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Abstract. In the present study, cobalt oxide (Co3O4) magnetic 
nanoparticles with block and sphere morphologies were 
synthesized using various surfactants, and the toxicity of the 
particles was analyzed by monitoring biomarkers of nanopar-
ticle toxicity in zebrafish. The use of tartarate as a surfactant 
produced highly crystalline blocks of Co3O4 nanoparticles 
with pores on the sides, whereas citrate lead to the formation 
of nanoparticles with a spherical morphology. Co3O4 struc-
ture, crystallinity, size and morphology were studied using 
X‑ray diffractogram and field emission scanning electron 
microscopy. Following an increase in nanoparticle concentra-
tion from 1 to 200 ppm, there was a corresponding increase 
in nitric oxide (NO) generation, induced by both types of 
nanoparticles [Co3O4‑NP‑B (block), r=0.953; Co3O4‑NP‑S 
(sphere), r=1.140]. Comparative analyses indicated that both 
types of nanoparticle produced significant stimulation at 
≥5 ppm (P<0.05) compared with a control. Upon analyzing 
the effect of nanoparticle morphology on NO generation, it 
was observed that Co3O4‑NP‑S was more effective compared 
with Co3O4‑NP‑B (5 and 100 ppm, P<0.05; 200 ppm, P<0.01). 
Exposure to both types of nanoparticles produced reduction in 
liver glutathione (GSH) activity with corresponding increase 

in dose (Co3O4‑NP‑B, r=‑0.359; Co3O4‑NP‑S, r=‑0.429). 
However, subsequent analyses indicated that Co3O4‑NP‑B 
was more potent in inhibiting liver GSH activity compared 
with Co3O4‑NP‑S. Co3O4‑NP‑B proved to be toxic at 5 ppm 
(P<0.05) and GSH activity was almost completely inhibited at 
200 ppm. A similar toxicity was observed with both types of 
Co3O4‑NPs against brain levels of acetylcholinesterase (AChE; 
Co3O4‑NP‑B, r=‑0.180; Co3O4‑NP‑S, r=‑0.230), indicating the 
ability of synthesized Co3O4‑NPs to cross the blood‑brain 
barrier and produce neuronal toxicity. Co3O4‑NP‑B showed 
increased inhibition of brain AChE activity compared with 
Co3O4‑NP‑S (1,5, and 10 ppm, P<0.05; 50, 100 and 200 ppm, 
P<0.01). These results suggested that the morphology of 
nanoparticle and surface area contribute to toxicity, which 
may have implications for their biological application.

Introduction

Cobalt oxide (Co3O4) is an anti‑ferromagnetic p‑type 
semiconductor (with direct optical band gaps at 1.48  and 
2.19 eV), which is considered to be among the most prom-
ising functional materials as it has gas‑sensing, catalytic 
and electrochemical properties. Co3O4 has therefore been 
widely investigated for its potential application in solid state 
sensors, electrochromic devices and heterogeneous catalysts, 
as well as in lithium batteries (1‑3). Nanostructured Co3O4 
materials were demonstrated to have magnetic, optical, field 
emission and electrochemical properties that are used in 
various devices (2,4‑7). Notably, the shape and size‑dependent 
properties of inorganic nanomaterials have been the subject 
of numerous investigations, with the aim of synthesizing 
Co3O4 nanomaterials with controlled size and shape (8‑10). 
Several techniques have been reported for the synthesis of 
Co3O4 nanostructures with different morphologies, including 
the nano‑casting method for producing Co3O4 nanowires (11), 
the surfactant‑based template approach for constructing Co3O4 
nanoboxes (12), the mechano‑chemical reaction method for 
the synthesis of Co3O4 nanoparticles  (13), and the thermal 

Synthesis of Co3O4 nanoparticles with block and sphere  
morphology, and investigation into the influence 

of morphology on biological toxicity
VENKATARAMANAN RAMAN1,  SHRUTHI SURESH1,  PHILIP ANTHONY SAVARIMUTHU2,   

THIAGARAJAN RAMAN1,3,  ARISTIDES MICHAEL TSATSAKIS4,5,   
KIRIL SERGEEVICH GOLOKHVAST5  and  VINOD KUMAR VADIVEL2

Departments of 1Bioengineering, 2Chemistry and 3Centre for Research on Infectious Diseases,  
School of Chemical & Biotechnology, SASTRA University, Thanjavur 613401, India; 4Department of Forensic Sciences and 

Toxicology, Medical School, University of Crete, Heraklion 71003, Greece; 5Scientific Educational Center of Nanotechnology,  
Far Eastern Federal University, Vladivostok 690990, Russian Federation

Received September 26, 2015;  Accepted November 11, 2015

DOI: 10.3892/etm.2015.2946

Correspondence to: Dr Thiagarajan Raman, Department of 
Bioengineering, School of Chemical & Biotechnology, SASTRA 
University, Thanjavur 613401, India
E‑mail: raman@biotech.sastra.edu 

Dr Philip Anthony Savarimuthu, Department of Chemistry, 
School of Chemical & Biotechnology, SASTRA University, 
Thanjavur 613401, India
E‑mail: philip@biotech.sastra.edu

Key words: cobalt nanoparticles, oxidative stress, morphology, 
toxicology, zebrafish, nanotoxicology



RAMAN et al:  COBALT OXIDE MORPHOLOGY AND TOXICITY554

decomposition and oxidation method for the growth of Co3O4 
nanorods (14). Cobalt nanowires are converted to Co3O4 nano-
tubes by calcination at 600˚C in air for an extended period of 
time (15), followed by heating of a cobalt foil for 12 h in air 
at 350˚C which leads to the growth of Co3O4 nanowalls (16). 
This nanostructured Co3O4 has been investigated for a range of 
shape and size‑dependent properties.

The size reduction of inorganic materials into the nanoscale 
facilitates numerous properties and technological applications; 
however, the increase of surface area and reduction in density 
of the nanoparticles poses a risk to the human body and 
ecological environment compared with bulk materials. Cobalt 
exposure occurs from industrial use, exposure from the envi-
ronment, and due to medical implants, and such exposure has 
been reported to result in lung fibrosis and asthma (17‑21). In 
addition, cobalt is a known carcinogenic in animals (17,19,22). 
However, the toxicity of cobalt nanoparticles is not well 
understood. Furthermore, cobalt toxicity is complicated by 
the fact that unlike other metals, the biological toxicity of 
cobalt nanoparticles is not caused primarily by the cobalt ions 
released (19). Cobalt ions and metals are toxic, and studies that 
examined the genotoxic potential of cobalt‑based materials 
in vitro using cell culture systems have shown that cobalt 
nanoparticles are highly genotoxic and cytotoxic (19,23‑28), 
and are able to readily enter cells compared with cobalt 
ions. In addition, these studies suggested that the genotoxic 
potential of cobalt nanoparticles is contributed primarily by 
its ability to generate/induce reactive oxygen species (ROS). 
Cobalt‑chrome nanoparticles have also been demonstrated to 
trigger pro‑inflammatory changes, including the secretion of 
tumor necrosis factor‑α (29). Co3O4 nanoparticles (Co3O4‑NPs) 
have been shown to readily enter cells and trigger ROS genera-
tion  (30). Similarly, tungsten carbide‑cobalt nanoparticles 
are also genotoxic (31), inducing pro‑inflammatory changes 
including nuclear factor‑κB and activator protein‑1 activa-
tion (32) and stimulating stress signaling pathways such as 
mitogen‑activated protein kinase. In addition, cobalt‑ferrite 
nanoparticles have been demonstrated to possess genotoxic 
potential, as demonstrated by its interaction with nucleic 
acids  (33). It should be noted that the majority of toxicity 
studies on cobalt‑based nanoparticles have been conducted 
using cell culture, and only recently have investigations 
focused on biological toxicity in vivo. A previous report on 
the toxicity of Co3O4‑NPs demonstrated that the compound 
was cytotoxic, as determined by lactate dehydrogenase and 
acid phosphatase release in microalgae and isolated cells 
from bivalve gills (34). Phytoxicity of Co3O4‑NPs has also 
been demonstrated in Allium cepa (35). These studies suggest 
that Co3O4‑NP is equally toxic against plants and animals. A 
report by Falfushynska et al (36) examined the in vivo toxicity 
of cobalt from nanoscale composites in the fish species 
Carassius auratus. Hepatic toxicity of cobalt was demonstrated 
with metallothionein induction and apoptosis (36). Therefore, 
more in depth in vivo studies are required to elucidate the 
mechanism underlying the toxicity and biological responses 
to Co3O4‑NPs. It should be noted that toxicity of nanoparticles 
is influenced by the shape (morphology), size, and surface 
characteristics of the particle, in addition to their interactions 
with one another and other molecules in vivo (37). This may 
be important in terms of the application of nanoparticles in 

biological systems. With regards to cobalt‑based nanomate-
rials, the characteristics that are able to influence their toxicity 
have yet to be elucidated. Therefore, the present study aimed 
to investigate the influence of Co3O4‑NPs morphology on its 
toxicity using a zebrafish model.

Co3O4 nanoparticles with block and sphere morphology 
were synthesized by changing the surfactants, and the effect of 
morphology on toxicity in zebrafish was examined by moni-
toring the biomarkers of the nanoparticles. The synthesized 
nanoparticle structure, size and morphologies were verified by 
powder X‑ray diffraction pattern (PXRD) and field emission 
scanning electron microscopy (FE‑SEM). The use of tartarate 
as a structure‑controlling agent produced Co3O4 nanoparticles 
with block morphology (200 nm to 1 µm), whereas the use 
of citrate produce spherical morphology (40‑60 nm). Toxicity 
studies revealed that Co3O4 morphology influences the toxicity 
of the nanoparticles, with spherical Co3O4 nanoparticles 
eliciting higher levels of nitric oxide (NO) in the liver, and 
Co3O4 nanoparticles with block or plate morphology eliciting 
increased inhibitory effects on the liver, and reducing gluta-
thione and brain acetylcholinesterase activity. These results 
suggested that nanoparticle morphology, which often exhibits 
different material properties, also exhibits various toxicity 
levels, and this could have important implications for their 
biological applications.

Materials and methods

Chemicals. Cobalt chloride (CoCl2.6H2O), sodium tartarate, 
and trisodium citrate were obtained from Sun Pharmaceutical 
Industry, Ltd. (Mumbai, India). 2‑Nitrobenzoic acid (DTNB), 
acetylcholine iodide, epinephrine, napthylethylenediamine 
dihydrochloride, and sulphanilamide were purchased from 
Sigma‑Aldrich (St. Louis, MO, USA). All other chemicals and 
reagents were of the highest analytical grade and commer-
cially available.

Preparation of Co3O4‑NP block (Co3O4‑NP‑B) and sphere 
(Co3O4‑NP‑S) nanoparticles. In a typical experiment, 1.2 g 
CoCl2·6H2O was dissolved in 10 ml distilled water to form 
a 0.005 M solution. Organic structure‑directing agent, triso-
dium citrate (2.94 g, 0.01 M) was separately dissolved in 
10 ml distilled water. The solutions were mixed together and 
vigorously agitated at room temperature for 6 h. The formed 
precipitate was separated by centrifuging the solution at 
1,872 x g for 2 min. The product was washed with distilled 
water and dried under vacuum (Rex RX‑1S; SKU Vacuum 
Pump). Finally, 1.5 g dried powder was calcined at 580‑600˚C 
in a high‑temperature muffle furnace (#05; ThermalTech 
Engineering, Inc., Chennai, India) in air for 2 h, and stored 
in the furnace until cooled to room temperature. The second 
sample was prepared by following a similar protocol, but using 
sodium tartarate (0.01 M) as the organic structure‑directing 
agent instead of sodium citrate. 

Nanoparticle characterization. Co3O4 morphology and sizes 
were analyzed using FE‑SEM (model JSM‑6701F; JEOL Ltd., 
Tokyo, Japan) with a 30 kV accelerating voltage and filament 
current of 20 mA for 45 sec. The samples adhered onto a 
double‑face conducting carbon tape mounted on a brass stub. 
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The samples were then coated with platinum which was sput-
tered at a current of 20 mA for 45 sec. Powder X‑ray diffraction 
measurements were conducted using a Bruker diffractometer 
(XRD‑Bruker D8 Advance XRD; Brucker Co., Billerica, MA, 
USA) with Cu Kα radiation.

Animal acclimatization. A total of 60  adult zebrafish 
(Danio rerio) irrespective of gender (length, 4‑5 cm; weight, 
~300 mg), were purchased from Angel Aquarium (Thanjavur, 
India). The fish were fed ad libitum, tanks cleaned and ster-
ilized, and water replaced periodically. Water quality was 
monitored regularly, and its temperature was maintained at 
25±2˚C. The fish were allowed to acclimatize for one week 
prior to nanoparticle exposure. The fish were randomly 
assigned to seven groups: Control group, and groups exposed 
to Co3O4‑NPs at 1, 5, 10, 50, 100 and 200 ppm concentrations, 
with six fish in each group (200 ml/tank). All fish studies 
were conducted in accordance with the institutional animal 
ethics committee recommendations of SASTRA University 
(Thanjavur, India).

Co3O4 exposure. Co3O4‑NPs (1, 5, 10, 50, 100 and 200 ppm for 
Co3O4‑NP‑B and Co3O4‑NP‑S morphologies, respectively) 
were prepared in tap water and sonicated prior to addition 
to the exposure tanks, using an Oscar Ultrasonics Pvt. Ltd. 
device. Six fish were used for each concentration and the expo-
sure period was 15 days. The exposure was replicated twice 
with six fish/group. All assays were performed in duplicate. 
Water and Co3O4 nanoparticles were renewed every day. 
The water parameters were the following: Dissolved oxygen, 
8.5±1.3 mg/l; pH, 7.58; total hardness (CaCO3), 145±8.5 mg/l; 
chlorides, 73±3 mg/l; calcium, 4.3±0.7 mg/l; magnesium, 
2.5±0.4 mg/l; alkalinity, 352±9.6 mg/l; total dissolved solids, 
250±5 mg/l; and temperature, 25±2˚C. 

Tissue sample preparation. Following exposure (15 days), 
the fish were anesthetized with 150 mM tricaine mesylate 
(Sigma‑Aldrich) and euthanized by decapitation. The skin 
was removed and the liver or brain tissue samples from two 
fish of the same group were homogenized in ice‑cold buffer 
(Tris‑HCl, 0.1  M, pH  7.4). The tissue samples were then 
centrifuged (10,000 x g, 10 min, 4˚C) and the supernatant was 
collected and used for analyses. The brain tissue samples were 
also homogenized for acetylcholinesterase (AChE) assay. All 
assays were performed in duplicate. 

Estimation of NO. NO was measured spectrophotometri-
cally as previously described (38), using an Evolution 201 
spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA). A total of 200 µl liver homogenate was mixed 
with Tris‑HCl (pH 7.4) to form 300 µl. To this, 100 µl 0.1% 
napthylethylenediamine dihydrochloride and 100 µl 1% sulfa-
nilamide were added. The solution was incubated for 10 min at 
room temperature prior to centrifugation (12,000 x g, 15 min, 
4˚C). Optical density of the samples was measured at 540 nm 
against a blank containing buffer instead of the homogenate. 
The activity levels were expressed as µM nitrite.

Estimation of reduced glutathione (GSH). GSH levels were 
analyzed as previously described (39). A total of 750 µl liver 

homogenate was mixed with 0.5 ml 10% trichloroacetic acid 
and centrifuged (11,000 x g, 15 min, 4˚C). The protein‑free 
supernatant was added to 250 µl 0.2 M disodium phosphate 
(pH 8.0) and 1 ml 0.6 mM DTNB (Qualigens Fine Chemicals; 
Thermo Fisher Scientific, Inc., Prabhadevi, India). The 
absorbance of the resulting yellow colored solution was read 
spectrophotometrically at 412 nm. GSH was expressed as 
µM/g weight.

AChE assay. AChE activity levels were measured using the 
Edmann's degradation method  (40). Briefly, 100  µl brain 
homogenate was added to 800 µl 100 mM sodium phosphate 
buffer (pH 7.5). To this mixture 50 µl 10 mM DTNB solution 
was added and the enzymatic reaction was initiated by adding 
50 µl 12.5 mM acetylthiocholine iodide. The samples were 
incubated at room temperature for 5 min until the develop-
ment of a yellow color. Optical density of the samples was 
then measured at 400 nm against a blank containing buffer 
instead of sample. The activity levels were expressed as µM 
acetylthiocholine hydrolyzed/min.

Protein estimation. Protein was estimated using the method 
described by Lowry et al (41).

Statistical analyses. All assays were performed in duplicates. 
Results were expressed as the mean ± standard deviation of a 
minimum of six experiments. All exposure experiments were 
replicated twice with six fish in each group. The effects of an 
increase in nanoparticle dose on biochemical parameters was 
analyzed using Pearson's coefficient of correlation. One‑way 
analysis of variance was followed by Tukey's post‑hoc test 
to evaluate the significant difference between the control 
and Co3O4‑NPs‑treated fish belonging to the same group. 
Significant differences between the mean of the two types of 
Co3O4‑NPs (Co3O4‑NP‑B and Co3O4‑NP‑ S) were analyzed 
using a two‑tailed Student's t‑test. P<0.05 was considered to 
indicate a statistically significant result.

Results and Discussion

Co3O4 nanoparticle synthesis and characterization. Two 
organic structure‑directing agents (sodium tartarate and triso-
dium citrate) were used to synthesize Co3O4 nanoparticles with 
different morphologies. The calcinations of the cobalt‑tartarate 
complex produced block morphologies of Co3O4, whereas 
those of cobalt‑citrate complexes produced nanospheres. The 
change in morphologies may be due to the varying coordina-
tion of organic structure‑directing ligands. Cobalt with citrate 
ligands form water‑soluble coordination complexes and display 
varied coordination modes depending on the conditions (42). 
Conversely, the addition of tartarate immediately produces 
water insoluble precipitates (43). The coordination differences 
of organic ligands have previously been used to modulate the 
morphologies of nanoparticles (44). The crystal structures of 
the products were verified by PXRD. Fig. 1 shows the PXRD 
pattern of Co3O4‑NP‑B and Co3O4‑NP‑S. The diffraction 
peaks typical of face‑centered cubic Co3O4 are evident, and 
are concordant with those of standard Co3O4 cubic structures 
(JCPDS card no. 42‑1467) (45). The absence of impurity peaks 
indicated the formation of pure Co3O4. The marked intense 
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single PXRD peak at 220 planes for Co3O4‑NP‑B indicated 
adequate crystallinity of the sample with flat morphology. 
The PXRD of Co3O4‑NP‑S also determined the crystallinity, 
although this was decreased compared with Co3O4‑NP‑B, 
and the increased number of peaks was due to the various 
crystallographic faces present in sphere morphologies. Fig. 2 
shows the FE‑SEM images of the Co3O4 products Co3O4‑NP‑s 
and Co3O4‑NP‑B synthesized by the calcination of citrate 
(Fig.  2A‑C) and tartarate (Fig.  2D‑F) cobalt complexes, 
respectively. Co3O4‑NP‑S showed the presence of aggregated 
spherical nanostructures. The high magnification image shows 
the aggregation of many smaller spheres (40‑60 nm) (Fig. 2C).
Co3O4‑NP‑B exhibits clear blocks with 100‑200 nm thickness 
and a length of ≥1 µm. The high magnification image shows 
small pores on the sides of the blocks (Fig. 2F). 

Morphology‑dependent toxicity of Co3O4‑NPs. The present 
study aimed to examine the effects of Co3O4‑NP morphology 
on its toxicity using a zebrafish model. Two forms of 
Co3O4‑NPs were successfully synthesized and characterized; 
one with block morphology (Co3O4‑NP‑B) and the other with 
spherical morphology (Co3O4‑NP‑S). 

Although cobalt may be present in low quantities in 
freshwater, cobalt concentrations can be high in water 
bodies near ore and coal mining sites, as well as near textile 
industries (46). Furthermore, environment agencies such as 
Environment Canada and the United Nations Environment 
Programme (UNEP), in addition to the Inter‑Organization 
Programme for the Sound Management of Chemicals, have 
primarily examined cobalt and inorganic cobalt compounds 
(www.inchem.org/documents/cicads/cicads/cicad69.
htm#10.2). The report by Environment Canada presented the 
long‑term toxicity of cobalt in 15 species with values ranging 
from 2.9‑59,000  µg/l (http://www.ec.gc.ca/ese‑ees/default.
asp?lang=En&n=92F47C5D‑1#a7).

The data compiled by Environment Canada also demon-
strated that invertebrates are more sensitive to cobalt than 
fishes. The most sensitive fish was shown to be the zebrafish. 
The data obtained from the Concise International Chemical 
Assessment Documents compiled by the International 
Programme on Chemical Safety of UNEP shows that in the 

case of water bodies close to mining and agricultural areas, 
cobalt concentrations may range from 1‑625,000  µg/l. In 
addition, cobalt concentrations in polluted lake and river 
sediment are similar to those in the soil, and cobalt concentra-
tion levels are higher in suspended sediment compared with 

  A   B

  C   D

Figure 2. Field emission scanning electron microscopy image of Co3O4 
nanoparticles synthesized using trisodium citrate (spherical morphology) 
at (A) x20,000 (B) x30,000 and (C) x50,000 and sodium tartarate (block 
morphology) at (D) x15,000, (E) x30,000 and (F) x50,000 magnification.

Figure 3. Effect of Co3O4‑NP morphology on nitric oxide generation in the 
liver of zebrafish. Results are expressed as the mean ± standard deviation of 
a minimum of six determinations. All exposure experiments were replicated 
twice with six fish in each group. aThe level of significance between the con-
trol and Co3O4‑NP‑B treated groups at each concentration. #P<0.05, control 
vs. Co3O4‑NP‑S treated groups at each concentration. *P<0.05 and **P<0.01 
between the two types of nanoparticles for that concentration. Co3O4‑NP‑B: 
y=0.0267x  +  9.66; r=0.9531. Co3O4‑NP‑S: y=0.0399x  +  9.997; r=1.140. 
Co3O4‑NP‑B, block cobalt oxide nanoparticles; Co3O4‑NP‑B, spherical cobalt 
oxide nanoparticles.

Figure 1. Powder X‑ray diffraction patterns of Co3O4 nanoparticles synthe-
sized using tartarate (black) and citrate (red).   E   F
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bottom sediment (47). This may be due to the finer size of 
the suspended particles. This property could also influence 
exposure patterns and subsequent bioaccumulation in aquatic 
organisms. It should be noted that until recently few studies 
have been conducted on the particle size or morphology of 
cobalt in toxicity evaluations. However, recent studies on 
cobalt nanoparticles used 0.0001‑1 mg/l in the sperm cells 
of sea urchins (48,49) and 1‑40 µg/ml in human respiratory 
cells (50). The high concentrations of cobalt nanoparticles 
in polluted aquatic systems and the lack of reliable data on 
dosage led to the examination of 1‑200 ppm Co3O4 nanopar-
ticles in the present study. Furthermore, to derive baseline data 
on the influence of morphology on toxicity, two types of Co3O4 
nanoparticles were compared at the same concentrations.

In the present study, the toxicity profile of the two types 
of Co3O4‑NPs were evaluated by analyzing three biomarkers 
of nanoparticle toxicity; NO, GSH and AChE. As shown in 
Fig. 3, Co3O4‑NP‑B and Co3O4‑NP‑S stimulated NO genera-
tion in the liver of zebrafish, as compared with the control. 
NO levels increased from 1‑200 ppm in a dose‑dependent 
manner following exposure to both types of nanoparticle 
(Co3O4‑NP‑B, r=0.953 and Co3O4‑NP‑S, r=1.140). Both types 
of nanoparticle induced a significant NO level increase at 
≥5 ppm (P<0.05), as compared with the control. In addition, 
the results demonstrated that Co3O4‑NP‑S was more effec-
tive (5‑100 ppm, P<0.05; 200 ppm, P<0.01) at stimulating 
NO generation, as compared with nanoparticles with block 
morphologies (Co3O4‑NP‑B). The significant difference in 
NO generation induced by the two types of nanoparticles was 
most marked at 100 and 200 ppm. These results suggested 
that Co3O4‑NPs, like other metal‑based nanoparticles (51), are 
capable of inducing ROS production in tissues, which may 
lead to cellular damage. A previous study employing rodent 
and human cell lines have demonstrated the genotoxicity 
of Co3O4‑NPs (30) and ROS has been suggested to be the 
predominant cause of this genotoxic potential. The study also 
reported that cobalt caused the rapid induction of ROS when 
supplied as Co3O4‑NPs compared with cobalt ions (CoCl2), 
and the nano form had an increased ability to enter into cells 
compared with the ionic form. In an in vivo analysis using rats, 
subcutaneous implantation of Co3O4‑NPs was shown to result 
in nodule formation as malignant mesenchymal tumors (52). 
Other studies employing in vitro experiments have demon-
strated superoxide and hydroxyl radical generation by Co‑Cr 
nanoparticles (27). Therefore, Co3O4‑NPs are capable of gener-
ating and/or inducing ROS that, combined with the ability of 
Co3O4‑NPs to cross into cells (30), may result in widespread 
cellular damage. 

Co3O4‑NPs are able to enter cells and the nucleus, leading 
to cellular damage, as was demonstrated by analyzing GSH 
activity levels in the liver tissue samples of fish exposed to 
Co3O4‑NPs. As shown in Fig. 4, exposure to both types of 
nanoparticle resulted in a reduction in liver GSH activity 
levels in a dose‑dependent manner (Co3O4‑NP‑B, r=‑0.359 
and Co3O4‑NP‑S, r=‑0.429). However, when the effect of 
morphology was analyzed, it appeared that Co3O4‑NP‑B was 
a more potent inhibitor of liver GSH activity compared with 
Co3O4‑NP‑S (1, 5 and 10 ppm, P<0.05; 100 and 200 ppm, 
P<0.01). Co3O4‑NP‑B was toxic at 5 ppm (P<0.05) and GSH 
activity was almost entirely inhibited at 200 ppm. This was 

unlike the response observed with NO generation, wherein 
Co3O4‑NP‑S was more effective. These results suggest that 
the morphology and concentration of the nanoparticles may 
affect nanoparticle toxicity. Therefore, Co3O4‑NP‑induced 
oxidative stress in cells may be among the mechanisms 
underlying cobalt toxicity, and this may result in loss of cell 
function. 

Similarly to the results obtained with GSH, the two 
types of Co3O4‑NP proved to be toxic against brain AChE 
(Co3O4‑NP‑B, r=‑0.180 and Co3O4‑NP‑S, r=‑0.230), indicating 
that synthesized Co3O4‑NPs possessed the ability to cross the 
blood‑brain barrier and induce neuronal toxicity (Fig. 5). This 
inhibition of AChE could be attributed to the oxidative stress 

Figure 5. Effect of Co3O4‑NP morphology on acetylcholinesterase activity in 
the brain of zebrafish. Results are expressed as the mean ± standard deviation 
of a minimum of six determinations. All exposure experiments were repli-
cated twice with six fish in each group. aThe level of significance between the 
control and Co3O4‑NP‑B treated groups at each concentration. #P<0.05, control 
vs. Co3O4‑NP‑S treated groups at each concentration. *P<0.05 and **P<0.01 
between the two types of nanoparticles for that concentration. Co3O4‑NP‑B: 
y=0.0577x + 24.72; r=‑0.1805. Co3O4‑NP‑S: y=‑0.0976x + 33.31; r=‑0.2308. 
Co3O4‑NP‑B, block cobalt oxide nanoparticles; Co3O4‑NP‑B, spherical cobalt 
oxide nanoparticles.

Figure 4. Effect of Co3O4‑NP morphology on glutathione activity in the 
liver of zebrafish. Results are expressed as the mean ± standard deviation of 
a minimum of six determinations. All exposure experiments were replicated 
twice with six fish in each group. aThe level of significance between the con-
trol and Co3O4‑NP‑B treated groups at each concentration. #P<0.05, control 
vs. Co3O4‑NP‑S treated groups at each concentration. *P<0.05 and **P<0.01 
between the two types of nanoparticles for that concentration. Co3O4‑NP‑B: 
y=‑0.114 x + 17.57; r=‑0.3592. Co3O4‑NP‑S: y=‑0.1079 x + 21.74; r=‑0.4290. 
Co3O4‑NP‑B, block cobalt oxide nanoparticles; Co3O4‑NP‑B, spherical cobalt 
oxide nanoparticles.
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induced by Co3O4‑NPs. Between the two types of nanopar-
ticle, Co3O4‑NP‑B ameliorated the inhibition of brain AChE 
activity, as compared with Co3O4‑NP‑S (1, 5 and 10 ppm, 
P<0.05; 50, 100 and 200 ppm, P<0.01).

In the present study two types of Co3O4‑NPs were success-
fully synthesized, one with a block morphology (≥100 and 
500 nm) and the other spherical (50‑100 nm). The results 
of the present study demonstrated that morphology of the 
nanoparticle influenced its toxicity in vivo, as has been shown 
for other metal nanoparticles in  vitro  (37). Co3O4‑NP‑S 
was more effective at inducing NO generation in the liver, 
whereas Co3O4‑NP‑B was effective at inhibiting liver GSH 
and brain AChE activity. These differences in toxicity show 
that distinct mechanisms may be involved. In the case of 
spherical Co3O4‑NPs, it is possible that owing to their small 
size they are able to easily cross the plasma membrane and 
accumulate inside cells, resulting in ROS generation  (30). 
This increase in ROS generation may result in oxidative stress 
and cellular damage such as inhibition of GSH and AChE. 
Conversely, block or plate Co3O4‑NPs were observed to be 
more effective at causing inhibition of liver GSH and brain 
AChE activity. This difference may be attributed to the fact 
that enzyme inhibition by nanoparticles is primarily due to 
adsorption (37). Although Co3O4‑NP‑S has a larger surface 
area when compared to Co3O4‑NP‑B, due to its smaller size 
and high curvature Co3O4‑NP‑S helps to preserve native 
protein structure and activity. For GSH, it is possible that its 
adsorption onto Co3O4‑NP‑B may result in its sequestration. 
These results are concordant with those from a previous study 
which demonstrated that adsorption of lysozyme onto larger 
sized spherical silica nanoparticles results in increased loss 
of α‑helicity, and thus unfolding, as compared with smaller 
spheres (53). Similar results have been obtained for soybean 
peroxidase (54), subtilisin (55), ribonuclease A (56), human 
carbonic anhydrase (57), α‑chymotrypsin (58) and AChE (59).

Increased inhibition of GSH and AChE Co3O4‑NP‑B 
may be a result of oxidative stress, and may also be due to 
loss of native structure following adsorption onto the 'flat' 
surface of the nanoparticle. Conversely, the ability of spherical 
Co3O4‑NPs to induce higher levels of NO may be due to its 
ability to rapidly enter cells. However, it should be noted 
that these effects of nanoparticle morphology on enzyme 
adsorption and inactivation may not be valid for all types 
of enzymes and nanoparticles (60), since concentration and 
surface characteristics of nanoparticles may also influence 
their toxicity. The toxicity of nanomaterials is dependent on 
its final state, suggesting that nanoparticles may be modified 
by surface modification, ion release, and interaction with 
biomolecules (61). This ability of nanoparticles to undergo 
changes makes it difficult to determine the mode of toxicity. 
Nevertheless, nanoparticles are known to trigger oxidative 
stress in cells (62). This is also facilitated by their adverse 
effect on cellular antioxidants, which further increases oxida-
tive stress. Nanoparticles such as nanosilver have been shown 
to interact with proteins, leading to the formation of protein 
corona, protein unfolding, and altered protein function (62). 
Therefore, it is possible to speculate that a similar modification 
may occur with Co3O4 nanoparticles and GSH, resulting in loss 
of GSH activity. The importance of GSH in cellular homeo-
stasis is indicated by its role in numerous disease processes. 

GSH supplies reducing equivalents  (63), and is therefore 
important for the regulation of cellular oxidative stress (64). 
Cellular proteins undergo irreversible modifications due to 
enhanced oxidative stress (65), and thus affect protein func-
tions. Co3O4 nanoparticles may combine with cellular proteins 
and interfere with GSH activity, leading to loss of GSH activity 
and increase in cellular oxidative stress. This may represent 
one of the mechanisms underlying nanoparticle toxicity.

In conclusion, the present study demonstrated that 
Co3O4‑NPs exhibit toxicity, and the morphology of Co3O4‑NPs 
determined in part their toxicity. Spherical morphology 
induced higher levels of ROS and oxidative stress, while block 
or plate morphology were more effective at inhibiting enzymes, 
which may have important implications for their biological 
applications. This morphology‑dependent toxicity may be due 
to a change in the surface area of the nanoparticles. Notably, 
Co3O4‑NP‑S exhibited smaller‑sized spherical nanopar-
ticles compared with micron‑sized blocks of Co3O4‑NPs‑B, 
and therefore has a higher surface area. Furthermore, the 
micron‑sized crystalline blocks of Co3O4‑NPs‑B settle in 
water, whereas Co3O4‑NPs‑S remains suspended in the water 
column, which increases its chances of entering into the fish. 
These results suggested that smaller‑sized and low density 
nanoparticles will have higher toxicity. 

This study demonstrated that morphology influences the 
biological toxicity of nanoparticles, with spherical Co3O4 
nanoparticles eliciting higher levels of NO generation in the 
liver, and Co3O4 nanoparticles with block or plate morpholo-
gies exhibiting higher inhibitory effects on GSH in the liver and 
AchE activity in the brain. These results may have important 
implications for the biological roles of these nanoparticles, and 
for the development of strategies to inhibit the environmental 
toxicity of nanoparticles.
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