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Abstract

:

In the present in vivo study, we provide a comparison of toxicological consequences induced by four different types of spherical nanoparticles (NPs)—silver nanoparticles (AgNPs, 40 ± 6 nm), nickel (NiNPs, 43 ± 6 nm), cobalt oxide (Co3O4NPs, 60 ± 6 nm), and chromium oxide (Cr3O4NPs, 50 ± 5 nm)—on freshwater fish Labeo rohita. Fish were exposed to NPs (25 mg/L) for 21 days. We observed a NPs type-dependent toxicity in fish. An altered behavior showing signs of stress and a substantial reduction in total leukocyte count was noticed in all NP-treated groups. A low total erythrocyte count in all NP-treated fish except for Co3O4NPs was discerned while a low survival rate in the case of Cr3O4NP-treated fish was observed. A significant decrease in growth and hemoglobin were noticed in NiNP- and Cr3O4NP-treated fish. A considerable total protein elevation was detected in NiNP-, Co3O4NP-, and Cr3O4NP-treated groups. An upgrading in albumin level was witnessed in Co3O4NP- and Cr3O4NP-treated groups while a high level of globulin was noted in NiNP- and Co3O4NP-exposed groups. In all NP-treated groups, a depleted activity of antioxidative enzymes and pathological lesions in liver and kidney were noticed.
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1. Introduction


The exponentially growing demand of nanoparticles (NPs) in numerous applications is due to their incredible, exceptional, and astonishing properties that make them different to bulk materials [1]. The quantum confinement effects and large available active surface area of NPs are believed to be the key parameters that provide them with such outstanding physicochemical characteristics [2]. Nanotechnology has revolutionized the world by enhancing the efficiency and durability of nanostructure-based products. Presently, NPs are used widely in different industries, including agriculture, mechanical, food, energy, and electronics. Moreover, in modern chemistry and biomedical science, NPs are being successfully used in several applications [3].



Metallic NPs comprise a versatile class of materials including pure metal NPs—for example silver, gold, iron, cobalt, and nickel—and their compounds—such as oxides, hydroxides, sulfides, phosphates, fluorides, and chlorides [4]. The exciting surface plasmon properties, attractive physicochemical features, and distinct shape and size of metallic NPs make them potential candidates for memory storage devices, manufacturing of magnetic ferrofluids, photography, catalysis, photonics, and optoelectronics applications [5]. They are also found to be noteworthy in various medical diagnostic and therapeutic applications, e.g., biomagnetic separation and detection systems, magnetic gene transfection, stem cell engineering, immunoassay, and for immuno/aptasensors as platforms to immobilize biocompounds [6,7,8]. Moreover, antibacterial properties and the ability to be conjugated with different drugs, ligands, and antibodies proved metallic NPs to be successful antimicrobial agents against multi-drug-resistant organisms and as efficient nanocontainers for precise drug and gene transport [9,10,11].



The availability of more than 600 NP-based consumer products in the market reflects a drastic increase in the production of daily-use items with omnipresence of NPs. These products can be divided into eight categories: 1) household appliance; 2) health and fitness goods, such as sporting stuffs, sunscreen, and makeups; 3) food and beverage; 4) home and garden stuff including construction materials, home furnishings, and antibacterial paints; 5) automotive parts such as carbon nanotube spiked tires; 6) electronics and computers; 7) cross-cutting coatings; and 8) goods for children, such as silver NP-coated children’s toys etc. [12,13].



The growing and widespread applications of NPs have also led to concerns regarding their negative impact on human as well as environment health. Thus, nanotechnology can be considered to be a double-edged sword [14]. The released NPs from NP-based items will end up in the atmosphere, water, or soil, when disposed by any means. The exposure of released NPs to biological organisms can be by direct and indirect means. The possible indirect ways include inhalation or digestion for land-dwelling organisms, and through plants. The direct passage for aquatic organisms is likely through external surface epithelia or gills. When NPs are exposed to the environment, interaction of NPs with the surrounding materials and complex organic fluids could result the creation of corona. The produced corona can affect different functions of biological systems [15,16,17]. Furthermore, the reactivity, mobility, and biological fate of NPs are found to be size-, shape-, and charge-dependent.



For the formation of NPs of different size, shape, and composition, various chemical, physical, and biological approaches can be used, such as microemulsion, electrochemical synthetic approach, microwave-assisted synthesis photoinduced reduction, wet-chemical reduction, laser ablation, physical vapor condensation, and green synthesis-based approaches [2,18]. However, wet-chemical reduction method, owing to its easy handling, thermal stability, cost-effectiveness, high purity factor, and a variety of easily available chemicals, can be considered to be one of the best approaches. Different factors, including solvent, precursor, stabilizer, reducing agent, pH adjuster, and temperature, strongly influence the nucleation and growth processes occurring during reduction method. The appropriate use of these factors allows the synthesis of a wide range of NPs with controlled size, shape, and composition [19].



Nanotoxicity is the most prominent adverse effect caused by NPs when they interact with the environment and living systems. The exposure of NPs to living organisms induces various types of toxic attributes such as cytotoxicity (causing apoptosis, autophagy, and mitoptosis), genotoxicity (resulting mutagenicity, clastogenicity, and aneugenicity), and epigeneticity [20,21].



Changes in hematological, biochemical, oxidative enzyme, and histopathological parameters are considered to be the potential biomarkers for evaluating the toxicological impacts of NPs in living organisms. Moreover, owing to the evolutionary resemblances in the immune system of fish and humans, the fish model can mimic the biological responses happening in human well. Previous literature has also reported fish as an appropriate biological model to examine the toxicity caused by NPs. Verma et al. [22] used zebrafish (Danio rerio) to investigate toxic influences of industrially produced TiO2 NPs. They found that TiO2 NPs triggered cytotoxicity and caused alterations in ROS and neutral lipids. Griffitt et al. [23] noticed lethality and gill damage in zebrafish caused by copper NP exposure. Similarly, zebrafish was also used to analyze the damaging effects of SiO2 NPs on DNA strand break and antioxidant enzymes [24]. Magnetic iron oxide (Fe2O3) NPs caused chronic toxicity in Labeo rohita (L. rohita) by disturbing gill activity, hematology, and ion regulation [1]. Likewise, L. rohita was also employed as the fish model to evaluate antioxidative responses in gill, liver, and muscle induced by acute toxicity of AgNPs [3].



Using fish as a model organism also enhances its importance, because the marine atmosphere is specifically in danger due to NP exposure because water bodies serve as the final destination for the majority of environmental contaminants. It is, therefore, vital to examine biological responses of aquatic organisms caused by NPs. Although various studies on toxicity of nanomaterials have been carried out, in most of the investigations only one or two types of NP were used. So, it is indispensable to assess the nanotoxicity of the various magnetic and non-magnetic NPs comprehensively and comparatively to frame the safety measurements. Here we used L. rohita to ascertain a comparative analysis of the toxicological effects of silver, nickel, cobalt oxide, and chromium oxide NPs on hematology, biochemical, antoxidant defense system, and histopathological parameters. Our findings will provide an insight into potential toxicities of these NPs and health conditions of the treated fish.




2. Materials and Methods


2.1. Synthesis of Different Types of Metallic NPs


All chemicals used—nickel chloride hexahydrate (NiCl2·6H2O, 98% pure), tri-sodium citrate (Na3C6H5O7), cobalt chloride hexahydrate (CoCl2·6H2O), silver nitrate (AgNO3), sodium hydroxide (NaOH),ethylene glycol (C2H6O2, 99% PS), sodium borohydride (NaBH4), chromium chloride hexahydrate (CrCl3·6H2O), ethylenediaminetetra acidic acid (ETDA), and hydrazine hydrate (H6N2O)—were of analytical grade from Merck (Darmstadt, Germany). For solution purposes, highly purified deionized water was employed.



Four types of metallic NPs were synthesized by solution-based chemical reduction approaches using respective metallic precursors and appropriate reducing agents; brief preparation details of each type are described below.



Silver nanoparticles (AgNPs) were prepared following the same procedure as our previous study [2]. Briefly, to a boiling aqueous solution (50 mL) of AgNO3 (1mM), 5 mL aqueous solution of tri-sodium citrate (TSC, 1%) was introduced dropwise and allowed to complete under vigorous stirring. The solution color changed from transparent to yellow to greenish yellow. The value of pH was found to be 6.3.



Nickel nanoparticles (NiNPs) were manufactured by a route described by Wu et al. [25]. Briefly, a precursor solution (pale green) was prepared at room temperature by mixing nickel chloride (1.0 g) into ethylene glycol (100 mL) under magnetic stirring (Figure 1a). The temperature was then raised to 60 °C and hydrazine (4.5 mL) was added, which turned the solution instantly to blue to blue-violet (Figure 1b) and after few seconds it turned into grey. The solution was kept for 2 min to homogenize itself and then NaOH (1M, 3 mL) was introduced to achieve the pH of 10 under continues stirring. The solution turned from grey to black (Figure 1c). After 60 min, heating and stirring was stopped to collect the prepared NPs magnetically.



Cobalt oxide nanoparticles (Co3O4NPs) were manufactured at room temperature by simple chemical reduction approach described elsewhere [26]. Firstly, an aqueous solution of TSC was prepared by dissolving 0.235 g of TSC into 10 mL deionized water under constant stirring (150 rpm). In the next step, 0.2 g of cobalt chloride and 0.1 g of NaBH4 were added simultaneously into the TSC solution at room temperature with continuing stirring (150 rpm). A huge amount of hydrogen was released and a boil in the solution was noticed. The stirring was turned off when no further hydrogen was releasing. The pH of the solution was found to be 8.0. Cobalt oxide NPs were collected by an external magnet in the form of greyish-black powder. The obtained powder was washed repeatedly with pure water and ethanol and allowed to dry for 24 h in air at room temperature.



Chromium oxide nanoparticles (Cr3O4NPs) were synthesized following Raza et al. [27] by solution-based chemical method using chromium chloride as a precursor and ethylene diamine tetra acidic acid (ETDA) as solvent. An appropriate amount of chromium chloride was dissolved into 0.2 M solution of ETDA at room temperature under constant stirring (200 rpm) for 30 min. Then, to adjust the solution pH to 9.0, sodium hydroxide was introduced to solution. The prepared NPs were obtained in the form of green precipitates after centrifuging at 4000 rpm for 60 sec. The centrifuged particles were dried at 400 °C for 60 min to obtain final product.



The pictures of colloidal samples of all prepared NPs are presented in Figure 2 showing the final solution colors.




2.2. Characterization Techniques


To determine different characteristics of prepared NPs, various characterization techniques were employed. For optical absorption properties, a colloidal sample was characterized by UV-vis spectroscopy (Nicolet, Evolution 300, Thermo Electron Corporation, Waltham, MA, USA) in the 300–900 nm range of wavelength. Structural properties and crystallite size were measured by x-ray diffraction (XRD) techniques (D-maxIIA, Rigaku, Tokyo, Japan). For XRD measurement, a thick film of NPs was obtained by drying a few drops of colloidal sample on the clean glass substrate. The morphological analysis of the samples was conducted by scanning electron microscopy (SEM) (FEI Nova NanoSEM 450, Hillsboro, OR, USA). For the magnetic analysis of particles, a vibrating sample magnetometer (7407, Lakeshore, Westerville, OH, USA) was used.




2.3. Fish and Fish Care


L. rohita juveniles of average length 10.5 ± 1.3 cm and weight 21 ± 2.5 g were transported from Himalya fish hatchery, Murid Key, Lahore, Pakistan to the lab. Fish were kept in glass aquaria (100 L capacity) and were acclimatized in the lab for two weeks. Fish were handled in accordance to the local animal welfare regulations. During this period, each fish was fed 3% of its body weight daily with a basal diet comprising fish meal (28%); soybean meal (35%); maize (15%); wheat bran (10%); wheat (7%); vegetable oil (4%); vitamin premix (0.9%); and mineral premix (0.1%). To ensure optimal dissolved oxygen concentration, the water of the fish aquarium was exchanged daily. Aerators were kept fixed with the tanks to facilitate continuous oxygen supply. During treatment period, the measured physicochemical properties of the aquarium water were as below: pH 6.9–7.8; ammonia 0.1–0.28 mg/L; dissolved oxygen range 5.7–7.5 mg/L; chloride 10.2 mg/L; temperature variation 26.5–28 °C; and nitrate 0.02–0.09 mg/L.




2.4. NPs Exposure to Fish


Five groups were prepared by a random distribution of fish: control group (untreated), AgNP-exposed group, NiNP-exposed group, Co3O4NP-exposed group and Cr3O4NP-exposed group. All NP exposure experiments were performed in triplicate. Freshly prepared sonicated NPs were administered daily to the fish by mixing in tank water. A similar concentration of 25 mg/L of each type of NP was used for a 21-day exposure period. Survival and behavior of fish was monitored regularly during the experimental period.




2.5. Hematological Analysis


For hematological studies, clove oil (100 µg/L) was used to anesthetize the fish to collect blood from the caudal vein. Ethylenediaminetetra acetic acid (EDTA) was used as anticoagulant. Diluting medium (Turk’s solution and Toisson’s solution) was used for total leukocyte count (TLC) and total erythrocyte count (TEC) respectively. A hemocytometer was used for cell counting. Cyanmethemoglobin method using Drabkin’s fluid was followed for hemoglobin (Hb) detection, and spectrophotometer was used for absorbance (at 540 nm) measurements. Hematocrit (Hct %) measurements were conducted following the method defined by Dacie and Lewis [28] by using microhematocrit tubes.




2.6. Biochemical Analysis


After keeping the collected blood at room temperature for two hours, blood samples were centrifuged at 3000 rpm for 10 min. The obtained serum was used for further biochemical tests. Total protein was calculated by using total protein kit (Crescent Diagnostics, Jeddah, Saudi Arabia) which employs Photometric Colorimetric-Biuret method. Albumin was calculated by using albumin kit (Crescent Diagnostics, Jeddah, Saudi Arabia). For globulin calculation, the amount of Albumin was subtracted from Total protein. Enzymatic-colorimetric method was used for cholesterol measurements. Kinetic enzyme assays were used for alanine aminotransferase (ALT) and aspartate aminotransferase (AST) measurements.




2.7. Oxidative Stress Analysis


Oxidative stress analysis was performed on kidney and liver tissues. Liquid nitrogen was used for a snap-freezing process of the kidney and liver tissues, and subsequently samples were kept at –40 °C for further use. The frozen tissue samples were rinsed many times with chilled phosphate buffer solution (PBS). A Tenbroek glass homogenizer was used to homogenize the samples. Afterwards, tissue samples were centrifuged at a speed of 10,000 rpm for a duration of 15 min at a temperature of 4 °C. The level of malondialdehyde (MDA) and antioxidant enzymes—including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) activities—were measured in the supernatant by spectrometry [29]. Values of MDA, SOD, CAT, and GPx are measured as the amount of the molecules per milligram or gram of protein, and international units per milligram or gram of protein, respectively.




2.8. Histological Analysis


For histological analysis, tissues (kidney and liver) were fixed for 24 h in 10% buffered formalin to prevent autolysis of cellular morphology. Afterwards, fixation tissues were washed twice in phosphate buffered saline, dehydrated through a series of various concentrations of alcohol in ascending order (10–15 min each), and finally kept in 75% ethanol until processed further. Tissues were then embedded in paraffin wax. By using rotatory microtome (ERM-2301), sections of 7–8 µm were cut. The hematoxylin and eosin were used to stain the sliced sections. The stained sections were put on the glass slides and were examined with an optical microscope (Eclipse E-200 Microscope, Nikon, Tokyo, Japan). Photographs of each slide were taken at 10× and 40× magnifications.




2.9. Statistical Analysis


The collected data was analyzed statistically to determine significant differences between control and NP-treated groups. The average of replicates is taken as mean, and the error bars indicate the standard error to the mean. A one-way analysis of variance (ANOVA) followed by a Tukey’s multiple comparisons test was adopted to calculate the statistical significance in each case. GraphPad Prism (ver.7.03, San Diego, California, CA, USA) was used for all statistical tests.





3. Results


3.1. Characterization of Prepared NPs


The changes in the solution color during the synthesis of NPs by chemical reduction method indicate the occurring of different stages in the reaction. For example, in the case of NiNP preparation (Figure 1), the appearance of pale green color was due to the creation of nickel ions (Ni+) in the solution and alteration of pale green to blue-violet to grey and finally black was the indication of nickel ion (Ni+) reduction into free nickel atoms (Ni0) by gaining electrons. The free atoms gathered under the action of Brownian motion and van der Waals interactions to form Ni-nuclei (nucleation process) and their growth resulted in the NiNPs formation [19,25].



The structural, optical, magnetic, and morphological analyses of synthesized NPs were carried out by aforementioned characterization techniques. In Figure 3, SEM images (left panel) and size distribution histograms (right panel) with average particle size of all four NPs samples are presented. In the case of AgNPs (Figure 3a), nicely scattered spherical particles can be observed. Agglomeration of smaller particles in a few places can also be noticed. The average particle size of AgNPs was found to be 40 ± 6 nm as indicated in the histogram image (Figure 3a, left). The morphology of NiNPs is displayed in Figure 3b, where high density of particles with relatively spherical shapes with average diameters of 43 ± 6 nm can be observed. A high degree of aggregation of the individual NPs depicts the magnetic nature of NiNPs. SEM micrographs of cobalt oxide NPs (Figure 3c) show agglomerated and larger spherical particles with average size of 60 ± 6 nm, as displayed in the Co3O4NP histogram (Figure 3c, right). Chromium oxide NPs (Figure 3d) appeared spherical and nearly spherical in shape, and cluster formations can also be seen. The histogram of Cr3O4NPs (Figure 3d, right) displays an average particle size of 50 ± 5 nm.



The crystalline nature and phase purity of all prepared NPs were determined by using the XRD approach at room temperature and the obtained patterns are presented in Figure 4a–d. The prominent sharp peaks in each spectrum indicate the crystalline nature of the obtained metallic NPs.



In the case of AgNPs (Figure 3a), four reflection planes can be identified by four major characteristic peaks, such as (111) at 2θ = 38.5°, (200) at 2θ = 44.7°, (220) at 2θ = 64.7°, and (311) at 2θ = 77.6°. This XRD spectrum indicates that prepared NPs were of pure metallic silver nature with polycrystalline structure of face-centered cubic (FCC) according to JCPDS file No. 4-0784 [30]. The XRD spectrum for NiNPs is presented in Figure 4b, where three sharp distinct diffraction peaks at 44.8°, 51.9°, and 78.4° values of 2θ can clearly be observed. These peaks correspond to the (111), (200), (222), and (220) planes of crystalline FCC nickel according to JCPDS file No. 4-850 [25,31]. The XRD pattern of cobalt oxide NPs (Figure 4c), exhibits reflections planes (111), (220), (311), (222), (400), (422), (511), and (440) at 2θ = 22.7°, 33.4°, 36.9°, 44.5°, 48.7°, 54.7°, 59.3°, and 65.7° respectively, confirming the cubic spinel structure of Co3O4NPs according to JCPDS File No. 9-418 [32,33]. Figure 4d depicts the indexed XRD spectrum of synthesized Cr3O4NPs. The well-defined diffraction peaks appearing at 2θ values of 23.0°, 32.7°, 41.3°, 46.9°, 53°, 58.2°, 68.5°, and 78.0° can be assigned to reflection planes (220), (202), (400), (004), (242), (333), (602), and (335) respectively according to the JCPDS File No. 12-559 [34]. The obtained XRD results suggest that prepared particles were Cr3O4NPs with tetragonal crystalline phase.



Using the broadening of the most predominant orientation as (111) for silver and nickel NPs and (311) and (202) for cobalt oxide and chromium oxide NPs, the crystallite size (D) was estimated by following Scherer formula [35]:


D=δλ/βhklcosθ



(1)




where δ, λ, βhkl, and θ are shape factor (for spherical shapes = 0.9), x-ray wavelength (1.540 Å in this case), width of diffraction peak (full width at half maximum, FWHM), and diffraction angle, respectively. All measured values of different structural features are registered in Table 1.



The optical absorption spectrum of colloidal AgNPs sample obtained by UV-Visible spectrophotometer is presented in Figure 5a. The single characteristic absorption peak occurring at 426 nm (wavelength, λ) with FWHM value of about 107 nm confirmed the presence of spherical silver NPs with a wide range of size distribution. The vibrating sample magnetometer (VSM) measurements were conducted to determine magnetic properties of prepared nickel, cobalt oxide and chromium oxide NPs and obtained magnetic hysteresis loops are shown in Figure 5b–c. The VSM plots revealed the ferromagnetic behavior of nickel and cobalt oxide NPs, while chromium oxide NPs were found to be paramagnetic in nature. The VSM-measured magnetic results are recorded in Table 2.




3.2. Survival and Growth Studies


The survival of fish was noted in each group after NPs exposure. No fish mortality was observed in AgNP-, NiNP-, and Co3O4NP-exposed groups, and survival rate was 100% during the test period. However, in the case of Cr3O4NP-exposed fish group, a low percentage survival (86%) was noticed, which confirmed an acute lethal toxicity of Cr3O4NPs to fish. The obtained survival results are graphically presented in Figure 5a.



The growth analysis of fish in all five groups was performed by measuring the percentage weight gain ((difference between final and initial weight/initial weight) × 100) and displayed in Figure 6b. Percentage weight gain was found not to be significantly different among control (23.7%), AgNP- (18.8%) and Co3O4NP-treated (25.9%) fish groups. A significant reduction in weight of fish treated with NiNPs (8.4%) and Cr3O4NPs (5.6%) indicates that these two types of NP have severely affected the growth of the treated fish.




3.3. Behavioral Changes


The behavior of fish was observed twice a day during the experimental period. Significant behavioral alterations were recorded in NP-treated fish groups. Four behavioral categories—swimming, interaction, fin movements, and feed intake—were documented and listed in Table 3. Fish in the Control group showed all normal activities. Fish treated with AgNPs did not show any swimming problems and had normal interaction with other fish. Fin movements and feed intake was also normal in this group. The NiNP-treated group showed disturbed swimming, irregular interactions, slow fin movements, and very low feed intake. Addition of Co3O4NPs into water caused a fast color change of the water from transparent to dark brown. Fish in the Co3O4NP-treated group showed random movements, avoiding behavior, lethargic fin movement, and low feed intake. A color change of the water from transparent to cloudy grey was observed when colloidal solution of Cr3O4NPs was introduced into the aquarium water. Fish treated with Cr3O4NPs showed restlessness, random swimming, avoiding and aggressive behavior, slow fin movements, and very little feed intake (Table 3).




3.4. Hematological Responses


The variation in different hematological parameters such as TLC, TEC, Hb, and Hct % were measured and a comparison among all groups was made. All the obtained values are demonstrated in graphical form in Figure 7.



It can be observed from Figure 7a that TLC was reduced in all fish groups treated with different NPs in comparison with the untreated fish. This reduction can be listed as control (16.2 ± 1.7 × 103) > Co3O4NPs (12.5 ± 1.2 × 103) > AgNPs (11.5 ± 1.5 × 103) > Cr3O4NPs (9.2 ± 2.2 × 103) > NiNPs (8.7 ± 1.5 × 103). This sequence indicates that NiNPs proved more toxic in affecting the TLC. The analysis of TEC values shows no significant change in untreated and Co3O4NP-treated fish; however, fish treated with AgNPs, NiNPs, and Cr3O4NPs showed significantly lower TEC than that of the control fish (Figure 7b). The change in TEC can be ordered as control group (387 ± 10.6 × 106) > Co3O4NPs (335 ± 40 × 106) > Cr3O4NPs (276 ± 4.7 × 106) > AgNPs (259.1 ± 24 × 106) > NiNPs (111.05 ± 7.7 × 106). Again, the NiNPs were observed more noxious to disturb the TEC.



The hemoglobin content was also found to be reduced in fish treated with metallic NPs, as depicted in Figure 7c. It was noticed that the decline in Hb was not significant in fish exposed to AgNPs and Co3O4NPs, but it was significantly reduced in fish groups treated with NiNPs and Cr3O4NPs than that of the untreated fish. The reduction in Hb in NP-treated fish groups can be put in a sequence as control (7.3 ± 0.7 g/dL) > Co3O4NPs (6.9 ± 1 g/dL) > AgNPs (6.4 ± 0.6 g/dL) > NiNPs (5.5 ± 0.4 g/dL) > Cr3O4NPs (3.2 ± 0.8 g/dL). A similar trend in Hct % response was witnessed and displayed in Figure 7d; it can be observed that significantly lower Hct % values were recorded in NP-treated groups. The reduction in Hct % was found in the following order: control (22.2 ± 1.3%) > AgNPs (18.1 ± 1.5%) > Co3O4NPs (13.5 ± 0.6%) > NiNPs (12.6 ± 2.1%) > Cr3O4NPs (10.4 ± 0.9%).




3.5. Biochemical Evaluation


To investigate the biochemical effects caused by NP treatment in fish, variations occurred in total protein, albumin, globulin, cholesterol, ALT, and AST activities were measured from the serum and compared with that of the control fish. The measured values are shown in Figure 8.



An increase in the amount of total protein was noticed in all fish groups treated with NPs, as demonstrated in Figure 8a. The increase in AgNP-treated fish (0.51 ± 0.12 g/dL) was not significantly different to that of untreated fish (0.46 ± 0.06 g/dL). However, the elevation in total protein levels was significantly high in the other three NP-treated fish groups in the following order Co3O4NPs (1.99 ± 0.12 g/dL) > Cr3O4NPs (0.81 ± 0.13 g/dL) > NiNPs (0.75 ± 0.06 g/dL).



In the case of albumin level variations (Figure 7b), the difference in the albumin values of AgNP- (0.44 ± 0.03 g/dL) and NiNP-treated (0.36 ± 0.05 g/dL) fish groups was not significant as compared to untreated fish group (0.38 ± 0.09 g/dL). Nevertheless, the value of albumin was significantly high in Co3O4NPs (1.08 ± 0.09 g/dL) and Cr3O4NPs (0.69 ± 0.07 g/dL) exposed fish.



The alterations in the globulin values (Figure 8c) revealed a significantly increased level of globulin in fish exposed to NiNPs (0.39 ± 0.03 g/dL) and Co3O4NPs (0.91 ± 0.05 g/dL), while no significant change was noticed in AgNP- (0.06 ± 0.02 g/dL) and Cr3O4NP-treated (0.12 ± 0.02 g/dL) fish samples as compared to the control fish samples (0.08 ± 0.01 g/dL). The concentration analysis of serum cholesterol indicated a significant increase in cholesterol level in all samples of fish exposed to NP in comparison with unexposed fish (Figure 8d) in the following order; NiNPs (145.9 ± 8 mg/dL) > Cr3O4NPs (134.4 ± 10 mg/dL) > Co3O4NPs (129.1 ± 21 mg/dL) > AgNPs (99.2 ± 10 mg/dL) > control (67.6 ± 12 mg/dL).



An increasing trend was recorded in both ALT and AST levels in all fish treated with NPs than that of untreated fish (Figure 8e,f). ALT activity was observed to be significantly high in fish exposed to NiNPs (9.3 ± 1.6 U/L), Co3O4NPs (8.4 ± 1.5 U/L), and Cr3O4NPs (9.9 ± 2.3 U/L); however, the increase in the case of AgNPs (6.3 ± 1.3 U/L) was not significant as compared to the untreated fish (5.4 ± 1.4 U/L). AST activity was noticed to be affected significantly in all NP-treated groups in the following sequence; Cr3O4NPs (56.3 ± 7.8 U/L) > Co3O4NPs (54.6 ± 9 U/L) > NiNPs (45.4 ± 6.3 U/L) > AgNPs (33.5 ± 5.5 U/L) > control (24.8 ± 4.4 U/L).




3.6. Oxidative Stress


The level of oxidative stress marker (MDA) and antioxidant enzymes (SOD, CAT, GPx) were assessed in kidney and liver, and the obtained results are exhibited in Figure 9. The administration of NPs caused elevation in MDA content (Figure 9a). The values of MDA were found to be elevated both in kidney and liver of all NP-treated groups compared to that of control in the following sequence in kidney: Cr3O4NPs (16 ± 3 mol/mg) > AgNPs (15 ± 2 mol/mg) > NiNPs (14 ± 2 mol/mg) > Co3O4NPs (10 ± 1 mol/mg) and in liver this order was Co3O4NPs (15 ± 2 mol/mg) > NiNPs (13 ± 1 mol/mg) > Cr3O4NPs (12 ± 2 mol/mg) / AgNPs (12 ± 3 mol/mg). However, there occurred a decline in the activities of SOD, CAT, and GPx enzymes (Figure 9b–d). In case of SOD activity (Figure 9b) this decreasing severity was in the following order in kidney: AgNPs (178 ± 22 U/mg) > Co3O4NPs (166 ± 12 U/mg) > Cr3O4NPs (140 ± 23 U/mg) > NiNPs (126 ± 32 U/mg) and in liver: Co3O4NPs (200 ± 21 U/mg) > AgNPs (162 ± 10 U/mg) > NiNPs (160 ± 8 U/mg) > Cr3O4NPs (123 ± 10 U/mg). Down-regulation of CAT activity (Figure 9c) in kidney was observed in the following way: AgNPs (80 ± 13 U/mg) > Cr3O4NPs (78 ± 9 U/mg) > NiNPs (56 ± 4 U/mg) > Co3O4NPs (45 ± 11 U/mg) while in liver the order was: AgNPs (88 ± 7 U/mg) > Co3O4NPs (77 ± 12 U/mg) Cr3O4NPs (57 ± 11 U/mg) > NiNPs (55 ± 9 U/mg). A slight increase in CAT activity was recorded in AgNP-treated fish liver but this was not significant. The GPx activity (Figure 9d) in Co3O4NP-treated kidney was observed slightly higher (60 ± 18 U/mg) than that of unexposed fish kidney (55 ± 12 U/mg); nevertheless, in other three groups the activity was suppressed in the following sequence NiNPs (44 ± 13 U/mg) > AgNPs (34 ± 6 U/mg) > Cr3O4NPs (23 ± 9 U/mg). However, the GPx activity decreased in all NP-treated liver samples in the following order: Cr3O4NPs (33 ± 9 U/mg) > AgNPs (32 ± 11 U/mg) > NiNPs (23 ± 7 U/mg) > Co3O4NPs (20 ± 5 U/mg).




3.7. Histological Studies


The histopathological observations were made for kidney and liver which are considered to be the principal organs for toxicity assessment. Five fish from each group were analyzed for histological investigations and the obtained results are presented in Figure 10 and Figure 11 (the right side of each panel shows a magnified view).



In the case of kidney morphology, histology of control kidney (Figure 10a) exhibited a normal structure with regular-shaped renal tubules and hematopoietic tissue as depicted with arrows in the magnified view of the sample (Figure 10a, right). On the other hand, kidney sections of NP-exposed fish exhibited various histopathological changes of the normal structure of the tissue. AgNP-treated fish showed epithelial desquamation in renal tubules, edema, and glomerulus shrinkage (Figure 10b). Kidneys of the fish exposed to NiNPs indicated severe vacuolation, necrotic degeneration, and inflammation. The renal tubules structure was completely distorted in the NiNP-treated group showing a complete loss of cellular integrity as illustrated by circle and arrows on the right side of Figure 10c. The epithelial desquamation and vacuolation were observed in kidney samples of Co3O4NP-treated fish (Figure 8d) while sections of fish exposed to Cr3O4NPs revealed vacuolation, edema, glomerulus shrinkage, and inflammation in the kidney structure (Figure 10e). The order of renal deformations in kidney samples of NP-treated fish groups was found to be in the following sequence: NiNPs > Cr3O4NPs > AgNPs > Co3O4NPs.



Figure 11 shows the histological evaluation of liver sections for control and NP-exposed fish groups. Control liver showed a normal architecture without any pathological abnormalities. A normal morphology of hepatocytes and hepatic parenchyma can be seen in Figure 11a. The liver samples of fish treated with NPs exhibited different alterations in the hepatic tissue. For example, the liver of AgNP-treated fish showed condensed blood vessels (Figure 11b). The liver histology of NiNP-treated fish demonstrated severe blood congestion and vacuolation as shown in Figure 9c while liver sections of Co3O4NP- and Cr3O4NP-treated fish groups indicated vacuolation and necrosis Figure 11e,f, respectively. The severity of liver histopathological changes was observed in the following order: NiNPs > Cr3O4NPs > Co3O4NPs > AgNPs.





4. Discussion


The widespread use of NPs in industries and biomedical applications has raised the need for a comprehensive investigation of their hazardous responses in living organisms.



The toxic effects of different NPs on the organisms depend upon numerous factors including their morphology, size, shape, chemical composition, structural properties, aggregation statue, and surface properties. These factors significantly influence the physiological interactions between NPs and the target tissues [36,37,38]. Different morphologies of NPs such as spherical, triangular, and wire-shaped have different specific lattice structures with high-atom-density facets. These high-atom-density facets provide maximum active surface areas to enhance the reactivity of NPs during the interaction with biological organs. Furthermore, NPs with different morphologies can have different degrees of dispersion, agglomeration, and ion dissolution in the solutions, which result in different levels of induced toxicity [2,39]. Similarly, variation in size of NPs of same material can influence the induced toxic effects significantly. However, the size range for cellular uptake and internalization of NPs into the cells through different pathways including phagocytosis and pinocytosis is up to 100 nm [40].



We performed quantitative and qualitative toxicity assessments on various biological aspects of L. rohita using Ag, Ni, Co3O4, and Cr3O4 particles of spherical shapes and with sizes in the range of 40 to 60 nm. The degree of toxicity caused by different NPs was found to be varied on different biological parameters. Nanoparticles of different types may exhibit different degrees of toxicity to the same biological system due to various factors such as magnetic or non-magnetic nature, structural composition, and surface chemistry. These factors control physiochemical properties of NPs and strongly affect the interactions between NPs and living tissues to exert their toxic effects [41]. Because of diverse physiochemical properties, different types of NPs express different subcellular localization, cellular uptake, and ability to induce oxidative DNA damage leading to different levels of nanotoxicity [42].



The survival of fish was observed to be unaltered in AgNP-, NiNP-, and Co3O4NP-treated groups, which suggested their non-acute lethal toxicity while Cr3O4NPs caused early fish mortalities showing their acute toxic responses (Figure 6a). According to a previous study, AgNPs were proved to be non-lethal to L. rohita at concentrations up to 100 mg/kg for a treatment period of 7 days [3], while another study showed their lethal response (LC50) to zebrafish even at 3 mg/L concentration for 96 h [43]. In the same study, nickel NPs showed no cumulative mortality to adult zebrafish even at higher concentration > 400 gm/L for 96 h while Boran and Şaffak [44] in their study on larval zebrafish showed acute lethal toxicity (LC50) of NiNPs at 122.2 mg/L for 96-h. In the case of cobalt oxide NPs, various studies on zebrafish confirmed the non-lethal response of different types (Co2O3 and Co3O4) and shapes (spherical and block) of cobalt oxide NPs even at higher concentrations; 100 mg/L for 24 h, 100 mg/L for 96 h, 200 mg/L for 15 days [45,46,47]. In the case of acute toxicity of Cr2O3NPs to different aquatic organisms, Tavares et al. [48] observed the mean half-maximal effective concentration (EC50-48h) of 6.74 mg/L for Daphnia similis while Puerari et al. [49] obtained the EC50-48 h value of 6.79 mg/L for Daphnia magna and EC50-30 min value of 12.91 mg/L for Aliivibrio fischeri. Thus, the results of our and previous studies indicate that lethal concentrations and exposure period may differ for different species. Weight of the fish exposed to NiNPs and Cr3O4NPs was found to be significantly reduced (Figure 6b). Lower weight gain in fish and mice exposed to metallic (gold) and non-metallic (carbon nanotubes, plastic) NPs has already been reported [50,51,52]. The likely reason for growth reduction could be lack of food digestibility under stressful conditions [52].



Behavioral disturbances were observed in NP-treated fish, which might be due to alterations in fish metabolism and direct transportation of NPs to brain. NPs are reported to damage the texture of fish brain [50]. This damage might be NP type- and concentration-dependent, which leads to different behavioral response in fish treated with different NPs [53,54].



Hemato-immunological responses are regularly employed as markers of physiological stress to toxicants in fish [55,56]. Low TEC and Hb levels can be the indication of anemia and erythropoiesis disorder in NP-treated fish. Zhang et al. [54] found a decreasing trend in TEC and Hct % levels in gold NP-treated murine models at high concentrations. Reduction in TECs, Hb and Hct % were noticed in Oreochromis niloticus treated with sub-lethal concentrations of zinc oxide nanoparticle [57]. TLC and Hb concentration was found to be decreased in Fe2O3NP-treated fish. TEC and Hct % values in silver carp were significantly lowered when exposed to AgNPs for one week [58]. NPs are believed to exert this toxicity by inducing ROS pathway that may destroy membrane integrity [59]. Since TLC and TEC originate from the lymphatic system and hematopoietic tissues, their reduction might indicate the toxic effect of NPs on lymphatic and hematopoietic system, respectively. The suppression in activities of bone marrow stem cell or small life span of TECs could be other possible reasons for low Hb and Hct % [56].



Biomolecules, particularly proteins, are likely to face oxidative damage because of transition metallic ions. Peroxidation or ROS generation may induce oxidative stress leading to variation in these biomolecules. Protein biomarkers are critical indicators of physiological disturbances. Albumin and globulin formulate a major proportion of the body proteins, and alterations occur in their quantities when exposed to xenobiotics. We found a rise in total protein, albumin and globulin in NP-treated fish (Figure 8). The elevated albumin and globulin show a provoked immune response in NP-treated fish. The heightened immune response indicates the weakened and stressful condition of fish, making it vulnerable to diseases. Elevation in total protein and globulin has previously been noted in Channa punctatus living in Ni-, Co-, and Cr-polluted water. Although serum albumin decreased significantly in their study, they found a significant increase in its level in liver and muscles [60]. In Oreochromis niloticus exposed to Cu and Cd NPs, an elevation in plasma proteins was noted by El-Serafy et al. [61]. Dobsikova et al. [62] noticed an elevation in total protein content in common carp with 7 h transportation stress. An increase in these proteins in NP-treated groups can be assigned to the increased protein synthesis to fulfil the requirements of high energy due to NPs mediated strain and to meet the immunotoxic challenge.



Increase in cholesterol level and higher activities of ALT and AST enzymes were observed in NP-treated groups (Figure 7). ALT and AST are considered to be important parameters for assessing tissue injury or organ dysfunction. Liver is the major organ where these enzymes are generally found, and their increased level shows cellular toxicity [63]. An increase in ALT and AST levels was in accordance with our histopathological results of kidney and liver damage. Monfared et al. [63] also mentioned an increase in cholesterol, ALT, and AST in AgNP-exposed rainbow trout.



The metallic nature of NPs can stimulate an oxidative stress in different organs of animals. The degree of ROS toxicity in various tissues can be function-specific as well as NP composition-specific depending upon the nature of metallic ions release [64,65,66]. Oxidative stress has also been reported by Wise et al. [61] as the causative agent for disintegrating cell membranes and biomolecules. In our work, the treated fish kidney and liver showed remarkable changes in MDA and in antioxidant enzyme (SOD, CAT- and GPx) activities (Figure 9). The reduction in antioxidant enzymes is believed to be caused by NP-induced oxidative stress.



Kidney and liver are the major organs of the body involved in metabolism and clearance of hazardous molecules. When normal architecture of these organs is disturbed by toxicants or other stimulants, all the vital body process may get imbalanced. Their toxicities are basic biosafety evaluation markers for new drugs. Different significant histological alternations in kidney and liver of NP-treated fish revealed the destructive role of NPs, as shown in Figure 10 and Figure 11. These alterations were more severe in NiNP- and Cr3O4NP-exposed fish as compared to fish samples treated with Co3O4NPs and AgNPs. The severity of damage caused by different types of NP in kidney and liver tissues can be attributed to the level of their toxicity in exposed fish. Such adverse effects of NPs were also reported by other researchers. Intensified cell apoptosis has been found in head and tail of zebrafish when chronically exposed to high concentration of bulk and TiO2NPs [19]. Histopathological alterations were observed in the epidermis, gills, and liver of Siberian sturgeon when exposed to AgNPs and Copper NPs [67]. The incidence of degenerative necrosis in these organs after NPs treatment was found to be associated with oxidative stress, cell membrane and DNA damage, and disorders in the protein, lipid and carbohydrate metabolism [68,69].




5. Conclusions


All four types of particles (AgNPs, NiNPs, Co3O4NPs, and Cr3O4NPs) with size distribution in the range of 40 to 60 nm caused different degrees of nanotoxicity in L. rohita as compared to control (untreated) fish. Variations in different parameters, such as survival rate, growth, behavior, blood parameters, protein, enzyme levels, oxidative stress, and tissue structure deformities, confirmed the toxic effects produced by NPs. Nevertheless, these toxicological impacts were found to be NP type-dependent. AgNPs exhibited least toxicity, while Cr3O4NPs showed most toxic behavior in our study. The toxicity statistics of this work showed that L. rohita can be used as a bioindicator for monitoring the toxic potential of NPs. Furthermore, NP-based elevation or decline in biomolecules can serve as suitable biomarkers for assessing fish health. The outcomes of our work suggest that toxicity of nanoparticles must cautiously be considered before using them in different applications.







Author Contributions


All the authors contributed in this research work, “Conceptualization, Z.K. and M.A.R.; Formal analysis, F.M., S.R. and S.N.; Funding acquisition, Z.K. and F.M.; Investigation, M.A.R.; Methodology, Z.K., G.J. and S.F.; Project administration, Z.K.; Resources, F.M. and S.N.; Supervision, F.M. and S.N.; Writing—original draft, Z.K. and M.A.R.; Writing—review & editing, S.R., G.J. and S.F.”




Funding


This work was financially supported by Higher Education Commission (HEC) of Pakistan under the Project of ‘National Research Program for Universities’ (Project No.: HEC-NRPU-4176).




Acknowledgments


We are grateful to Himalaya fish hatchery Murid Key Lahore, for providing L. rohita juveniles.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Remya, A.S.; Ramesh, M.; Saravanan, M.; Poopal, R.K.; Bharathi, S.; Nataraj, D. Iron oxide nanoparticles to an Indian major carp, Labeo rohita: Impacts on hematology, iono regulation and gill Na+/K+ ATPase activity. J. King Saud Univ. Sci. 2015, 27, 151–160. [Google Scholar] [CrossRef]

	



Raza, M.A.; Kanwal, Z.; Rauf, A.; Sabri, A.N.; Riaz, S.; Naseem, S. Size- and shape-dependent antibacterial studies of silver nanoparticles synthesized by wet chemical routes. Nanomaterials 2016, 6, 74. [Google Scholar] [CrossRef] [PubMed]

	



Rajkumar, K.S.; Kanipandian, N.; Thirumurugan, R. Toxicity assessment on haemotology, biochemical and histopathological alterations of silver nanoparticles-exposed freshwater fish Labeo rohita. Appl. Nanosci. 2016, 6, 19–29. [Google Scholar] [CrossRef]

	



Subramani, K.; Ahmed, W.; Hartsfield, J.K. Nanobiomaterials in Clinical Dentistry Technology & Engineering; Elsevier Inc.: London, UK, 2012. [Google Scholar]

	



Xu, R.; Wang, D.; Zhang, J.; Li, Y. Size-dependent catalytic activity of silver nanoparticles for the oxidation of styrene. Chem. Asian J. 2006, 1, 888–893. [Google Scholar] [CrossRef] [PubMed]

	



Cristea, C.; Tertis, M.; Galatus, R. Magnetic Nanoparticles for Antibiotics Detection. Nanomaterials 2017, 7, 119. [Google Scholar] [CrossRef] [PubMed]

	



Neuberger, T.; Schopf, B.; Hofmann, H.; Hofmann, M.; Rechenberg, B.V. Superparamagnetic nanoparticles for biomedical applications: Possibilities and limitations of a new drug delivery system. J. Magn. Magn. Mater. 2005, 293, 483–496. [Google Scholar] [CrossRef]

	



Chow, J.C.L. Recent progress in Monte Carlo simulation on gold nanoparticle radiosensitization. AIMS Biophys. 2018, 5, 231–244. [Google Scholar] [CrossRef]

	



Küünal, S.; Kutti, S.; Rauwel, P.; Guha, M.; Wragg, D.; Rauwel, E. Biocidal properties study of silver nanoparticles used for application in green housing. Int. Nano Lett. 2016, 6, 191–197. [Google Scholar] [CrossRef][Green Version]

	



Molling, J.W.; Seezink, J.W.; Teunissen, B.E.J.; Muijrers-Chen, I.; Borm, P.J.A. Comparative performance of a panel of commercially available antimicrobial nanocoatings in Europe. Nanotechnol. Sci. Appl. 2014, 7, 97–104. [Google Scholar] [CrossRef] [PubMed]

	



Mody, V.V.; Siwale, R.; Singh, A.; Mody, H.R. Introduction to metallic nanoparticles. J. Pharm. Bioallied Sci. 2010, 2, 282–289. [Google Scholar] [CrossRef] [PubMed]

	



Matthews, J.N.A. Taking stock of the nanotechnology consumer products market. Phys. Today 2014, 67, 22. [Google Scholar] [CrossRef]

	



Quadros, M.; Pierson, R.; Tulve, N.; Willis, R.; Rogers, K.; Thomas, T.; Marr, L.C. Release of silver from nanotechnology-based consumer products for children. Environ. Sci. Technol. 2013, 47, 8894–8901. [Google Scholar] [CrossRef] [PubMed]

	



Luo, Y.-H.; Chang, L.W.; Lin, P. Metal-based nanoparticles and the immune system: Activation, inflammation, and potential applications. Biomed. Res. Int. 2015, 2015, 143720. [Google Scholar] [CrossRef] [PubMed]

	



Moore, M.N. Do nanoparticles present ecotoxicological risks for the health of the aquatic environment? Environ. Int. 2006, 32, 967–976. [Google Scholar] [CrossRef] [PubMed]

	



Mattsson, K.; Ekvall, M.T.; Hansson, L.-A.; Linse, S.; Malmendal, A.; Cedervall, T. Altered behavior, physiology, and metabolism in fish exposed to polystyrene nanoparticles. Environ. Sci. Technol. 2015, 49, 553–561. [Google Scholar] [CrossRef] [PubMed]

	



Ytreberg, E.; Karlsson, J.; Ndungu, K.; Hassellov, M.; Breitbarth, E.; Eklund, B. Influence of salinity and organic matter on the toxicity of Cu to a brackish water and marine clone of the red macroalga Ceramium tenuicorne. Ecotoxicol. Environ. Saf. 2011, 74, 636–642. [Google Scholar] [CrossRef] [PubMed]

	



Agnihotri, S.; Mukherji, S.; Mukherji, S. Size-controlled silver nanoparticles synthesized over the range 5–100 nm using the same protocol and their antibacterial efficacy. RSC Adv. 2014, 4, 3974–3983. [Google Scholar] [CrossRef][Green Version]

	



Mozaffari, S.; Li, W.; Thompson, C.; Ivanov, S.; Seifert, S.; Lee, B.; Kovarik, L.; Karim, A.M. Colloidal nanoparticle size control: Experimental and kinetic modeling investigation of the ligand-metal binding role in controlling the nucleation and growth kinetics. Nanoscale 2017, 9, 13772–13785. [Google Scholar] [CrossRef] [PubMed]

	



Schrand, A.M.; Rahman, M.F.; Hussain, S.M.; Schlager, J.J.; Smith, D.A.; Syed, A.F. Metal-based nanoparticles and their toxicity assessment. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2010, 2, 544–568. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Jennifer, M.; Maciej, W. Nanoparticle technology as a double-edged sword: Cytotoxic, genotoxic and epigenetic effects on living cells. J. Biomater. Nanobiotechnol. 2013, 4, 53–63. [Google Scholar] [CrossRef]

	



Verma, S.K.; Jha, E.; Panda, P.K.K.; Mukherjee, M.; Thirumurugan, A.; Makkar, H.; Das, B.; Parashar, S.K.S.; Suar, M. Mechanistic insight to ROS and neutral lipid alteration induced toxicity in human model with fins (Danio rerio) by industrially synthesized Titanium dioxidenanoparticles. Toxicol. Res. 2018, 7, 244–257. [Google Scholar] [CrossRef] [PubMed]

	



Griffitt, R.J.; Weil, R.R.; Hyndman, K.A.; Denslow, N.D.; Powers, K.; Taylor, D. Exposure to copper nanoparticles causes gill injury and acute lethality in zebra fish (Danio rerio). Environ. Sci. Technol. 2007, 41, 8178–8186. [Google Scholar] [CrossRef] [PubMed]

	



Ramesh, R.; Kavitha, P.; Kanipandian, N.; Arun, S.; Thirumurugan, R.; Subramanian, P. Alteration of antioxidant enzymes and impairment of DNA in the SiO2 nanoparticles exposed zebra fish (Danio rerio). Environ. Monit. Assess. 2013, 185, 5873–5881. [Google Scholar] [CrossRef] [PubMed]

	



Wu, S.-H.; Chen, D.-H. Synthesis and characterization of nickel nanoparticles by hydrazine reduction in ethylene glycol. J. Colloid Interface Sci. 2003, 259, 282–286. [Google Scholar] [CrossRef]

	



Liang, X.; Zhao, L. Room-temperature synthesis of air-stable cobalt nanoparticles and their highly efficient adsorption ability for Congo red. RSC Adv. 2012, 2, 5485–5487. [Google Scholar] [CrossRef]

	



Raza, M.A.; Kanwal, Z.; Riaz, S. Antibacterial performance of chromium nanoparticles against Escherichia coli, and Pseudomonas aeruginosa. In Proceedings of the World Congress on Advances in Civil, Environmental and Materials Research (ACEM’16), Jeju Island, Korea, 28 August–1 September 2016. [Google Scholar]

	



Dacie, V.; Lewis, S.M. Practical Hematology, 7th ed.; Churchill Livingstone: London, UK, 1991. [Google Scholar]

	



Lushchak, V.I.; Bagnyukova, T.V.; Husak, V.V.; Luzhna, L.I.; Lushchak, O.V.; Storey, K.B. Hyperoxia results in transient oxidative stress and an adaptive response by antioxidant enzymes in goldfish tissues. Int. J. Biochem. Cell Biol. 2005, 37, 1670–1680. [Google Scholar] [CrossRef] [PubMed]

	



Jyoti, K.; Banuthiyal, M.; Singh, A. Characterization of silver nanoparticles synthesized using Urtica diocia linn leaves and their synergistic effects with antibiotics. J. Radiat. Res. Appl. Sci. 2016, 9, 217–227. [Google Scholar] [CrossRef]

	



Carroll, K.J.; Reveles, J.U.; Shultz, M.D.; Khanna, S.N.; Carpenter, E.E. Preparation of Elemental Cu and Ni Nanoparticles by the Polyol Method: An Experimental and Theoretical Approach. J. Phys. Chem. C 2011, 115, 2656–2664. [Google Scholar] [CrossRef]

	



Amin, H.M.A.; Baltruschat, H. How many surface atoms in Co3O4 take part in oxygen evolution? Isotope labeling together with differential electrochemical mass spectrometry. Phys. Chem. Chem. Phys. 2017, 19, 25527–25536. [Google Scholar] [CrossRef] [PubMed]

	



Berenguer, R.; Valdés-Solís, T.; Fuertes, A.B.; Quijada, C.; Morallón, E. Cyanide and Phenol Oxidation on Nanostructured Co3O4 Electrodes Prepared by Different Methods. J. Electrochem. Soc. 2008, 155, K110–K115. [Google Scholar] [CrossRef]

	



Vandenburg, M.; De Hosson, J.T.M.; Burg, M.V.D. Microstructure of Cr2O3 coatings on steel and the effect of silicon. J. Mater. Res. 1994, 9, 142–150. [Google Scholar] [CrossRef]

	



Parveen, B.; Hassan, M.; Atiq, S.; Riaz, S.; Naseem, S.; Zaman, S. Structural, dielectric and ferromagnetic properties of nano-crystalline Co-doped SnS. J. Mater. Sci. 2017, 52, 7369–7381. [Google Scholar] [CrossRef]

	



Holsapple, M.P.; Farland, W.H.; Landry, T.D.; Monteiro-Riviere, N.A.; Carter, J.M.; Walker, N.J.; Thomas, K.V. Research strategies for safety evaluation of nanomaterials, part II: Toxicological and safety evaluation of nanomaterials, current challenges and data needs. Toxicol. Sci. 2005, 88, 12–17. [Google Scholar] [CrossRef] [PubMed]

	



Albanese, A.; Tang, P.S.; Chan, W.C. The Effect of Nanoparticle Size, Shape, and Surface Chemistry on Biological Systems. Annu. Rev. Biomed. Eng. 2012, 14, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, X.; Gao, T.; Zhang, B.-R.; Jiang, F.-L.; Liu, Y. Surface functional groups affect CdTe QDs behavior at mitochondrial level. Toxicol. Res. 2018, 7, 1071–1080. [Google Scholar] [CrossRef] [PubMed]

	



Nam, S.-H.; An, Y.-A. Size- and shape-dependent toxicity of silver nanomaterials in green alga Chlorococcum infusionum. Ecotoxicol. Environ. Saf. 2019, 168, 388–393. [Google Scholar] [CrossRef] [PubMed]

	



Shin, S.W.; Song, I.H.; Um, S.H. Role of physicochemical properties in nanoparticle toxicity. Nanomaterials 2015, 5, 1351–1365. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Wang, L.; Fan, Y.; Feng, Q.; Cui, F.-Z. Biocompatibility and toxicity of nanoparticles and nanotubes. J. Nanomater. 2012, 2012, 548389. [Google Scholar] [CrossRef]

	



Buzea, C.; Pacheco, I.I.; Robbie, K. Nanomaterials and nanoparticles: Sources and toxicity. Biointerphases 2007, 2, MR17–MR172. [Google Scholar] [CrossRef] [PubMed]

	



Kovriznych, J.A.; Sotnikova, R.; ZeljenKova, D.; Rollerova, E.; Szabova, E.; Wimmerova, S. Acute toxicity of 31 different nanoparticles to zebrafish (Danio rerio) tested in adulthood and in early life stages–comparative study. Interdiscip. Toxicol. 2013, 6, 67–73. [Google Scholar] [CrossRef] [PubMed]

	



Boran, H.; Şaffak, S. Comparison of dissolved nickel and nickel nanoparticles toxicity in larval zebrafsh in terms of gene expression and DNA damage. Arch. Environ. Contam. Toxicol. 2018, 74, 193–202. [Google Scholar] [CrossRef] [PubMed]

	



Mansouri, B.; Maleki, A.; Johari, A.S.; Reshahmanish, R. Effects of cobalt oxide nanoparticles and cobalt ions on gill histopathology of zebrafish (Danio rerio). Aquac. Aquar. Conserv. Legis. 2015, 8, 438–444. [Google Scholar]

	



Lin, S.; Zhao, Y.; Xia, T.; Meng, H.; Ji, Z.; Liu, R.; George, S.; Xiong, S.; Wang, X.; Zhang, H.; et al. High content screening in zebrafish speeds up hazard ranking of transition metal oxide nanoparticles. ACS Nano 2011, 5, 7284–7295. [Google Scholar] [CrossRef] [PubMed]

	



Raman, V.; Suresh, S.; Savarimuthu, P.A.; Raman, T.; Tsatsakis, A.M.; Golokhvast, K.S.; Vadivel, V.K. Synthesis of Co3O4 nanoparticles with block and sphere morphology, and investigation into the influence of morphology on biological toxicity. Exp. Ther. Med. 2016, 11, 553–560. [Google Scholar] [CrossRef] [PubMed]

	



Tavares, K.P.; Caloto-Oliveira, A.; Vicentini, D.S.; Melegari, S.P.; Matias, W.G.; Barbosa, S.; Kummrow, F. Acute toxicity of copper and chromium oxide nanoparticles to Daphnia similis. Ecotoxicol. Environ. Contam. 2014, 9, 43–50. [Google Scholar] [CrossRef]

	



Puerari, R.C.; da Costa, C.H.; Vicentini, D.S.; Fuzinatto, C.F.; Melegari, S.P.; Schmidt, E.C.; Bouzon, Z.L.; Matias, W.G. Synthesis, characterization and toxicological evaluation of Cr2O3 nanoparticles using Daphnia magna and Aliivibrio fischeri. Ecotoxicol. Environ. Saf. 2016, 128, 36–43. [Google Scholar] [CrossRef] [PubMed]

	



Mattsson, K.; Johnson, E.V.; Malmendal, A.; Linse, S.; Hansson, L.-A.; Cedervall, T. Brain damage and behavioural disorders in fsh induced by plastic nanoparticles delivered through the food chain. Sci. Rep. 2017, 7, 11452. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.-Y.; Chen, R.-L.; Shao, Y.; Wang, H.-L.; Liu, Z.-G. Effects of exposure of adult mice to multi-walled carbon nanotubes on the liver lipid metabolism of their offspring. Toxicol. Res. 2018, 7, 809–816. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.D.; Wu, H.Y.; Wu, D.; Wang, Y.Y.; Chang, H.J.; Zhai, Z.B.; Meng, A.M.; Liu, P.X.; Zhang, L.A.; Fan, F.Y. Toxicologic effects of gold nanoparticles in vivo by different administration routes. Int. J. Nanomed. 2010, 5, 771–781. [Google Scholar] [CrossRef] [PubMed]

	



Smith, C.J.; Shaw, B.J.; Handy, R.D. Toxicity of single walled carbon nanotubes to rainbow trout, (Oncorhynchus mykiss): Respiratory toxicity, organ pathologies, and other physiological effects. Aquat. Toxicol. 2007, 82, 94–109. [Google Scholar] [CrossRef] [PubMed]

	



Cedervall, T.; Hansson, L.A.; Lard, M.; Frohm, B.; Linse, S. Food chain transport of nanoparticles affects behavior and fat metabolism. PLoS ONE 2012, 7, e32254. [Google Scholar] [CrossRef] [PubMed]

	



Ciji, A.; Sahu, N.P.; Pal, A.K.; Dasgupta, S.; Akhtar, M.S. Alterations in serum electrolytes, antioxidative enzymes and haematological parameters of Labeo rohita on short-term exposure to sublethal dose of nitrite. Fish. Physiol. Biochem. 2012, 38, 1355–1365. [Google Scholar] [CrossRef] [PubMed]

	



Das, P.C.; Ayyappan, S.; Jena, J.K.; Das, B.K. Nitrite toxicity in Cirrhinus mrigala (ham): Acute toxicity and sub lethal effect on selected haematological parameters. Aquaculture 2004, 235, 633–644. [Google Scholar] [CrossRef]

	



Alkaladi, A.; Nasr El-Den, N.A.M.; Afifi, M.; Zinadah, O.A.A. Hematological and biochemical investigations on the effect of vitamin E and C on Oreochromis niloticus exposed to zinc oxide nanoparticles. Saudi J. Biol. Sci. 2015, 22, 556–563. [Google Scholar] [CrossRef] [PubMed]

	



Shaluei, F.; Hedayati, A.; Jahanbakhshi, A.; Kolangi, H.; Fotovat, M. Effect of subacute exposure to silver nanoparticle on some hematological and plasma biochemical indices in silver carp (Hypophthalmichthys molitrix). Hum. Exp. Toxicol. 2013, 32, 1270–1277. [Google Scholar] [CrossRef] [PubMed]

	



Wise, J.; Goodale, B.; Wise, S.; Craig, G.; Pongan, A.; Walter, R.; Thompson, W.; Ng, A.; Aboueissa, A.; Mitani, H.; et al. Silver nanospheres are cytotoxic and genotoxic to fish cells. Aquat. Toxicol. 2010, 97, 34–41. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Javed, M.; Usmani, N. Stress response of biomolecules (carbohydrate, protein and lipid profiles) in fish Channa punctatus inhabiting river polluted by Thermal Power Plant effluent. Saudi J. Biol. Sci. 2015, 22, 237–242. [Google Scholar] [CrossRef] [PubMed]

	



El-Serafy, S.S.; Zowail, M.E.; Abdel-Hameid, N.H.; Awwad, M.H.; Omar, E.H. Effect of Dietborne Cu and Cd on Body Indices of Nile Tilapia (Oreochromis niloticus) with Emphasis on Protein Pattern. Turk. J. Fish. Aquat. Sci. 2013, 13, 593–602. [Google Scholar] [CrossRef]

	



Dobsikova, R.; Svobodova, Z.; Blahova, J.; Modra, H.; Velisek, J. Stress Response to Long Distance Transportation of Common Carp (Cyprinus carpio L.). Acta Vet. Brno 2006, 75, 437–448. [Google Scholar] [CrossRef]

	



Monfared, A.L.; Bahrami, A.M.; Hosseini, E.; Soltani, S.; Shaddel, M. Effects of Nano-particles on Histo-pathological changes of the fish. J. Environ. Health Sci. Eng. 2015, 13, 62. [Google Scholar] [CrossRef] [PubMed]

	



Jia, H.Y.; Liu, Y.; Zhang, X.J.; Han, L.; Du, B.; Tian, Q. Potential oxidative stress of gold nanoparticles by induced-NO releasing in serum. J. Am. Chem. Soc. 2009, 131, 40–41. [Google Scholar] [CrossRef] [PubMed]

	



Zou, X.; Li, P.; Lou, J.; Zhang, H. Surface coating-modulated toxic responses to silver nanoparticles in Wolffia globose. Aquat. Toxicol. 2017, 189, 150–158. [Google Scholar] [CrossRef] [PubMed]

	



Bouallegui, Y.; Ben Younes, R.; Oueslati, R.; Sheehan, D. Role of endocytotic uptake routes in impacting the ROS-related toxicity of silver nanoparticles to Mytilus galloprovincialis: A redox proteomic investigation. Aquat. Toxicol. 2018, 200, 21–27. [Google Scholar] [CrossRef] [PubMed]

	



Ostaszewska, T.; Chojnacki, M.; Kamaszewski, M.; Sawosz-Chwalibog, E. Histopathological effects of silver and copper nanoparticles on the epidermis, gills, and liver of Siberian sturgeon. Environ. Sci. Pollut. Res. 2016, 23, 1621–1633. [Google Scholar] [CrossRef] [PubMed]

	



Sanchez-Valle, V.; Chavez-Tapia, N.C.; Uribe, M.; Mendez-Sanchez, N. Role of oxidative stress and molecular changes in liver fibrosis: A review. Curr. Med. Chem. 2012, 19, 4850–4860. [Google Scholar] [CrossRef] [PubMed]

	



Mela, M.; Randi, M.A.F.; Ventura, D.F.; Carvalho, C.E.V.; Pelletier, E.; Oliveira Ribeiro, C.A. Effects of dietary methylmercury on liver and kidney histology in the neotropical fish Hoplias malabaricus. Ecotoxicol. Environ. Saf. 2007, 68, 426–435. [Google Scholar] [CrossRef] [PubMed]








[image: Nanomaterials 09 00309 g001 550]





Figure 1. Different stages during the synthesis of NiNPs (a) color of nickel precursor solution, (b) hydrazine turned the color of solution to blue-violet, (c) solution color tuned to black afterwards, and (d) finally NiNPs recovered magnetically. 
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Figure 2. Pictures of synthesized colloidal samples showing the colors of final stage of solutions in each case. Different colors depict different composition of NPs. 
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Figure 3. Right panel represents the SEM micrographs revealing the surface morphology, while left panel displays histograms showing the particle size distribution of prepared particles (a) AgNPs, spherical, with average particle size of 40 ± 6 nm, (b) NiNPs, spherical, with average diameter 43 ± 6 nm, (c) Co3O4NPs, spherical, with 60 ± 6 nm average dimeter, (d) Co3O4NPs, spherical and near spherical, with 50 ± 5 nm average size. 
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Figure 4. X-ray diffraction (XRD) spectra; (a) AgNPs, (b) NiNPs, (c) cobalt oxide NPs, and (d) chromium oxide NPs, indicating FCC crystalline metallic nature of AgNPs and NiNPs, cubic spinel crystalline structure of cobalt oxide NPs and tetragonal crystalline behavior of chromium oxide NPs. 
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Figure 5. (a) UV-visible absorption spectra of AgNPs showing a single characteristic peak. The inset displays the color of colloidal AgNPs sample in a beaker. (b–d) Magnetic hysteresis loops of NiNPs, cobalt oxide NPs, and chromium oxide NPs demonstrating the ferromagnetic behavior of NiNPs and cobalt oxide NPs while paramagnetic nature of chromium oxide NPs. 
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Figure 6. (a) Survival rate of fish in control, AgNP-, NiNP-, and Co3O4NP-exposed groups was 100%. The fish treated with Cr3O4NPs had a significantly low survival rate (86%). (b) Percentage weight gain was not significantly different among control, AgNP- and Co3O4NP-exposed fish while it was significantly lower in NiNP- and Cr3O4NP-exposed fish. Columns showing different letters (a,b) are significantly different, (* p < 0.05) (** p < 0.01). 
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Figure 7. (a) Total number of leukocytes (TLC) was significantly lower in all fish groups treated with NPs than the control group. (b) The total number of erythrocytes (TEC) was not significantly different in control and Co3O4NP-treated groups but was significantly decreased in other groups. (c) The hemoglobin content was significantly reduced in NiNPs and Cr3O4NP-treated groups. (d) The hematocrit % was significantly dropped in all NP-treated groups. Columns showing different letters (a, b, and c) are significantly different, (* p < 0.05) (** p < 0.01). 
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Figure 8. (a) Total protein was found to be significantly high in NiNP-, Co3O4NP-, and Cr3O4NP-treated fish. (b) Albumin was significantly high in Co3O4NP- and Cr3O4NP-treated fish groups in comparison to the control. (c) The globulin value was significantly high in NiNP- and Co3O4NP-treated fish than control. (d) Cholesterol level was significantly high in all treated groups. (e) ALT concentration was significantly high in NiNP-, Co3O4NP-, and Cr3O4NP-treated groups in comparison to the control. (f) Concentration of AST was significantly high in all treated groups than control. Columns showing different letters (a, b, and c) are significantly different, (* p < 0.05) (** p < 0.01). 
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Figure 9. (a) Malondialdehyde (MDA) was observed to be significantly high in kidney and liver of all NP-treated groups (b) Superoxide dismutase (SOD) activity was significantly low in kidney of NiNP- and Cr3O4NP-treated groups and liver of AgNP-, NiNP-, and Cr3O4NP-treated groups. (c) Catalase (CAT) activity was significantly low in NiNP- and Cr3O4NP-treated kidney and NiNP- and Cr3O4NP-treated liver. (d) Glutathione peroxidase (GPx) activity was significantly low in AgNP-, NiNP-, and Cr3O4NP-treated kidney and the liver of all treated groups. Columns showing different letters (a, b, and c) are significantly different. (* p < 0.05) (** p < 0.01). 
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Figure 10. Histological evaluation of kidney of control and NP-treated fish groups demonstrating the alterations appeared in different parts caused by NPs exposure. Images are taken at two different magnifications: 10× (left panel); 40× (right panel). 
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Figure 11. Histological examination of liver of fish exposed to NPs in comparison with control fish showing different types of damage caused by NPs treatment. Magnifications: 10× (left side), 40× (right side). 
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Table 1. Calculated structural properties of synthesized NPs.
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	Sample
	Peak Position 2θ (°)
	Diffraction Plane (hkl)
	FWHM (Radians)
	Crystallite Size, D (nm)
	Lattice Constant, a(Ǻ)
	Diffraction Plane (hkl)
	Crystalline Structure





	AgNPs
	38.5
	111
	0.00567
	27
	4.06
	38.5
	FCC



	NiNPs
	44.8
	111
	0.00521
	30
	3.168
	44.8
	FCC



	Co3O4NPs
	36.9
	311
	0.00312
	48
	8.084
	36.9
	Cubic Spinal



	Cr3O4NPs
	32.7
	202
	0.00413
	37
	a = b = 8.72,

c = 7.5
	32.7
	Tetragonal
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Table 2. Measured magnetic parameters of prepared magnetic nickel and cobalt oxide NPs.
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	Sample
	Saturation Magnetization (Ms, emu/g)
	Retentivity (Mr, emu/g)
	Coercivity (Hc, Oe)





	NiNPs
	1.753
	0.602
	211.96



	Co3O4NPs
	0.133
	0.0307
	157.68
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Table 3. Behavioral manifestation of L. rohita in different experimental groups during the experimental period.
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	Behavior Categories
	Swimming
	Interaction
	Fin Movement
	Feed Intake





	Control
	Normal swimming
	Normal interactions with other fish and environment
	Normal fin movements
	Normal food intake



	AgNPs
	Fish movements were quite normal
	Normal interactions with other fish and environment
	Normal fin movements
	Normal food intake



	NiNPs
	Fish movements were slow, and it also showed jumping
	Fish showed avoiding behavior
	Slower fin movements
	Very low feed intake



	Co3O4NPs
	Fast, random movements
	Fish showed avoiding behavior
	Slower fin movements
	Lower feed intake



	Cr3O4NPs
	Unrested, random swimming
	Fish sometimes showed avoiding behavior and other times more aggressive to other fish
	Slower fin movements
	Very low feed intake











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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