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 Widespread use of nanoparticles in marine waters is a key 
environmental concern 

 Environmentally realistic concentrations of TiO2 Np induced 
moderate toxicity in gills 

 After 2h, gills demonstrated adaptive responses, while after 4h 
recovery was clear 

 Simplified ex vivo assays are reliable for assessing nanotoxicity 
in marine fish 

 The NPs legal and logistical constraints are minimized with this 
approach 

 

Abstract  

The need to overcome logistic and ethical limitations of in vivo nanotoxicity 

evaluation in marine organisms is essential, mostly when dealing with fish. It 

is well established that medium/solvent conditions affect dispersion and 

agglomeration of nanoparticles (NPs), which represents a constraint towards 

a solid and realistic toxicity appraisal. In this way the pros and cons of an ex 

vivo approach, using a simplified exposure medium (seawater) and 

addressing gills histopathology, were explored. The nanotoxic potential of 

environmentally realistic concentrations of titanium dioxide NPs (TiO2 NPs) 

was also assessed, disclosing the morpho-functional effects on the gills and 

the possible uptake/elimination processes. Excised gills of the Senegalese 

sole (Solea senegalensis) were directly exposed in artificial seawater to 20 

and 200 μg.L-1 TiO2 NPs, for 2h and 4h. Semi-quantitative and quantitative 

histological analyses were applied. The normal morphology of the gill’s 

epithelia was only slightly altered in the control, reflecting protective 

mechanisms against the artificiality of the experimental conditions, which, 

together with the absence of differences in the global histopathological index 

(𝐼ℎ), corroborated that the gill’s morpho-functional features were not 

compromised, thereby validating the proposed ex vivo approach. TiO2 NPs 
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induced moderate severity and dissemination of histopathological lesions. 

After 2h, a series of compensatory mechanisms occurred in NP treatments, 

implying an efficient response of the innate defense system (increasing 

number of goblet cells) and effective osmoregulatory ability (chloride cells 

proliferation). After 4h, gills revealed signs of recovery (normalization of the 

number of chloride and goblet cells; similar 𝐼ℎ), highlighting the tissue viability 

and effective elimination and/or neutralization of NPs. The uptake of the TiO2 

NPs seemed to be favored by the higher particle sizes. Overall, the proposed 

approach emerged as a high-throughput, reliable, accurate and ethically 

commendable methodology for nanotoxicity assessment in marine fish.  

 

Keywords: ex vivo; TiO2 nanoparticles; marine fish; realistic concentrations; 

gills;histopathology.  

 
1. Introduction 

 

The distinctive physicochemical characteristics of nanoparticles (NPs) 

lead to their application into a wide range of fields and their fast dissemination 

into the environment (Khan et al. 2017). The discharges of NPs in surface 

waters will end up in marine systems being likely to affect its wildlife. 

Concomitantly, NPs specifically designed for marine applications, such as 

remediation and antifouling coatings, are directly introduced in these systems 

(Matranga & Corsi 2012; Corsi et al. 2014). Despite the evident susceptibility 

of the marine environment to NPs, the number of available studies evaluating 

the nanotoxicity on saltwater organisms, and especially in fish, is still limited 

(Baker et al. 2014). This paucity cannot be dissociated from the complexity of 
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processes occurring at environmental matrices and at organism-environment 

interfaces dictating the NPs behavior and bioavailability. Thus, improved 

methodologies are still required, more reflective of modern scientific practices 

and optimized in terms of suitability, reproducibility, simplicity, ethical use of 

animals and realism of NPs exposure profile (e.g. medium/solvent, 

concentrations and particle sizes). 

In vivo studies are suitable to directly understand the overall response 

of the organism to contaminants (Clift et al. 2010). Nevertheless, the number 

of studies addressing in vivo nanotoxicity in marine fish is scarce (Wong & 

Leung 2013; Torre et al. 2015; Nigro et al. 2015). This scarcity is closely 

related to NPs’ physicochemical properties, in particular those related with 

their ability to aggregate, flocculate and to heteroaggregate in seawater (Corsi 

et al. 2014). In addition to these limitations, in vivo studies may produce a 

massive amount of undesirable contaminated water and have ethical 

constraints regarding the use of fish as experimental models. In contrast, in 

vitro studies, performed in controlled environment, provide reduced variability 

between experiments, being faster and easier to operate. Besides having 

minor ethical restrictions, they also avoid interactive systemic effects, being 

thus, suitable for preliminary screening assays (García & Díaz-Castro 2013; 

Dias et al. 2017; Kumar et al. 2017). In fact, in vitro approaches have 

massively promoted the understanding of toxicity mechanisms (Ghallab 

2013), including within the framework of nanotoxicity (Shukla et al. 2011; 

Picchietti et al. 2017; Lammel & Sturve 2018). However, they reveal 

limitations concerning the relationships between different cell types and 

xenobiotic metabolism, as well as regarding the lack of exact cellular 
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conditions, since isolated and cultivated primary cells regularly differ 

substantially from the corresponding cell type in the organism, which can lead, 

for instance, to changes in gene expression rates (Ghallab 2013). Thus, 

difficulties in extrapolating to adverse effects in vivo are frequently invoked 

(Dias et al. 2017; Drasler et al. 2017).  

In this way, explant/organ cultures appear as a balanced model and a 

connecting link between the in vivo and in vitro studies, being commonly 

referred to as the ex vivo studies (Singh et al. 2018). The ex vivo approach 

refers to a methodology performed (out of the organism) on a surgically 

removed organ, or organ/tissue sections, with minor changes to the natural 

conditions (Singh et al. 2018). Despite that this type of assays only allow 

short-term exposures, it demonstrated a number of advantages regarding in 

vitro studies, such as providing more comparable responses to in vivo 

circumstances, as a result of a substantial preservation of organ’s 

architecture, morpho-functional relations between adjacent cells, and thus, 

better conserving the metabolic processes (Dušinská et al. 2017). Plus, ex 

vivo approach complies with the 3Rs principles, allowing reducing 

considerably the number of animals to use (Valant & Drobne 2011). 

Surprisingly, this methodology has been scarcely applied to evaluate 

nanotoxicity, with few studies addressing human health issues (Meiring et al. 

2005; Nassimi et al. 2009; Brun et al. 2014) and, as far as our knowledge 

goes, has never been adopted in fish. In fact, in the context of environmental 

health, ex vivo assays were only tested and validated in the hepatopancreas 

of an isopod (Porcellio scaber), demonstrating to be useful and highly 

sensitive for a fast screening of the nanotoxic potential (Valant & Drobne 
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2011). 

Histopathological changes in fish have been considered a suitable 

biomarker for sub-lethal exposures to several environmental contaminants 

(Oost et al. 2003; Au 2004) and recommended for monitoring programs (ICES 

2011). This is mainly related with the higher organizational level of response 

(cellular, tissue and organ), which provides more direct information on the real 

health condition of the organisms (Au 2004). In line, the evaluation of the 

nanotoxic potential has been successfully addressed in freshwater fish 

through histopathological analysis, pointing gills as a critical target of NPs 

(Federici et al. 2007; Ostaszewska et al. 2015; Abarghoei et al. 2016; 

Mansouri et al. 2017; Kumar, Krishnani & Singh 2018; Shobana et al. 2018). 

Indeed, gills are responsible for several vital functions (gas-exchange, 

osmoregulation and excretion) in fish, comprising a very large surface area 

with permanent and direct contact with waterborne contamination (Au 2004), 

which substantially determines its vulnerability (Martins et al. 2016; Salamat & 

Zarie 2016).  

Ex vivo model systems, namely in biomedical contexts, usually require 

appropriate and complete culture mediums, whose complex composition may 

exacerbate the technical constraints related to NPs properties and behavior 

above mentioned. Interestingly, gills, as a fish-water interface organ, are 

persistently exposed to the outside environment, which supports the 

formulation of a hypothesis towards the simplification of the assay conditions 

to the limit, that means assuming seawater as exposure/culture medium. 

Once guaranteed reliability and accuracy of this simplified approach, some 

practical and ethical constraints on nanotoxicity screening in marine fish can 
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be overcome.  

Considering the attributes inherent to ex vivo studies, it is worth 

highlighting that its added value can be maximized when adopting organ-

specific endpoints (like those assessed in histopathology), as cells normal 

microenvironment and the cell-cell interactions are expected to be preserved, 

improving the realism of the approach. 

Hence, the present work was designed with the aim of evaluating the 

pros and cons of an ex vivo approach combined with gills histopathological 

analysis as a step toward overcoming practical and ethical constraints on 

nanotoxicity assessment in marine fish. As a subsequent aim, it is intended to 

disclose the toxicity potential of TiO2 NPs [the most relevant NPs in terms of 

humans and environmental exposure, based on their estimated releases and 

uses (Keller et al., 2013)] as well as some mechanisms of action, with 

emphasis on the uptake process and morpho-functional effects on the gills. 

Gills portions of a marine flatfish (Solea senegalensis) were short-term 

exposed to environmentally realistic levels of TiO2 NPs under a simplified ex 

vivo protocol, and histopathological alterations were identified and scored. 

 

2. Materials and Methods 

 2.1. Preparation and characterization of titanium dioxide suspensions 

Titanium dioxide nanopowder (TiO2 NPs), namely Aeroxide®P25 

(declared purity ≥ 99.5% CAS# 13463-67-7) was supplied by Sigma-Aldrich. 

Crystalline phase and crystallite size were identified by the X-ray diffraction 

technique - XRD using a Philips X’Pert X-ray diffractometer equipped with a 

Cu Kα monochromatic radiation source (λαK = 1.4060 nm). Stock (4 mg.mL-1) 
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and working (20 and 200 μg.L-1) suspensions of TiO2 NPs were prepared with 

artificial seawater (ASW; Tropic Marin) by sonication with an ultrasonic 

processor (Sonics vibra cell), for 20 minutes at 100W, with 5:1 pulses on/off. 

The dispersion was performed in an ice bath. The behavior of TiO2 NPs in 

exposure suspensions was evaluated by dynamic light scattering (DLS) using 

a ZetasizerNano ZSP (Malvern Instruments Ltd.) particle size analyzer and 

the TiO2 NPs structure was confirmed by scanning transmission electron 

microscopy (STEM), using a JEOL 2200FS, JEOL Ltd., Japan model. 

 

2.2. Maintenance of fish 

Juvenile hatchery-brood Senegalese sole (Solea senegalensis) 

(approximately 140 g wet weight) was acquired from a local aquaculture 

(Aquacria Piscícolas SA, Portugal). At the laboratory, fish were kept for 2 

weeks to acclimation in a closed-system recirculation arrangement of 

polyvinyl tanks containing 25 L of ASW. Fish were fed daily with species-

specific commercial pellets and maintained under a natural photoperiod. A 

daily 25% water renewal was performed to maintain constancy of the 

parameters: salinity 35, temperature 15 ± 0.9 °C, pH 7.7 ± 0.7, dissolved 

oxygen 7.7 ± 0.7 mg.L− 1 and unionized ammonia (NH3) < 0.04 ± 0.02 mg.L-1.  

The choice of a flatfish species (S. senegalensis) relied on its suitability 

as indicator species of contamination in both field and laboratory trials, and on 

the easiness to maintain in laboratory (Costa et al. 2009; Martins et al. 2015).  

 

2.3. Ex vivo experimental design 

An ex vivo assay was performed with excised gills using environmental 
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realistic concentrations of TiO2 NPs, viz. 20 (NP1) and 200 (NP2) μg.L-1 

(Gottschalk et al. 2013). Sixteen fish were sacrificed according to the 

European Union guidelines concerning the protection and animal welfare 

(Directive 2010/63/EU) and under supervision of a member of staff authorized 

by the competent authorities. Thereafter, gills of each fish (total of 8 branchial 

arches) were gently isolated. Immediately after excision, 2 branchial arches 

per fish were placed in fixative (see point 2.5.) and assumed as time zero (t0). 

The remaining 6 arches were distributed (two arches per condition) directly 

into ASW (salinity 35), the control condition (Ct), and into the NPs 

suspensions (prepared in ASW; salinity 35) NP1 and NP2. Then, ex vivo 

exposure (performed in 4 mL tubes) was carried out for 2 and 4 hours, under 

constant gentle shaking (Figure 1).  

 

2.4. Histological procedures 

Gills preparation for histological analyses was performed according to 

Martins et al. (2016). Briefly, samples were fixed in Bouin-Hollande for 48h. 

Afterwards, the samples were dehydrated with a progressive series of ethanol 

(95% and 100% v/v) followed by an intermediate impregnation with xylene 

and then, embedded in paraffin. Gills sections, of 5 μm thickness, were 

obtained using a JUNG RM 2035 microtome (Leica Microsystems) and, at 

least 16 sections per slide were obtained. The slides were dewaxed and 

rehydrated with progressive series of xylene (100%, 95% and 70% v/v), 

ethanol and distilled water. Afterwards, the slides were stained with 

Hematoxylin and counterstained with alcoholic eosin (H&E stain) for broad 

structural analyses and with standard Tetrachromic procedure, combining 
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Alcian blue (30 min), Weigert’s haematoxylin (10 min) and Van Gieson’s dye 

(6 min), for the detection of mucous substances and chloride cells 

respectively (Costa et al. 2012; Martins et al. 2016). Acridine Orange 

fluorochrome (40 min) was also applied to identify mitochondria in chloride 

cells (Costa et al. 2012). For the detection of metallic deposits, histological 

slides were stained with Neutral Red (NR) (10 min) to enhance contrast of 

metallic deposits (Fernandes et al. 2017). All slides were dehydrated in 

ethanol, cleared in xylene and mounted with dibutylphthalate polystyrene and 

xylene (DPX) resinous media (BHD, Pool, UK). Four slides were prepared for 

each sample and staining procedure. A DMLB microscope, equipped with a 

DFC480 digital camera (Leica Microsystems), was used for the microscopic 

analysis. Image processing and analysis was performed with the software 

Image J (Schneider et al. 2012). 

 

2.5. Gills histopathology criteria 

A screening of the alterations observed in each slide was performed, 

providing the basis for the subsequent histopathological analysis. Semi-

quantitative histopathological condition indices were estimated for each 

sample, according to the weighted indices of Bernet et al. (1999) and Costa et 

al. (2013). Each histopathological index considered the relative biological 

significance (weight) and a different degree of dissemination (score) of each 

alteration within the studied organ. The weights of alterations 𝑤 varied 

between 1 (low severity) and 3 (high severity), and the score varied from 0 

(absent alteration) to 6 (diffuse alteration). The respective pathological 

alterations were categorized into three reaction patterns (Table 1): 
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inflammatory responses, regressive (functional loss) and progressive 

alterations (altered function) (for further information, see Martins et al. 2016). 

The global histopathological index (𝐼ℎ) was estimated for each sample 

according to the following formula:  

𝐼ℎ =
∑ 𝑤𝑗𝑎𝑗ℎ

𝑗
1

∑ 𝑀𝑗
𝑗
1

 

where 𝐼ℎ is the histopathological condition index for the individual ℎ, 𝑤𝑗  is the 

weight of the 𝑗𝑡ℎ histopathological alteration, 𝑎𝑗ℎ is the score attributed to the 

ℎ𝑡ℎ individual for the 𝑗𝑡ℎ alteration and 𝑀𝑗  is the maximum possible score for 

the 𝑗𝑡ℎ alteration. The equation’s denominator normalizes 𝐼ℎ to a value 

between 0 and 1. Besides 𝐼ℎ, the different reaction patterns were also 

estimated in partial indices: 𝐼1 (inflammatory responses), 𝐼2 (regressive 

changes) and 𝐼3 (progressive alterations).  

In order to assess the accuracy of the observation, a blind review was 

performed at the end of the histopathological analyses in 25% of the samples, 

within which we found an average of 12.8% of error in all samples analysed.  

Quantitative analyses were performed by counting the chloride cells 

and goblet cells (mucocytes) per interlamellar space and metal deposits per 

histological section. Data were expressed as mean number of each gill cell 

metrics per interlamellar space, while 100 metal deposits were counted per 

histological section.  

 

2.6. Statistical analysis 

To analyze the effects of treatment per exposure moment (independent 

variable) on the condition index based on the qualitative histopathology and 
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semi-quantitative histopathological condition indices (dependent variables), 

linear models (LM) were used. Since both condition index and semi-

quantitative histopathological condition indices values range between 0 and 1, 

they were logit transformed to achieve an approximation of a normal 

distribution and to reduce heterogeneity (Warton and Hui 2011). Considering 

the possibility of the global histopathological index to be correlated with the 

semi-quantitative histopathological condition partial indices, a Pearson 

correlation analysis was performed. 

To analyze the effects of treatment per exposure moment (independent 

variable) on quantitative histopathology (dependent variables), generalized 

linear models (GLM) with Poisson distribution and log link function were used. 

For each dependent variable, pairwise multiple comparisons were 

performed using sequential Bonferroni correction. Model validation was 

performed for each LM and GLM, on the residuals by checking 

heteroscedasticity, normality, and influential observations. 

The results were expressed as estimated mean and 95% confidence 

intervals. All the statistical tests were considered significant when P < 0.05. 

The statistical analyses were performed using IBM.SPSS®, version 23. 

 

3. Results 

3.1. Titanium dioxide nanoparticles characterization  

The XRD analysis demonstrated the presence of two crystalline 

phases: anatase (86.8%) and rutile (13.2%). Typical spheroid irregular shape 

of TiO2 NPs (Aeroxide© P25) and primary size of a mean particle diameter of 

17.74 ± 0.43 nm was confirmed by STEM (Fig. 2). The histogram of different 
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sizes of TiO2 NPs showed a bimodal distribution, with 50% of the 

nanoparticles analyzed having a size ranging between 14 and 18 nm, 9% 

ranging from 20 to 24 nm, and 9% around 28 and 32 nm. DLS analysis of the 

TiO2 NPs stock suspension (4 mg.L-1) in ASW revealed the presence of 

agglomerates (558.1 ± 11.6 nm), with values of polydispersity index (PdI) of 

0.394 ± 0.043. The average size of the agglomerates of TiO2 NPs in the 

tested solutions (in ASW), provided by the average DLS hydrodynamic 

diameters, were 815.7 ± 11.3 (0.615 ± 0.0011 PdI) and 513 ± 5.6 nm (0.474 ± 

0.054 PdI) at 20 and 200 μg.L-1, respectively.  

 

3.2. Gills histopathological alterations and condition indices  

Gills from t0 condition exhibited the normal morphology of a juvenile 

marine teleost (Fig. 3A), displaying well-defined lamellae attached to 

filaments, as reported in Costa et al. (2010) for the same species. Gills 

epithelia contained pavement cells, goblet cells (mucocytes) and chloride cells 

(mitochondria-rich).  

Gills from the control group (only submitted to ASW) presented slightly 

to moderate alterations in comparison to t0, namely disruption of the lamellae 

structure (F(3,25) = 4.699, P = 0.01 for 2h and F(3,25) = 9.148; P < 0.001 for 4h) 

and epithelial lifting (F(3,25) = 29.477, P < 0.001 and F(3,25) = 33.490, P < 0.001 

for 2h and 4h, respectively) for both experimental moments (Fig. 3B). After 4h, 

control gills also presented interlamellar hyperplasia of the epithelial cells 

(from now on referred as hyperplasia) relatively to t0 (F(3,25) = 3.795, P = 

0.023). Other alterations such as infiltration of inflammatory cells and 
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apoptosis presented low dissemination, varying between 0 and 2, being 

similar between t0 and control for both exposure moments.  

Histopathological alterations observed in NPs treatments displayed 

higher severity and dissemination (Fig. 3C), among which changes in the 

lamellae structure and goblet cell hypertrophy were the most prominent. After 

2h, NP1 presented higher incidence of alterations in the lamellae structure 

than control (F(3,25) = 4.699, P = 0.01), whereas after 4h they were more 

frequent at both NPs treatments (NP1 ≈ NP2 > Ct; F(3,25) = 9.148, P < 0.001). 

An increase of goblet cells hypertrophy (Fig. 3D) was observed in both TiO2 

NPs treatments in relation to the control after 2h of exposure (F(3,25) = 6.673, P 

= 0.002), while after 4h they increased in NP2 relatively to NP1, though not 

signalizing differences with the control (F(3,25) = 4.084, P = 0.017). Metal 

deposits were found in gills macrophages (forming black deposits) in both 

TiO2 NPs treatments (Fig. 3E). Chloride cells autolysis was also detected, but 

with similar distribution among t0, control and NPs treatments for both 

exposure moments. 

The global histopathological condition index (𝐼ℎ) was similar between t0 

and control, for both exposure moments (Fig. 4A). However, after 2h, gills 

exposed to NP2 showed a higher 𝐼ℎscore in relation to control (F(3,25) = 5.626, 

P= 0.004). After 4h, no differences in the 𝐼ℎvalues were found among NPs 

treatments and control. 𝐼1 𝐼2 and 𝐼3 were correlated with 𝐼ℎ (𝐼1 r = 0.532, P < 

0.001; I2: r = 0.785, P < 0.001; I3: r = 0.714, P < 0.001) and thus, exhibited 

similar variation patterns. The Pearson correlation analysis showed the 

highest correlations between 𝐼ℎ- 𝐼2 and with 𝐼ℎ- 𝐼3 (𝐼2: r = 0.785, P < 0.001; 𝐼3: 
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r = 0.714, P < 0.001). 𝐼1 and 𝐼2 were also positively correlated (r = 0.485, P < 

0.001).  

 

3.3. Quantitative histopathological measures 

Quantitative histopathological measures demonstrated that the number 

of chloride cells was similar between t0 and control, for both exposure 

moments. However, after 2h, the number of these cells significantly increased 

in both NPs treatments in relation to control, being the highest number 

registered for NP1 (Ct < NP2 < NP1; Wald-χ2
(3) = 136.871; P < 0.001) (Fig. 

5A). After 4h of exposure, significant differences in the number of chloride 

cells were only observed between TiO2 NPs concentrations, with higher 

incidence at NP1 (NP2 < NPs1; Wald-χ2
(3) = 11.461, P = 0.009) (Fig. 5A).  

Relatively to the number of goblet cells, and similarly to chloride cells, 

no differences were observed between t0 and control after 4h. The number of 

goblet cells significantly increased in NP1 after 2h when comparing with 

control and NP2 (Ct ≈ NP2 < NP1) (Wald-χ2
(3) = 91.355, P < 0.001) (Fig. 5B). 

Conversely, the number of goblet cells decreased in both TiO2NPs treatments 

comparing to control after 4h (NP1 ≈ NP2 < Ct; Wald-χ2
(3) = 69.691, P < 

0.001) (Fig. 5B).  

The presence of metal deposits (Fig. 5C) was similar between t0 and 

control, for both exposure moments. Yet, after 2h, the occurrence of these 

deposits was higher at NP1 relatively to both control and NP2 (Ct ≈ NP2 < 

NP1), while after 4h metal deposits were found in higher extent in NP2 in 

comparison to control and NP1 (Ct ≈ NP1 < NP2) (Wald- χ2
(3) = 66.353, P < 

0.001; Wald- χ2
(3) = 27.475, P < 0.001). 
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4. Discussion 

4.1. Appraising the accuracy of the ex vivo approach and identifying the 

pros and cons for assessing nanotoxicity in marine fish  

The accuracy of the simplified ex vivo protocol, as proposed in this 

work and involving fish gills, greatly depends on the demonstration of the 

preservation of normal histological features in the unexposed group (control), 

as a function of time, taking t0 profile as reference. In this direction, after the 

ex vivo assay (2h and 4h) control gills exhibited moderate alterations, mostly 

regressive and easily reversible (Table 1; Bernet et al. 1999), in comparison 

with the normal morphology exhibited at t0. Progressive alterations were also 

found in control after 4h, namely hyperplasia, but this alteration is considered 

reversible in most cases (Bernet et al. 1999). Plus, an increase in the number 

of goblet cells in control relatively to t0 was observed after 2h. Epithelial lifting 

and hyperplasia are the most commonly reported histopathological alterations 

after exposure to stressors (both contaminants and water physicochemical 

properties) (Good et al. 2010; Martins et al. 2016; Mansouri et al. 2016; 

Kumar, Krishnani & Singh 2018). Moreover, the epithelial lifting is considered 

as one of the first histopathological responses in fish gills (Santos et al. 2014) 

and has been suggested as an adaptive strategy of the organism to preserve 

its homeostasis (Mallatt 1985) together with hyperplasia and goblet cell 

proliferation, since all increase the distance between external media and 

blood (Mallatt 1985; Costa et al. 2009; Martins et al. 2016). Despite the 

presence of these alterations in control gills, the overall structure and function 
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of the organ did not seem compromised by the current ex vivo conditions. 

This is a sine qua non condition that was ensured by the proposed protocol.  

The presence of mild histological alterations (suboptimal conditions) 

has also been found in fish from uncontaminated scenarios (reference/control 

conditions) (Costa et al. 2011; Hawkins et al. 2015). For instance, Costa et al. 

(2011) suggested that in in vivo laboratory experiments an undetermined 

number of variables produces experimental background noise in control 

groups (merely reflecting protective mechanisms against the artificiality 

promoted by the experimental conditions) but without compromising the global 

outcomes of the assay. The shift from optimal water conditions (e.g. alteration 

of the oxygen supply) induces specialized physiologic adaptations. Likewise, 

as a result of fish aerobic metabolism, carbon dioxide (CO2) is produced and 

excreted through the gills into the surrounding media (Good et al. 2010). The 

release of CO2 into the medium may have induced acidosis, which, in turn, 

could lead to epithelial lifting and hyperplasia (Fergunson 1989), as currently 

observed in control groups.  

Notwithstanding the presence of some moderate reversible alterations, 

the histopathological condition indices, and particularly 𝐼ℎ, were similar 

between control and t0. The results provided by the histopathological indices 

were reported as suitable to the evaluation of the biological risk, 

independently of the methodological approach (Bernet et al. 1999; Martins et 

al. 2016; Costa et al. 2011). This information is more integrative since it 

combines both the dissemination of the lesions and their biological 

importance, accounting for the inter-individual and assay variations, being 

thus a valuable proxy of the real condition of the organism. Thus, the 
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presence of moderate alterations in control gills merely reflects an efficient 

protective measure against the artificiality induced by the exposure conditions, 

which corresponds to deviations of the normal conditions but without 

compromising the applicability of the ex vivo assay. This evidence is 

corroborated by the absence of differences when evaluating the alterations 

altogether and with the respective condition index (dissemination and 

severity). Moreover, the higher prevalence of other histopathological 

alterations in NPs exposed groups in comparison with control validates both 

the tissue responsiveness under the ex vivo conditions and the suitability of 

the gills to reflect the NPs toxic effects (as demonstrated in the next sections 

of the discussion), thereby reinforcing the consistency of the approach.  

 Considering the presence of negligible disturbances (moderate and 

easily reversible changes) in the control, and the absence of differences in the 

histopathological indexes at exposure moments of 2h and 4h, it can be 

assumed that both times are appropriate for this ex vivo approach. The 

presence of easily reversible changes in most cases, together with the 

sporadic occurrence of the progressive ones, indicates that the tissues 

maintained their ability to multiply, which is only achieved whenever the 

essential conditions are guaranteed. For these reasons, the present ex vivo 

approach appears as a valid alternative for histopathological evaluations 

using seawater as medium and without requiring aseptic conditions.  

The main advantages of this methodology are related with the high-

throughput regarding time of exposure and sample processing, as well as with 

the reduction of the wastewater contaminated with NPs (it allows a reduction 

of at least 500 times in the amount of wastes) and the number of animals 
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necessary. In fact, with the current approach only 16 fish were sacrificed, 

when compared to a total of 64 that would have been required to replicate this 

experimental design in an in vivo assay, composed of 4 conditions (t0, control, 

20 and 200 μg. L-1) and two exposure moments (2h and 4h). Performing the 

ex vivo assay with a simplified medium, such as seawater, has proved to be 

suitable for short-term assays, presenting advantages over both in vivo and in 

vitro assays. The reduced volume of medium needed as well as its simplicity, 

mitigates the common aggregation/agglomeration problems associated to 

NPs in both type of assays. Furthermore, this is a cost-effective and easy to 

replicate technique, but limited to a short time frame, since the removal of the 

organs/tissues from the organism, sooner or later, lead to the degradation of 

their metabolic/physiological processes and degenerative changes of tissue 

microstructure.  

The present ex vivo approach is especially suitable when using gills as 

model tissue due to their permanent and direct contact with seawater in 

alive/breathing fish. However, the adoption of other freshly excised tissues 

would be also possible, though requiring higher complexity of the assay 

medium. Globally, the application of this methodology for nanotoxicity 

evaluation in marine organisms fits the goals of the environmental risk 

assessment (ERA) since it allows predicting both the uptake and the 

biological effects induced by NPs.  

 

4.2. Elucidation of TiO2 NPs toxicity to gills  

The presence of environmentally realistic concentrations of TiO2 NPs in 

the incubation medium induced moderate dissemination and severity of 
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histopathological lesions, mostly goblet cells hypertrophy and alteration of the 

lamellae structure (2h and 4h). Previous studies with TiO2 NPs also reported 

the presence of these alterations in gills of freshwater fish (Federici et al. 

2007; Hao et al. 2009; Mansouri et al. 2016). Nevertheless, these effects are 

not specific of TiO2 NPs, being described in fish exposed to a wide variety of 

pollutants, including other NPs (Martins et al. 2016; Abarghoei et al. 2016; 

Kumar et al. 2018; Shobana et al. 2018). The severity of these lesions 

seemed to be related both with the concentration and with the duration of the 

exposure, though not linearly. While hypertrophy of the goblet cells increased 

in both NPs treatments relatively to control after 2h, only differences between 

exposed groups were observed after 4h. Concomitantly, the number of goblet 

cells increased in the lowest TiO2 NPs concentration after 2h, whereas, after 

4h both TiO2 NPs-treated groups depicted lower number of these cells than 

control. This trend (2h and 4h) was previously observed in fathead minnows 

after 24h and 96h of exposure to silver NPs (Hawkins et al. 2014; Hawkins et 

al. 2015). Some authors suggested that, after hypersecretion of mucous, a 

depletion of the goblet cells might occur due to the gills incapacity to promptly 

produce new cells (Srivastata et al. 2014). In fact, the goblet cells in human 

intestines may lose part of their cytoplasm together with mucous in response 

to stress (Deplancke and Baskins 2001). Hence, the decline in the number of 

goblet cells in the current NPs treatments after 4h may reflects a refractory 

period following a stimulus (as depicted in the hypersecretion observed at 2h). 

Mucous production is recognized as a short-term protective measure for 

trapping NPs (Handy et al. 2008; Smith et al. 2007). Moreover, mucous also 

functions as ionic and osmotic regulator (Shepard 1994), suggesting that 
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changes in its production will affect these processes. In fact, alteration of the 

osmoregulatory ability of gills exposed to TiO2 NPs may be assumed due to 

variations in the number of the chloride cells after 2h. Chloride cells are 

responsible for the regulation of the majority of gills’ physiological processes 

(Wilson & Laurent 2002). As stated for goblet cells, the variation pattern of 

chloride cells mirrors a gills’ response to TiO2 NPs following 2h exposure. 

Previous studies indicated that the increasing number of chloride cells has 

been coupled to adaptive physiological responses (Giari et al. 2008; Martins 

et al. 2016; Macirella & Brunelli 2017) and to excretory and detoxifying 

functions of this type of cells (Oronsaye & Brafield 1984; Mallatt 1985). The 

absence of differences in the number of chloride cells between the NPs 

treatments and the control after 4h, probably reflects an efficient osmolarity 

rebalancing, despite suggesting a slightly greater challenge in the lower 

comparatively to the higher TiO2 NPs concentration.  

The information provided by the indices (𝐼ℎ, 𝐼1 𝐼2 and 𝐼3) indicated that, 

after 2h, both the dissemination and the biological relevance of the alterations 

were higher at the highest TiO2 NPs concentration, while, after 4h, no 

differences were observed between control and NPs exposed groups, 

suggesting a gills recovery and adaptability to realistic concentrations of TiO2 

NPs. The convergent information provided by 𝐼ℎ  and the number of goblet and 

chloride cells (changes induced by NPs after 2h and recovery after 4h), 

reinforces the suitability of this index in providing a picture of the overall 

response of the organ. In addition, the correlation between the global index 

with I2 and I3 reaction patterns demonstrated that regressive and progressive 

alterations are the most relevant and thus, fundamental to increase the 
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histopathological indices. 𝐼1 and 𝐼2 were also positively correlated, suggesting 

that inflammatory alterations are concurrent with regressive alterations 

(Barišić et al. 2015).  

The susceptibility of gills facing conditions recreating environmentally 

realistic contamination scenarios revealed that in vivo, large size (nm) TiO2 

NPs can access cells and be biodistributed through blood to other internal 

tissues/organs, especially liver and intestine. Hence, the presence of TiO2 

NPs in fish tissues, after diet contamination and intraperitoneal (i.p.) injection, 

was reported in blood, gills, liver, kidney, spleen, digestive tract, brain and 

muscles (Ramsden et al. 2009; Vignardi et al. 2015), inducing oxidative 

stress, ionoregulatory disturbances, cytotoxicity and genotoxicity (Handy et al. 

2011; Vignardi et al. 2015). In vivo exposures also demonstrated innate and 

adaptive immune processes in fish gills as well as pro-inflammatory 

responses (Torre et al. 2015), which reinforce gills as a target of NPs and 

their role in protecting the organism of external contamination/stressors.  

The detection of metal deposits was evaluated through the NR 

technique according to Fernandes et al. (2017). Despite that this methodology 

may not be extremely specific for metals, it increases the metallic contrast and 

therefore allows distinguishing the presence of dense granules, which, in the 

present case, suggests the uptake of TiO2 NPs by gills. After 2h, black 

deposits were found in higher extent in the gills exposed to the lower TiO2 

NPs concentration, while after 4h their presence was higher at the higher TiO2 

NPs concentration. Previous data regarding TiO2 NPs i.p. injection in a marine 

fish also demonstrated their uptake by the presence of dense granules, both 

in the cytoplasm and the nuclei of gill cells (Vignardi et al. 2015). An in vivo 
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study, with TiO2 NPs, also found NPs aggregates inside gills epithelia as well 

as retained in the mucous (Moger et al. 2008). The presence of TiO2 NPs 

inside and at the surface of the cells was also demonstrated in an in vitro 

study with embryonic cells of a marine fish (Picchietti et al. 2017).  

The current DLS information indicated a high rate of aggregation of the 

TiO2 NPs in ASW (815.7 ± 11.3 nm for the lower and 513 ± 5.6 nm for the 

higher TiO2 NPs concentrations). Vignardi et al. (2015) reported similar 

aggregation effects (163 ± 50 nm to 830 ± 389 nm), suggesting that gills may 

internalize large size TiO2 NPs. Moreover, the information provided by the 

presence of metal deposits, together with the information obtained by DLS, 

showed that the uptake was determined by the particle size, independently of 

the concentration (which can play an indirect role by the determination of 

aggregation rates). The internalization of smaller particle sizes was less 

efficient than bigger sizes, since the former have to reach higher densities to 

trigger the uptake processes. Hence, current DLS data can explain the faster 

uptake of NP1 depicted after 2h, while NP2 internalization was only perceived 

after 4h. Moger et al. (2008) also reported that small NPs require an extended 

period of exposure to be internalized after being retained in the mucous for 

longer periods.  

The observed dissemination of TiO2 NPs in gills tissue, including 

encapsulated in macrophages, suggests a high internalization ability of these 

NPs. It is documented that increasing NP sizes enhances its uptake by 

macrophages (He et al., 2010), which agrees with the current circumstances 

as both concentrations showed NPs size greater than 500 nm. Gustafson et 

al. (2015) stated that macrophages are the first and the main cells to process 
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NPs in all tissues, being connected to the modulation of the inflammatory and 

other immunological responses. In agreement, the presence of metal deposits 

in macrophages currently detected suggests gills adaptive responses.  

The uptake of NPs is not only dependent on the particle size, but also 

on the cell type (Kuhn et al. 2014). In macrophages, uptake occurs either by 

phagocytosis or by clathrin-mediated mechanisms (Kuhn et al. 2014), and can 

be favored for negatively charged NPs, as TiO2 NPs (Bolis et al. 2012, Liu et 

al. 2013). In non-phagocytic cells, NPs < 200 nm are internalized by clathrin-

mediated endocytosis and around 500 nm by caveolae-mediated processes 

(Rejaman et al. 2004). An in vivo study with fish reported that the main uptake 

mechanism of TiO2 NPs was endocytosis (Vignardi et al 2015). According to 

the current DLS data (particle size was > 500 nm in both TiO2 NPs 

concentrations) TiO2 NPs uptake in gills non-phagocytic cells may have 

occurred through caveolae-mediated processes.  

Recently, it has been demonstrated that, besides the classic tissue 

macrophages, other cells, known as “nonprofessional phagocytes”, also have 

the ability to phagocytize (Atabai et al. 2007). Studies with mammary alveolar 

cells of mouse revealed a macrophage-like behavior, disclosing a capability to 

participate in the removal of neighboring apoptotic cells (Monks et al. 2005).  

This type of cells shares with goblet cells their epithelial nature, 

secretory/glandular role and apocrine functioning (i.e., they release the 

secretory materials by losing the apical portion of cytoplasm, producing 

extracellular membrane-bound vesicles). Though still requiring a scientific 

validation, this similarity legitimates theorizing a macrophage-like behavior for 

goblet cells. This would support the hypothesis of NPs uptake through a 
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phagocytic activity of the goblet cells. Indeed, Mosquera et al. (2018) 

described that particles > 500 nm (like those found in the present study) are 

internalized by phagocytosis. 

The information provided by the presence of metal deposits doesn’t 

seem to be a good proxy of the NPs’ effects, as the observed response 

pattern is not extrapolated from the TiO2 NPs concentration and vice versa. 

After 2h, metal deposits were found in higher extent in the gills exposed to the 

lower TiO2 NPs concentration while the 𝐼ℎ score only increased at the higher 

TiO2 NPs concentration. The possibility of uptake cannot be discarded in NP2 

group after 2h, suggesting possible limitations of the NR technique in 

detecting metal deposits or uptake restrictions due to the particle size. After 

4h, the 𝐼ℎ did not reflect the increasing uptake of the higher TiO2 NPs 

concentration, reinforcing the possible limitations of the NR technique.  

The increase of 𝐼ℎ score at NP2 after 2h, despite the absence of 

uptake evidences (through NR technique) may be related with the trapping of 

NPs in the mucous due to the hypersecretion above hypothesized 

(concomitantly to a gentle uptake process of the NP2 due to their smaller size 

than NP1). The retention of metals in the mucous into critical sites for toxicity 

(Satchell, 1984) may induce damage through contact with gills epithelia, being 

also a possible explanation for the higher 𝐼ℎ score at NP2 after 2h. The NPs 

retained in the mucus may also form aggregates with Mg2+ and Ca2+ present 

in the gill’s tight junctions, preventing paracellular diffusion and increasing the 

contact between gills epithelia and NPs (Handy et al. 2008). Moreover, the 

presence of secondary toxicity (without NPs accumulation/uptake), as 

previously reported by Federici et al. (2007), seems to be a plausible 
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explanation due to the oxidizing ability of TiO2 NPs, leading to the formation of 

reactive oxygen species and thus, inducing toxicity via oxidative stress. On 

the contrary, the absence of differences in the 𝐼ℎ score after 4h for NP1, may 

suggest gills’ recovery ability by the mechanisms previously mentioned, while 

the absence of differences in the 𝐼ℎ score for NP2 suggests a weak 

correlation between the presence of metal deposits (detected by the NR 

technique) and the observed histological alterations. 

The apparent recovery of the gill’s morpho-functional features from 2h 

to 4h, after exposure to the lower TiO2 NPs concentration, suggests NPs 

elimination from the tissue and, with the exception of redistribution via blood 

circulation (absent in this experimental model), different pathways can be 

considered. It may have occurred in association to cellular renewal, with 

subsequent loss of NPs. The cellular turnover (at normal or increased rates) 

of the pavement cells, which comprise circa 95% of gills’ epithelial cells (Goss 

et al. 1995), could have contributed to the elimination of TiO2 NPs. However, 

this loses some plausibility considering that gills cellular turnover occurs in a 

time lapse ranging from 6h to 16h (Bonga and Meij, 1989), while NPs removal 

took place in 2h. A direct removal through active excision processes gains 

likelihood. The excessive production of mucous (after 2h) may have induced 

its sloughing and thus leading to the elimination of NPs by that way. Handy et 

al. (2008) stated that sloughing of mucous promptly occurs in the presence of 

NPs in comparison with other contaminants. Plus, the proliferation of chloride 

cells (after 2h) might also have promoted the elimination of the NPs, since 

these cells have the ability to release contaminants (Mallat 1985). 
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5. Conclusions  

The present gills histopathological analysis endorsed ex vivo assays, 

performed with a simplified medium (seawater), as a reliable and accurate 

methodology for assessing the nanotoxic potential in marine fish. The 

preservation of normal histological features in the unexposed gills was 

ensured (2h and 4h), providing sub-optimal conditions comparable to those of 

in vivo assays. The approach, as proposed, allows a high-throughput 

analysis, carrying logistic (e.g. decrease of the wastewater contaminated 

discharges and restraining NPs aggregation) and ethical (reduced number of 

the animals required) advantages in relation to the in vivo and in vitro NPs 

testing. Its main limitation concerns the presumable loss of viability and 

structural integrity of the tissue in time lapses longer than those tested. 

Realistic concentrations of TiO2 NPs induced a moderate degree of 

histopathological lesions in gills (inflammatory, regressive and progressive 

alterations). After 2h, gills showed a series of compensatory mechanisms, in 

particular in response to the lower TiO2 NPs concentration (20 μg.L-1), 

suggesting an efficient response of the innate defense system (increase in the 

number of goblet cells and the presence of metal deposits), as well as 

efficient osmoregulatory ability (increase of chloride cells). After 4h, gill 

epithelia exposed to the lower TiO2 NPs concentration revealed a recovery 

(normalization of the number of chloride, similar 𝐼ℎ), pointing out the tissue 

viability and an effective neutralization and/or release of NPs. The uptake of 

the TiO2 NPs seemed to be limited by the size, with greater accumulation of 

larger NPs. The presence of metal deposits demonstrated a weak correlation 

with the observed histological effects. 
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The information provided by the 𝐼ℎ reflected a holistic and more 

accurate perspective of the organ’s condition, while quantitative histology 

reflected cellular specificities, complementing each other. 

Environmentally realistic concentrations of TiO2 NPs induced moderate 

toxicity in marine fish gills, which also displayed an adaptive capacity to cope 

with this challenge. 

 

conflict of interest 

The authors declare no conflict of interest . 
 

Acknowledgements 

Thanks are due to Fundação para a Ciência e a Tecnologia (FCT)/MCTES for 

the financial support to CESAM (UID/AMB/50017/2019), through national 

funds (OE). C.L. Mieiro, C.B. Lopes and M. Martins are funded by national 

funds (OE), through FCT, I.P., in the scope of the framework contract 

foreseen in the numbers 4, 5 and 6 of the article 23, of the Decree-Law 

57/2016, of August 29, changed by Law 57/2017, of July 19. J.P. Coelho 

personal funding are due to the Integrated Program of SR&TD ‘Smart 

Valorization of Endogenous Marine Biological Resources Under a Changing 

Climate’ (reference Centro-01-0145-FEDER-000018), co-funded by Centro 

2020 program, Portugal 2020, European Union, through the European 

Regional Development Fund. J. Alves (SFRH/BPD/123087/2016) and A. 

Alves da Silva (SFRH/BD/75018/2010) were supported by POPH/FSE funds 

from the FCT. 

  

Jo
ur

na
l P

re
-p

ro
of



29 
 

References 

Abarghoei, S. et al., 2016. Histopathological effects of waterborne silver 
nanoparticlesand silver salt on the gills and liver of goldfish Carassius 
auratus. International Journal of Environmental Science and Technology, 
13(7), pp.1753–1760. 

Atabai, K., Sheppard, D., & Werb, Z. 2007. Roles of the Innate Immune 
System in Mammary Gland Remodeling During Involution. Journal of 
Mammary Gland Biology and Neoplasia, 12(1), 37–45. 
http://doi.org/10.1158/0008-5472.CAN-05-1734  

 
Au, D.W.T., 2004. The application of histo-cytopathological biomarkers in 

marine pollution monitoring: a review. MARINE POLLUTION BULLETIN, 
48(9-10), pp.817–834. 

Baker, T.J., Tyler, C.R. & Galloway, T.M.S., 2014. Impacts of metal and metal 
oxide nanoparticles on marine organisms. Environmental Pollution, 
186(C), pp.257–271. 

Barišić, J., Dragun, Z., Ramani, S., Marijić, V. F., Krasnići, N., Coz-Rakovac, 
R., et al. 2015. Evaluation of histopathological alterations in the gills of 
Vardar chub (Squalius vardarensis Karaman) as an indicator of river 
pollution. Ecotoxicology and Environmental Safety, 118(C), 158–166.  

Bernet, D. et al., 1999. Histopathology in fish: proposal for a protocol to 
assess aquatic pollution . Journal of Fish Diseases, 22, pp.25–34. 

Bolis, V. et al., 2012. Journal of Colloid and Interface Science. Journal of 
Colloid And Interface Science, 369(1), pp.28–39. 

Brun, E. et al., 2014. Titanium dioxide nanoparticle impact and translocation 
through ex vivo, in vivo and in vitro gut epithelia . Particle and Fibre 
Toxicology, 11(1), pp.1–16. 

Clift, M.J.D., Gehr, P. & Rothen-Rutishauser, B., 2010. Nanotoxicology: a 
perspective and discussion of whether or not in vitro testing is a valid 
alternative. Archives of Toxicology, 85(7), pp.723–731. 

Corsi, I. et al., 2014. Common Strategies and Technologies for the Ecosafety 
Assessment and Design of Nanomaterials Entering the Marine 
Environment. ACS Nano, 8(10), pp.9694–9709. 

Costa, P.M. et al., 2013. Development of histopathological indices in a 
commercial marine bivalve (Ruditapes decussatus) to determine 
environmental quality. Aquatic Toxicology, 126, pp.442–454. 

Costa, P.M. et al., 2012. Can the integration of multiple biomarkers and 
sediment geochemistry aid solving the complexity of sediment risk 
assessment? A case study with a benthic fish. Environmental Pollution, 
161(C), pp.107–120. 

Jo
ur

na
l P

re
-p

ro
of



30 
 

Costa, P. M. et al. 2011. Estuarine ecological risk based on hepatic 
histopathological indices from laboratory and in situ tested fish. Marine 
Pollution Bulletin, 62(1), 55–65.  

Costa, P. M., Caeiro, S., Diniz, M. S., Lobo, J., Martins, M., Ferreira, A. M., et 
al. 2010. A description of chloride cell and kidney tubule alterations in the 
flatfish Solea senegalensis exposed to moderately contaminated 
sediments from the   Sado estuary (Portugal). Journal of Sea Research, 
64(4), 465–472.  

Costa, P.M. et al., 2009. Biochemical endpoints on juvenile Solea 
senegalensis exposed to estuarine sediments: the effect of contaminant 
mixtures on metallothionein and CYP1A induction. Ecotoxicology, 18(8), 
pp.988–1000. 

Deplancke, B., & Gaskins, H. R., 2001. Microbial modulation of innate 
defense: goblet cells and the intestinal mucus layer. Am J Clin Nutr, 73, 
1131S–41S. 

Dias, D.M. et al., 2017. Advantages and limitations of in vitro and in vivo 
methods of iron and zinc bioavailability evaluation in the assessment of 
biofortification program effectiveness. Critical Reviews in Food Science 
and Nutrition, 0(0), pp.1–11. 

Directive 2010/63/EU of the European Parliament and of the Council of 22 
September 2010 on the Protection of Animals Used for Scientific 
Purposes, 2010.  

Drasler, B. et al., 2017. In vitro approaches to assess the hazard of 
nanomaterials. NanoImpact, 8, pp.99–116. 

Dušinská, M. et al., 2017. Toxicity Tests: In Vitro and In Vivo Second Edition, 
Elsevier Inc. 

Federici, G., Shaw, B. & Handy, R., 2007. Toxicity of titanium dioxide 
nanoparticles to rainbow trout (Oncorhynchus mykiss): Gill injury, 
oxidative stress, and other physiological effects. Aquatic Toxicology, 
84(4), pp.415–430. 

Fergunson, H., 1989. Systemic Pathology of Fish, Iowa State University 
Press, Ames. 

Fernandes, A.R. et al., 2017. Journal of Controlled Release. Journal of 
Controlled Release, 245(C), pp.52–61. 

García, Y. & Díaz-Castro, J., 2013. Advantages and disadvantages of the 
animal models v. in vitro studies in iron metabolism: a review. animal, 
7(10), pp.1651–1658. 

Ghallab, A., 2013. Letter to the editor:   In Vitro Test Systems And Their 
Limitations . EXCLI Journal, 12, pp.1024–1026. 

Jo
ur

na
l P

re
-p

ro
of



31 
 

Giari, L. et al., 2008. Histo-cytological responses of Dicentrarchus labrax (L.) 
following mercury exposure. Ecotoxicology and Environmental Safety, 
70(3), pp.400–410. 

Good, C. et al., 2010. The effects of carbon dioxide on performance and 
histopathology of rainbow trout Oncorhynchus mykiss in water 
recirculation aquaculture systems. Aquacultural Engineering, 42(2), 
pp.51–56. 

Goss, G., Perry, S., & Laurent, P., 1995. Ultrastructural and morphometric 
studies on ion and acid-base transport processes in freshwater fish. In 
“Cellular and Molecular Approaches to Fish Ionic Regulation. ” Ed by C. 
M. Wood and T. J. Shuttleworth . Academic Press. New York. pp. 257–
284. 

Gottschalk, F., Sun, T., & Nowack, B., 2013. Environmental concentrations of 
engineered nanomaterials: Review of modeling and analytical studies. 
Environmental Pollution, 181(c), 287–300. 

Gustafson, H.H. et al., 2015. Nanoparticle uptake: The phagocyte problem. 
Nano Today, 10(4), pp.487–510. 

Handy, R.D. et al., 2011. Ecotoxicity test methods for engineered 
nanomaterials: Practical experiences and recommendations from the 
bench S. J. Klaine, ed. Environmental Toxicology and Chemistry, 31(1), 
pp.15–31. 

Handy, R.D. et al., 2008. Manufactured nanoparticles: their uptake and effects 
on fish—a mechanistic analysis. Ecotoxicology, 17(5), pp.396–409. 

Hao L., Wang, Z. & Xing, B., 2009. Effect of sub-acute exposure to TiO2 
nanoparticles on oxidative stress and histopathological changes in 
Juvenile Carp (Cyprinus carpio). Journal of Environmental Sciences, 
21(10), pp.1459–1466. 

Hawkins, A.D. et al., 2014. Alteration in Pimephales promelasmucus 
production after exposure to nanosilver or silver nitrate. Environmental 
Toxicology and Chemistry, 33(12), pp.2869–2872. 

Hawkins, A.D. et al., 2015. Gill Histopathologies Following Exposure to 
Nanosilver or Silver Nitrate. Journal of Toxicology and Environmental 
Health Part A, 78(5), pp.301–315. 

He, C., et al., 2010. Effects of particle size and surface charge on cellular 
uptake and biodistribution of polymeric nanoparticles. Biomaterials 31, 
3657–3666. 

ICES 2011 Acom 30, I.C., 2011. Report of the Study Group on Integrated 
Monitoring of Contaminants and Biological Effects (SGIMC). pp.1–265. 

Khan, I., Saeed, K. & Khan, I., 2017. Nanoparticles: Properties, applications 
and toxicities. Arabian Journal of Chemistry, pp.1–24. 

Jo
ur

na
l P

re
-p

ro
of



32 
 

Keller, A. A., McFerran, S., Lazareva, A., & Suh, S. 2013. Global life cycle 
releases of engineered nanomaterials. Journal of Nanoparticle Research, 
15(6), S230.  

Kuhn, D.A. et al., 2014. Different endocytotic uptake mechanisms for 
nanoparticles in epithelial cells and macrophages. Beilstein Journal of 
Nanotechnology, 5, pp.1625–1636. 

Kumar, N., Krishnani, K.K. & Singh, N.P., 2018. Comparative study of 
selenium and selenium nanoparticles with reference to acute toxicity, 
biochemical attributes, and histopathological response in fish. pp.1–14. 

Kumar, N., Krishnani, K.K., Gupta, S.K., et al., 2018. Effects of silver 
nanoparticles on stress biomarkers of Channa striatus: immuno-protective 
or toxic?, pp.1–14. 

Kumar, V., Sharma, N. & Maitra, S.S., 2017. In vitro and in vivo toxicity 
assessment of nanoparticles. International Nano Letters, 7(4), pp.243–
256. 

Lammel, T. & Sturve, J., 2018. Assessment of titanium dioxide nanoparticle 
toxicity in the rainbow trout (Onchorynchus mykiss) liver and gill cell lines 
RTL-W1 and RTgill-W1 under particular consideration of nanoparticle 
stability and interference with fluorometric assays. NanoImpact, 11, pp.1–
19. 

Liu, X. et al., 2013. Surface and Size Effects on Cell Interaction of Gold 
Nanoparticles with Both Phagocytic and Nonphagocytic Cells. Langmuir, 
29(29), pp.9138–9148. 

Macirella, R. & Brunelli, E., 2017. Morphofunctional Alterations in Zebrafish 
(Danio rerio) Gills after Exposure to Mercury Chloride. International 
Journal of Molecular Sciences, 18(4), p.824. 

Mallatt, J., 1985. Fish gill structural changes induced by toxicants and other 
irritants: a statistical review, Can. J. Fish. Aquat. Sci., 42, pp. 630-648. 

Mansouri, B. et al., 2016. Histopathological effects following short-term 
coexposure of Cyprinus carpio to nanoparticles of TiO2 and CuO. 

Environmental Monitoring and Assessment, pp.1–12. 

Mansouri, B. et al., 2017. Histopathological effects of copper oxide 
nanoparticles on the gill and intestine of common carp (Cyprinus carpio) in 
the presence of titanium dioxide nanoparticles. Chemistry and Ecology, 
33(4), pp.295–308. 

Martins, C., de Matos, A. P. A., Costa, M. H., & Costa, P. M. 2015. Alterations 
in juvenile flatfish gill epithelia induced by sediment-bound toxicants: A 
comparative in situ and ex situ study. Marine Environmental Research, 
112(Part A), 122–130.  

 

Jo
ur

na
l P

re
-p

ro
of



33 
 

Martins, M. et al., 2016. Applying quantitative and semi-quantitative 
histopathology to address the interaction between sediment-bound 
polycyclic aromatic hydrocarbons in fish gills. Ecotoxicology and 
Environmental Safety, 131(C), pp.164–171. 

Matranga, V. & Corsi, I., 2012. Toxic effects of engineered nanoparticles in 
the marine environment: Model organisms and molecular approaches. 
MArine Environmental Research, 76(C), pp.32–40. 

Meiring, J.J. et al., 2005. The influence of hydrogen peroxide and histamine 
on lung permeability and translocation of iridium nanoparticles in the isolated 
perfused rat lung  . Particle and Fibre Toxicology, 2(1), pp.1-13. 

Moger, J., Johnston, B. D., & Tyler, C. R. 2008. Imaging metal oxide 
nanoparticles in biological structures with CARS microscopy. Optics 
Express, 16(5), 3408. 

Monks, J., Rosner, D., Jon Geske, F., Lehman, L., Hanson, L., Neville, M. C., 
& Fadok, V. A. 2005. Epithelial cells as phagocytes: apoptotic epithelial 
cells are engulfed by mammary alveolar epithelial cells and repress 
inflammatory mediator release. Cell Death and Differentiation, 12(2), 107–
114.  

Mosquera, J., García, I., & Liz-Marzán, L. M. 2018. Cellular Uptake of 
Nanoparticles versus Small Molecules: A Matter of Size. Accounts of 
Chemical Research, 51(9), 2305–2313.  

Nassimi, M. et al., 2009. Low cytotoxicity of solid lipid nanoparticles in in 
vitroand ex vivolung models. Inhalation Toxicology, 21(sup1), pp.104–109. 

Nigro, M. et al., 2015. n-TiO2 and CdCl2 co-exposure to titanium dioxide 
nanoparticles and cadmium: Genomic, DNA and chromosomal damage 
evaluation in the marine fish European sea bass (Dicentrarchus labrax). 
Aquatic Toxicology, 168, pp.72–77. 

Oost, R.V.D., Beyer, J. & Vermeulen, N., 2003. Fish bioaccumulation and 
biomarkers in environmental risk assessment: a review. Environmental 
Toxicology and Pharmacology, 13, pp.57–149. 

Oronsaye J.A.O., Brafield A.E. 1984. The effect of dissolved cadmium on the 
chloride cells of the gills of stickleback, Gasterosteus aculeatus L. J. Fish 
Biol. 25, 253–258.  

Ostaszewska, T. et al., 2015. Histopathological effects of silver and copper 
nanoparticles on the epidermis, gills, and liver of Siberian sturgeon. 
Environmental Science and Pollution Research, 23(2), pp.1621–1633. 

Picchietti, S. et al., 2017. Engineered nanoparticles of titanium dioxide (TIO2): 
Uptake and biological effects in a sea bass cell line. Fish and Shellfish 
Immunology, 63, pp.53–67. 

Ramsden, C.S. et al., 2009. Dietary exposure to titanium dioxide 

Jo
ur

na
l P

re
-p

ro
of



34 
 

nanoparticles in rainbow trout, (Oncorhynchus mykiss): no effect on 
growth, but subtle biochemical disturbances in the brain. Ecotoxicology, 
18(7), pp.939–951. 

Rejaman, J., Oberle, V., Zuhorn, I. S., & Hoekstra, D. 2004. Size-dependent 
internalization of particles via the pathways of clathrin- and caveolae-
mediated endocytosis. Biochemical Journal, 377, 159–169. 

Salamat, N. & Zarie, M., 2016. Fish histopathology as a tool for use in marine 
environment monitoring: a review. Comparative Clinical Pathology, pp.1–
6. 

Santos, D. et al., 2014. Histological Changes in Gills of Two Fish Species as 
Indicators of Water Quality in Jansen Lagoon (São Luís, Maranhão State, 
Brazil). International Journal of Environmental Research and Public 
Health, 11(12), pp.12927–12937. 

Satchell GH. 1984. Respiratory toxicology of fishes. In Weber LJ, ed, Aquatic 
Toxicology Series, 2nd ed. Raven Press, New York, NY, USA, pp 1–50.   

Schneider, C.A., Rasband, W.S. & Eliceiri, K.W., 2012. NIH image to ImageJ: 
25 years of image analysis., Nat. Methods. 

Shephard, K. L. 1994. Functions for fish mucus. Reviews in Fish Biology and 
Fisheries, 4, 401–429. 

Shobana, C. et al., 2018. Green Synthesized Silver Nanoparticles and Their 
Impacton the Antioxidant Response and Histology of Indian Major Carp 
Labeo rohita, with Combined Response Surface Methodology Analysis. 
Journal of Cluster Science, 29(2), pp.267–279. 

Shukla, R.K. et al., 2011. Titanium dioxide nanoparticles induce oxidative 
stress- mediated apoptosis in human keratinocyte cells., J Biomed 
Nanotechnol. 

Singh, S., Khanna, V.K. & Pant, A.B., 2018. Chapter 1 - Development of In 
Vitro Toxicology: A Historic Story, A. Dhawan & S. Kwon, eds., Academic 
Press. 

Smith, C., Shaw, B. & Handy, R., 2007. Toxicity of single walled carbon 
nanotubes to rainbow trout, (Oncorhynchus mykiss): Respiratory toxicity, 
organ pathologies, and other physiological effects. Aquatic Toxicology, 
82(2), pp.94–109. 

Torre, Della, C. et al., 2015. Influence of titanium dioxide nanoparticles on 
2,3,7,8-tetrachlorodibenzo-p-dioxin bioconcentration and toxicity in the 
marine fish European sea bass (Dicentrarchus labrax). Environmental 
Pollution, 196(c), pp.185–193. 

Valant, J. & Drobne, D., 2011. Biological reactivity of TiO2 nanoparticles 
assessed by ex vivo testing. Protoplasma, 249(3), pp.835–842. 

Jo
ur

na
l P

re
-p

ro
of



35 
 

Vignardi, C.P. et al., 2015. Genotoxicity, potential cytotoxicity and cell uptake 
of titanium dioxide nanoparticles in the marine fish Trachinotus carolinus 
(Linnaeus, 1766). Aquatic Toxicology, 158, pp.218–229. 

Warton, D. I., & Hui, F. K., 2011. The arcsine is asinine: the analysis of 
proportions in ecology. Ecology, 92(1), 3–10. 

Wilson, J.M. & Laurent, P., 2002. Fish gill morphology: inside out. Journal of 
Experimental Zoology, 293(3), pp.192–213. 

Wong, S.W.Y. & Leung, K.M.Y., 2013. Temperature-dependent toxicities of 
nano zinc oxide to marine diatom, amphipod and fish in relation to its 
aggregation size and ion dissolution. Nanotoxicology, 8(sup1), pp.24–35. 

  

Jo
ur

na
l P

re
-p

ro
of



36 
 

Figure 1. Schematic representation of the experimental set-up used in the ex vivo 

assay. Gills were excised from eight fish and the branchial arches (8) were randomly 

distributed (two per condition) for t0 and through treatments: control (Ct), 20 (NP1) 

and 200 (NP2) μg.L-1 TiO2 NPs. This set-up was used in the two independent 

exposure moments (2h and 4h).  

s 

Figure 2. Scanning transmission electron microscope (STEM) image of titanium 

dioxide nanoparticles (TiO2 NPs) suspension in artificial seawater (scale 100 nm) and 

their size distribution histogram. 
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Figure 3. Gill histopathological sections of S. senegalensis stained with Tetrachrome 

(A, B, C, D) and Neutral Red (E) stains, depicting the overall aspect of the organ 

morphology obtained from: (A) t0 (gill excised and immediately fixed), exhibiting 

normal gill filament (fl), lamella (lm), pillar cells (pc), pavement cells (pv), chloride 

cells (cc) and goblet cells (gc); (B) control samples, exhibiting epithelial lifting (white 

arrowhead) and structure alterations (black arrow); (C) 200 μg.L-1 TiO2 NPs samples 

after 4h, showing epithelial lifting (white arrowhead) and chloride cells autolysis (cca); 

(D) 200 μg.L-1 TiO2 NPs samples after 2h, displaying hypertrophied goblet cells (black 

arrowhead); (E) 20 μg.L-1 TiO2 NPs samples after 4h presenting metal deposits (md) 

forming black spots. 
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Figure 4. Histopathological indices (global histopathological index and indices for 

each reaction pattern) in gills from control (Ct), 20 (NP1) and 200 (NP2) μg.L-1 TiO2 

NPs treatments, after 2 and 4h, and t0 (gills excised from fish and immediately fixed). 

A - Global histopathological index (Ih), B - Circulatory disturbances/Inflammatory 

response (I1), C - Regressive alterations (I2) and D - Progressive alterations (I3). 

Different lower-case letters denote significant differences among control and NPs 

treatments (P < 0.05). Columns correspond to mean, and error bars represent the 

standard error. 

 

Figure 5. Comparison of the number of chloride cells (A) and goblet cells (B) per 

interlamellar space, as well as metal deposits (C) per section, in gills from control 

(Ct), 20 (NP1) and 200 (NP2) μg.L-1 TiO2 Np treatments, after 2h and 4h, and t0 (gills 

excised from fish and immediately fixed). Different lower-case letters denote 

significant differences among control and NP treatments (P < 0.05). * denotes 

differences between t0 and control (P < 0.05). Columns correspond to mean, and 

error bars represent the standard error.  

Jo
ur

na
l P

re
-p

ro
of



39 
 

 
  

Jo
ur

na
l P

re
-p

ro
of



40 
 

Table 1. Histopathological alterations observed in the gills S. senegalensis, and their 
respective condition weights, after the ex vivo experiment.  

Reaction Pattern Histological alterations Weight 

1. Inflammatory responses Infiltration of inflammatory cells 1b 

2. Regressive  

Epithelial lifting 1b 

Structure alterations of lamellae 1b 

Goblet cells degeneration 2b 

Chloride cells autolysis 2c 

Apoptosis 

 

2b 

 

3. Progressive 

Epithelial cell hypertrophy 2b 

Chloride cell hypertrophy 2a 

Interlamellar hyperplasia of the 

epithelial cells 
2a 

a Bernet et al., 1999; b Costa et al., 2009; c Martins et al., 2015 
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