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Abstract: Nanoparticles are man-made materials defined as materials smaller than 100 nm in at least
one dimension. Titanium oxide nanoparticles are of great interest because of their extensive use in
self-care products. There is a lack of nanotoxicological studies of TiO2 NPs in benthic organisms
to have evidence about the effects of these pollutants in freshwater ecosystems. Atya lanipes is a
scraper/filter that can provide a good nanotoxicological model. This study aims to determine how
the TiO2 NPs can develop a toxic effect in the larvae of the Atya lanipes shrimp and to document lethal
and sublethal effects after acute exposures to TiO2 NP suspensions of: 0.0, 1.0, 10.0, 50.0, 100.0, and
150.0 mg/L. The results show that early exposure to TiO2 NPs in Atya lanipes creates an increase in
mortality at 48 and 72 h exposures, hypoactivity in movements, and morphological changes, such as
less pigmentation and the presence of edema in exposed larvae. In conclusion, TiO2 NPs are toxic
contaminants in the larval stage of the Atya lanipes. It is necessary to regulate these nanoparticles
for purposes of the conservation of aquatic biodiversity, especially for freshwater shrimp larvae and
likely many other larvae of filter-feeding species.

Keywords: ecotoxicology; aquatic toxicity; nanotoxicology; nanoparticles; bioassays; macroinvertebrate;
Atyidae; tropics; Caribbean streams

1. Introduction

With the rapid development of the nanotechnology industry, the world community is
increasingly aware of the environmental impacts of manufactured nanoparticles (NPs) in
biological systems [1,2]. NPs are man-made materials smaller than 100 nm in at least one
dimension [3]. These particles have a greater surface/volume ratio and unique physico-
chemical properties compared to their normal forms and sizes [4,5].

Titanium oxide is one type of nanoparticle of great interest because it is used in paints
and coatings as a self-cleaning, antimicrobial, antifouling agent and in cosmetics as a UV
absorber [6]. In addition, these NPs are energy semiconductors that exhibit photocatalytic
activities [7]. From 2006 to 2010, the commercial production of titanium oxide nanoparticles
(TiO2 NPs) was 5000 metric tons per year, increasing to more than 10,000 metric tons from
2011 to 2014, with an estimated 2.5 million metric tons by 2025 [8].

Nevertheless, there is a lack of standardized quantification of TiO2 NPs in aquatic
ecosystems and of the environmental concentration in many aquatic ecosystems [9]. This
information gap includes the freshwater ecosystems in Puerto Rico and in the wider
Caribbean region. Data from European studies have determined concentrations in fresh-
water ranging from 0.015 24.5 micrograms/L [10,11]. In contrast, concentrations in soils
that exceed 100 micrograms/L have also been reported [12]. However, concentrations of
titanium (including TiO2 NPs) were found in the United States and Canada in a study
involving 15 rivers. Concentrations of titanium in natural river waters range between
0.5 and 15 µg/L, and in soils and sediments they range between 10 and 100 g/kg with an
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average of less than 5 g/kg [13]. Consequently, there is an urgent challenge to evaluate the
toxicological effects of TiO2 NPs in the laboratory using environmental concentrations of
this nanomaterial.

Some studies have determined the neurotoxic effects of TiO2 NPs in different organ-
isms. These neurotoxic effects are caused by the production of radical oxygen species
in TiO2 NPs. This type of NP causes oxidative stress in different tissues, including the
brain/nervous system, causing neural damage. Moreover, TiO2 NPs can be translocated
and transported to other body organs [14–16]. Nevertheless, the toxicity effects in morpho-
logical development and mortality are not often clearly reported.

In this study, we used the larvae of the freshwater shrimp Atya lanipes Holthuis, 1963
(A. lanipes) to test the effect of TiO2 NPs in their development, behavior, and survival. The
A. lanipes is a good model to study the toxicity of the nanoparticles present in aquatic
environments due to it being a scraper/filter feeder shrimp that lives part of its life as a
planktonic organism until it reaches the post-larval stage, where it lives as a benthonic
organism. This complex life cycle is called the amphidromous life cycle and is similar to
all the shrimp families (Atyidae, Palaemonidae, and Xiphocarididae) that inhabit Puerto
Rico and many of the Caribbean streams. This amphidromous life cycle represents an
important connection between the headwaters and estuaries [17,18]. When females release
the larvae (zoea larvae) in the upper reaches of a river, the first stage (i.e., newly hatched
larvae) drift passively to coastal environments where they develop and metamorphose into
post-larvae that subsequently migrate back upstream to the headwaters where they mature
and reproduce as adult shrimp [19]. If the TiO2 NPs are present in the estuarine/marine
environment as the result of anthropogenic pollution, A. lanipes larvae could be affected by
the possible toxic effects. In this part of the life cycle, the interactions between the larvae
and the nanoparticles will be in the water column due to the planktonic larval behavior.
This early life cycle exposure to TiO2 NPs in A. lanipes larvae can affect upstream migrations,
population dynamics, and the species’ survival.

This study aims to determine how the TiO2 NPs can develop a toxic effect in the larvae
of the A. lanipes shrimp that results in lethal effects, such as mortality, and sublethal effects,
such as changes in behavior and morphological development. We hypothesized that the
exposure of TiO2 NPs among A. lanipes larvae would develop a toxic effect showing lethal
and sublethal effects due to the photocatalytic activity and the production of oxidizing
agents that damage neurons and other tissues.

2. Materials and Methods
2.1. Characterization of Titanium Oxide Nanoparticles (TiO2 NPs)

Titanium oxide nano powder (Sigma Aldrich Chemical Company St. Louis, MO,
USA, titanium IV oxide, Anatase nanopowder) was used to conduct the experiments.
The characterization method was an S4700 II Cold Field Emission Gun Scanning Electron
Microscope cFEG SEM. Titanium oxide powder was spread on weighing paper and gently
picked up by a sticky carbon surface on the top of aluminum stubs. An S4700 II cFEG SEM
(Hitachi High Technologies-America) with a silicon drift EDX detector (Oxford Instruments,
X-MaxN, UK) was used to measure the surface morphology, elemental composition, and
distribution of elements. All the SEM data were obtained at an acceleration voltage of
10 kV, and the images were collected with a secondary-electron detector. The elemental
mapping and energy spectra were acquired with Aztec tools (Oxford Instruments, UK).
The elemental analysis through the energy dispersive spectrum indicates the presence of
titanium, oxygen, carbon, and sulfur elements (61, 36.1, 2.6, and 0.3 wt%, respectively). The
observed size of the titanium oxide particle varied from 1 to 4 micron long.

2.2. TiO2 NPs Suspension Preparation and Physical Dispersion before the Exposure

Before the TiO2 NPs suspensions were prepared, we dispersed the powder using a
magnetic stirrer at a maximum speed for 30 min (the nanoparticles were not sonicated
because the aim was to evaluate realistic environmental conditions). Then, the TiO2
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NPs suspensions were prepared one hour before the bioassay. We prepared suspension
concentrations of 0.0, 1.0, 10.0, 50.0, 100.0, and 150.0 mg/L (mg of the weighted TiO2
NPs in 1 L of water) in amber bottles covered with black tape to avoid nanoparticle–light
interaction at 10 parts per million (ppm) of salinity. The seawater was pasteurized, filtered,
and diluted with dechlorinated water to emulate natural estuary ecosystem water chemical
conditions.

2.3. A. lanipes Gravid Specimens Collection and Zoea Larvae Separation

The gravid females of A. lanipes were collected using baited minnow traps in the
Buruquena Stream (18.321207, −65.819389) at the El Verde Field Station, Rio Grande, Puerto
Rico (Figure 1). Baited traps (the bait was dry cat food) were set in different pools along
the stream and removed 24 h later. The collected gravid shrimp were identified [20] and
transported in a cooler under constant aeration to the laboratory. The gravid shrimp were
transferred individually to glass tanks (15 cm × 15 cm × 15 cm) with 1 L of dechlorinated
water and constant aeration. The shrimp were fed with commercial fish flakes (Tetra
TetraMin Tropical Flakes) until the larval eclosion. After the larval eclosion, we separated
the larvae (Figure 1) from the adult shrimp, and the bioassay started. The duration was
8:00–10:00 AM.
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Figure 1. Atya lanipes zoea larvae stage; the organism used in the study.

2.4. A. lanipes Larvae Bioassay

For the bioassays, we used the protocol of Solis et al. (1993) [21]. Atya lanipes zoea
larvae hatched under normal laboratory conditions and were exposed to various TiO2 NPs
concentrations. The suspension concentrations of 0.0, 1.0, 10.0, 50.0, 100.0, and 150.0 mg
of TiO2 NPs/L were tested (N = 25 for each concentration). For each treatment, we used
individual culture plates that contained six cells. This was duplicated for each exposure
time individually. Replicates were made for each treatment and exposure time. In this way,
each exposure time for the six treatments had 18 culture plates. In the culture plates of
each concentration, 10 larvae were transferred to each cell of the six-well culture plate with
10.0 mL of each suspension concentration. Then, the six-well culture plates were transferred
into a water bath with two thermometers. A temperature of 26 ± 1 ◦C was maintained for
the bioassay exposure. During the entire experiment, the larvae were kept with no food and
aeration. The light/dark photoperiod was 14:10 h (day:night). The exposures were carried
out independently at 24, 48, and 72 h for all the nanoparticle suspension concentrations
and the control group. The bioassay was conducted with different A. lanipes larvae samples
to have genetic variation.

2.5. Mortality Analysis

Mortality was recorded as the following: (1) cessation of swimming or any movement
by the larvae; (2) no phototaxis behavior; (3) change in color from transparent to white/gray.
For each concentration, we analyzed a 40-larvae sample size. A mortality assessment was
conducted for 5 min. We counted the number of larvae classified as “dead” following the
previous definition for 24, 48, and 72 h of exposure.
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2.6. Movement Analysis

The movement was assessed 24, 48, and 72 h after exposure to the different TiO2
NPs suspension concentrations using video recordings of the individual larva under free-
swimming behavior to avoid group interactions. The larvae were placed in a single well
of ten well plates (5.8 cm width × 12.6 cm length) [22]. This single-well plate was a
circular plastic container 14 mm in diameter, and the depth was 1 mm (Falcon Plastics,
California). The recordings were obtained using a stereo microscope with a digital camera
(3.5 × -90 × LED Trinocular Zoom + 14 MP USB 3.0 Digital Camera). Each larva was accli-
mated for 90 s and their movement was recorded for 60 secs. We analyzed a sample size of
larvae (N = 25) for each nanoparticle concentration and the control group. The room was
kept dark and silent to prevent movement caused by phototaxis or sound. The only light
available was the microscope light at a minimum level and covered with a red cellophane
to prevent the movement of the larva because they do not detect red light. The recordings
were analyzed using the Loligo® Systems- Lolitrack 5. The movement variables obtained
from the software were average speed (mm/s) and average acceleration (mm/s2).

2.7. Morphological Development Analysis

To evaluate the morphological development of the larvae, we measured the total
length of each larva in the control and exposure groups for all concentrations and exposure
times. The total length was measured from the post-orbit margin to the end of the telson,
excluding setae [23]. To measure the length of the larvae, we used a stereo microscope
(3.5×-90× LED Trinocular Zoom + 14 MP USB 3.0 Digital Camera) with measuring soft-
ware installed on a computer. Edemas and changes in pigmentation were classified as
presence or absence.

2.8. Statistical Analysis

The statistical analysis and graphs were completed using PAST software (2001). Data
are presented as the mean ± standard error of the mean, considering each six-well plate
as an experimental unit. For biological responses such as behavior and total length, we
performed a one-way ANOVA followed by the Tukey test to compare each exposure
time separately. The comparisons of morphological development were performed using
observed/not observed parameters (edema and/or pigmentation changes). For mortality,
we calculated the mortality rate (%) (number of death larvae/unit sample size), for each
concentration for the three periods of exposure.

3. Results
3.1. Mortality Rate

The mortality rate for each TiO2 NsP concentration at 24, 48, and 72 h exposure
provided relevant information. At 24 h of exposure, no dead larvae were observed in any

TiO2 NPs concentration exposures or the control group. However, after 48 and 72 h,
the mortality rate increased in the exposed group, specifically within 72 h of exposure
(Figure 2). However, we did not see a consistent relationship between mortality and the
concentrations of TiO2 NPs tested. The aforementioned is confirmed in the concentration
of 150 mg/L where a decrease in mortality occurred rather than an increase for 48 and 72 h
of exposure.
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Figure 2. The percentage of the mortality rate of A. lanipes larvae exposed to different concentrations
of TiO2 NPs after 24, 48, and 72 h of exposure (N = 40 for each NP concentration). (Note: after 24 h of
exposure, we observed no mortality in any exposed group or control).

3.2. Movement Assessment

The analysis of movement after 24, 48, and 72 h of exposure to TiO2 NPs showed
significant changes leading to hypoactivity behavior for both variables in the exposed
groups. During the 24 h exposure, we observed a reduction in the average speed and
average acceleration of the larvae in the exposed groups compared with the control group
showing hypoactivity of movement (Figure 3).
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Figure 3. Larvae movement behavior assessment (N = 25 for each concentration). (a) Average speed
(mm/s) and (b) average acceleration (mm/s2) of A. lanipes larvae exposed to different concentrations
of TiO2 NPs in an acute exposure of 24 h (* p < 0.01).

The average speed (with a Box–Cox transformation; N = 25) observed by the larvae
in the control group was 0.32 mm/s ± 0.03 with a minimum of 0.00009 mm/s and a
maximum of 0.46 mm/s during the 24 h of exposure. For the different concentrations of
TiO2 NPs in the exposed group, we observed average speeds of 0.22 ± 0.02, 0.14 ± 0.02,
0.16 ± 0.03, 0.13 ± 0.02, and 0.13 ± 0.03 mm/s for the concentrations of 1.0, 10.0, 50.0, 100.0,
and 150.0 mg/L, respectively. Moreover, for the exposed groups, the speed of the larvae
ranged between 0 mm/s and 0.34 mm/s. The one-way ANOVA for the comparison of
the average speed variable for the 24 h of exposure of the larvae in the control group and
the exposed larvae showed a significant difference (F(5,144) = 9.08; p < 0.01) among groups.
Consequently, the Tukey test showed a p < 0.01 among the exposed groups from 10 to
150 mg/L of TiO2 NPs.
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The average acceleration of the larvae (with a Box–Cox transformation; N = 25) was
0.38 ± 0.24 mm/s2 with a minimum of −2.35 mm/s2 and a maximum of 1.95 mm/s2 for the
control group during the 24 h of exposure. The average acceleration in the exposure of the
concentrations of TiO2 NPs were −0.27 ± 0.19, −0.82 ± 0.20, −0.65 ± 0.22, −0.89 ± 0.19,
and −0.93 ± 0.23 mm/s2 for the concentrations of 1.0, 10.0, 50.0, 100.0, and 150.0 mg/L,
respectively. Moreover, for the exposed groups, we observed a minimum average accel-
eration of −2.97 mm/s2 and a maximum of 1.50 mm/s2. The one-way ANOVA for the
comparison of the average acceleration variable for the 24 h of exposure of the larvae in
the control group and the exposed larvae showed a significant difference (F(5,144) = 5.61;
p < 0.01) between groups. Consequently, Tukey test analysis showed values of p < 0.01
among exposed groups between 10 and 150 mg/L of TiO2 NPs, indicating similarities
between exposed groups except for the control group.

In the exposure of larvae for 48 h to TiO2 NPs, we observed significant results for both
locomotion variables. The one-way ANOVA to compare the effects of TiO2 NPs on the
speed (F(5,144) = 7.7; p < 0.01) and acceleration (F(5,144) = 7.88; p < 0.01) of the larvae were
highly significant. To analyze this exposure time, we used the Tukey test for significant
differences among the concentrations of TiO2 NPs of 10.0, 50.0, 100.0, and 150.0 mg/L. No
significant differences were found in comparison with the control group. Consequently, at
72 h of exposure, we observed no significant differences between the exposed groups and
the control (speed: F(5,144) = 1.13; p = 0.35) (acceleration: F(5,144) = 1.37; p = 0.24).

3.3. Morphological Development

The morphological assessment consisted of total length measures, changes in the
presence/absence of pigmentation, and edema in larvae at 24, 48, and 72 h of exposure to
TiO2 NPs. For the larval pigmentation, we observed less pigmentation in the abdominal
area in some exposed groups and with some exposure times (Figure 4).
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Figure 4. A. lanipes larva exposed to a suspension of TiO2 NPs for 24 h showing changes in body
pigmentation: (a) control A. lanipes larva, normal pigmentation along the abdomen; (b) A. lanipes
larva exposed to 50 mg/L of TiO2 NPs, loss of pigmentation as a result of exposure to TiO2 NPs. The
images were obtained using a stereo microscope (3.5 × -90 × LED Trinocular Zoom + 14 MP USB 3.0
Digital Camera). Both larvae were in the zoea I larval stage; the total length of the larvae is 1.3 mm.

In contrast, we found an edema in the abdominal area of the larvae during the 72 h
exposure to the TiO2 NPs concentration of 150.0 mg/L (Figure 5). We did not find another
case of edema in another period of exposure or concentration of TiO2 NPs.
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No significant differences in total length among the control and exposed groups were
observed (Figure 6). Nevertheless, we found that, at 72 h of exposure, two concentrations
(50.0 and 100.0 mg/L) of TiO2 NPs showed statistical significance compared to the control
group means. The one-way ANOVA analysis showed total length: F(5,144) = 3.907; p < 0.01.
Consequently, the Tukey test showed similarities between the 50.0 and 100.0 mg/L of TiO2
NPs (p < 0.05).
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4. Discussion

Nanomaterials are an important emerging aquatic contaminant [24–27] that create po-
tentially wide-ranging ecological impacts [28]. Studies with TiO2 NPs have found that these
nanoparticles interact with other metals and are stored in sediments, acting as an adsorptive
agent. Furthermore, it has been shown that TiO2 NPs can exacerbate the bioavailability
and toxicity of organic pollutants and pesticides, serving as an adsorptive agent [29]. To
date, several studies at a global scale are focused on using the photocatalysis (formation of
oxidative agents) of TiO2 NPs for the remediation and treatment of wastewater. Many of
these studies do not consider the possible toxicity to aquatic organisms [30,31]. Another ac-
tion of TiO2 NPs in freshwater ecosystems is in the trophic transfer process. A recent study
demonstrates that dietary TiO2 NPs exposure in some species may constitute a significant
route for higher trophic level bioaccumulation [32]. It is essential to understand the biologi-
cal impacts that these emerging pollutants can cause in benthic organisms because they
interact mainly with the sediment and have complex life cycles (diadromy/amphidromy).

The study of the development of the A. lanipes larvae is not yet completely understood,
but, as in other well-studied species, the early developmental stages are most often sensitive
to environmental contaminants. For example, in the developing nervous system, the
toxicant stress can have a detrimental impact in the early stage with persistent effects into
adulthood [33]. Our study demonstrates that the TiO2 NPs can harm the nervous system in
the larval stages of A. lanipes. During the first 24 h of exposure, we observed a reduction
in the locomotion of the larvae evidencing hypoactivity movement similar to previous
studies with zebrafish larvae and neotropical tadpoles where the individuals reduced their
velocity and mobility behaviors after exposures to TiO2 NPs [33,34]. After 48 and 72 h of
exposure, we observed variability in the hypoactive response of the shrimp larvae in the
movement analyses. This result leads us to propose two possible explanations. The first
is related to a possible change in the behavior of the TiO2 NPs. Nanomaterials change
their physicochemical properties depending on the environment in which they are found
(salinity, temperature, light, biological interaction, etc.). Therefore, they can also create
environmental changes over time, resulting in a variable toxic effect for the zoea larvae of
A. lanipes. Another possible response to this variability is that A. lanipes larvae can develop
from one larval stage to another in a few days (in 2–3 days they can go from zoea I to zoea
II stage). In a period of 48 and 72 h of exposure, we observed larvae in the zoea I stage
and others in the zoea II stage, which was more common at 72 h of exposure. Thus, the
larvae of A. lanipes could have differences in susceptibility to the toxicity of TiO2 NPs in
different larval stages. In general, these changes in A. lanipes zoea larvae may represent a
possible long-term impact on the development of adult shrimp and present undesirable
ecological consequences. From upstream migrations after metamorphosis in the estuarine
environment to adult activities, such as reproduction, food acquisition, and evasion of
predation, can be affected by TiO2 NPs.

A limitation in the movement analysis was that the larvae were recorded in a different
container than the cells in which they were exposed. Moreover, having recorded the
larvae in a round container, the total distance variable could not be added because, in the
data analysis, the program did not differentiate the distance travelled by the larvae when
they were in the corner of the container due to the reflection of the water. Consequently,
only the variables of velocity and acceleration were considered. The sample used for the
movement analysis was only 25 larvae because they were recorded individually in a single
microscope. Finally, the TiO2 NPs content on the cells in the culture dishes at the exposure
time of each bioassay was not analyzed to determine the movement or final locations of the
concentrations of the TiO2 NPs suspensions (agglomeration, dissolution, flocculation, etc.).

The results of this study demonstrated that an acute exposure to TiO2 NPs in the fresh-
water shrimp A. lanipes larvae represents a lethal effect. Mortality was evident after 48 and
72 h of exposure. The data showed different susceptibility to nanoparticles in different
larval stages because, in A. lanipes larvae, their development is rapid. This may explain the
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variability in mortality between 48 and 72 h of exposure, especially when we observed a
decrease in mortality in both exposure times in the 150 mg/L suspension concentration.

Regarding the sublethal effects of TiO2 NPs, we observed the loss of pigmentation
in exposed larvae. Like other atyids shrimp, the pigment that develops in the larvae of A.
lanipes is known as chromatophores [35]. These pigments are important for the development
of the characteristic dark color of adult atyids that begins from the pre-larval stages [36].
These cells provide many important functions in atyids, such as controlling dissolved
oxygen during periods of oxygen supersaturation and they protect the larva and the
adult shrimp from the harmful effects of low oxygen concentrations [36]. However, when
there are changes in the chromatophores, this is due to indicators of many factors, among
which are homeostatic instability in response to low oxygen concentrations, pathological
manifestations, and expressions that can indicate degrees of stress at a biological level [36].
For the pigment to disperse and express itself, the hormonal action of the red pigment-
concentrating hormone (RPCH) is required, which induces pigment aggregation in shrimp
chromatophores due to an internal or external increase in Ca2+ at the cellular level [36].
In oxidative stress, there is substantive evidence that the calcium homeostasis is altered,
and some cells die (apoptosis) [37]. This explains why we found that larvae exposed to
TiO2 NPs (reactive oxygen species generators) showed a change in pigmentation. There is
a possibility of oxidative stress inducing changes in cellular Ca2+ flux homeostasis and an
impact on pigment dispersion/aggregation.

The presence of edemas in the abdominal region in exposed larvae is common in
studies related to the toxicity of TiO2 NPs, as is the case with zebrafish larvae [38,39].
However, in our study, for the three exposure periods 24, 48, and 72 h, we only observed
one larva with an edema in the abdominal area close to the beginning of the telson. These
data suggest that, for A. lanipes, unlike zebrafish, the development of edemas is not as
relevant. We do not rule out the need for more repetition and validation of this analysis.

The data presented in this study are novel in helping to understand the toxicity levels
of TiO2 NPs in an ecologically susceptible species that play key roles in the biofiltration of
natural organic particles [40–43]. The most obvious sublethal effect was in the locomotion
analysis. It was shown that acute exposure to TiO2 NPs can alter the normal locomotion
of the larva, indicating neurobehavioral effects that could persist in other life stages of
the shrimp. We demonstrated that this emerging contaminant could cause a significant
biological impact by reducing locomotion, producing morphological changes, and, later,
the death of the organism. A reduction in the number of larvae that metamorphose into
juveniles and adults could lead to a reduction in the number of individuals in the population
and to changes in their ecological role in the ecosystem.

This study provides new knowledge about the effect of TiO2 NPs in the larvae of a
Caribbean freshwater shrimp that helps to keep flowing waters clear of suspended particles.
Sustaining the biodiversity and ecosystem management is critical for maintaining ecological
integrity. Moreover, our results contribute to the need in the scientific literature to use the
most effective organisms that are ecologically susceptible to the presence of TiO2 NPs in the
aquatic environments. These nanoecotoxicological studies need to include native benthic
as well as pelagic organisms [44]. The A. lanipes is a shrimp that can be susceptible to the
presence of engineered nanoparticles in the estuary during its larval stages.
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