The statistical variance between experimental groups and control is 947 

indicated as ‘*’). 948 

Fig. 5:	ChE activity in A. salina treated with pristine TiO2 NPs (0.05, 0.5, and 5 mg/L) or TC 949 

(0.5 mg/L) or their mixture. (Note: The statistical variance between experimental groups and 950 

control is indicated as ‘*’). 951 

Fig. 6: Concentration of Ti (A) taken up by A. salina via waterborne exposure, (B) accumulated 952 

in A. salina via waterborne exposure, (C) taken up by A. salina via foodborne exposure, (D) 953 

accumulated in A. salina via foodborne exposure. (Note: The statistical variance between 954 

experimental groups and control is indicated as ‘*’). 955 

 956 

Table caption: 957 

Table 1: Biomagnification factor of TiO2 NPs in the absence and presence of TC. 958 

 959 


