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Abstract
Zinc oxide nanoparticles (ZnO-NPs) of different sizes and morphology were synthesized. The variables analyzed were zinc 
precursor concentration, the nature of the synthesis solvent and the concentration of surfactant agent. The solids synthesized 
were characterized using IR spectroscopy, X-ray diffraction (XRD) and transmission electron microscopy (TEM). Consid-
ering the nature of the synthesis process, a tentative model of the mechanism of formation of the ZnO-NPs was proposed. 
ZnO-NPs with spheroidal morphology were obtained with a 10 mM CTAB concentration and these were selected to study 
their toxicity. For this study, Mus musculus mice were therefore given an oral dose of 50 mg ZnO/kg body weight (b.v.). 
Biopsies obtained from the livers and kidneys of the mice studied were analyzed using TEM and atomic absorption. The 
biopsy of the liver of the mouse given a dose of ZnO-NPs showed evidence of steatosis. The atomic absorption results showed 
the accumulation of Zn in both the liver and the kidney of the mouse.
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Introduction

Zinc oxide (ZnO) is one of the most interesting inorganic 
compounds in the fields of science and technology [1–4]. 
Interest continues to grow due to the exploration of new 
technologies, in which the range of capabilities of ZnO 
already plays or may go on to play an exciting role [5] given 
its optical properties [6–9], its nature as a semiconductor 
[9–11] and the physicochemical properties of its surface 
[12]. The ongoing interest in this oxide rests, too, on the 

development of new technologies for obtaining single crys-
tals and epitaxial layers of high quality, which constitute 
the basis for manufacturing electronic and optoelectronic 
devices using ZnO [7–11]. The ability to obtain nano-
particles and nanostructures in general has also meant an 
increased interest in ZnO, taking into account its potential 
use in fields such as environmental remediation [13–15].

ZnO crystallizes, at ambient temperature and pressure, 
into a wurtzite-type (type B4) structure (P63mc spatial 
group) [7–9]. Through theoretical calculations, it has been 
determined that the value of the band gap is 3.77 eV that 
correlates reasonably with the experimental value obtained 
of 3.4 eV [16]. Due to the wide band gap of ZnO and its 
large exciton binding energy of 60 meV at room tempera-
ture, this oxide is very attractive for applications such as 
optoelectronic devices.

Although ZnO is usually listed as a non-toxic material 
[17] and is therefore used in a wide range of cosmetic prod-
ucts, including moisturizers, lip products, mineral makeup 
foundations, face powders, ointments, lotions and hand 
creams [18], recent research has studied the biokinetics of 
ZnO-NPs, looking at toxicokinetics, biological fates and 
protein interaction [19, 20]. These works yielded impor-
tant information about the way in which nanoparticles enter 
circulation systems, the target organs of accumulation and 
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toxicity, and their elimination time, important for predicting 
the long-term toxic potential of nanoparticles.

As is well known, the biokinetic behavior of the ZnO-NPs 
depends both on their physicochemical properties, deter-
mined principally by the method of obtaining them, their 
dissolution properties in biological fluids and the nanopar-
ticle–protein interaction. Specifically, the toxicity mecha-
nism of nanoparticles must depend on the physicochemical 
properties such as particle size, the kinetics of dissolution 
and retained surface species, but the understanding of the 
contribution of each of them to toxicity is incomplete [21, 
22]. This is why studies such as that of Aula et al. [23], in 
which the biological interaction of ZnO-NPs with differ-
ent characteristics was studied, allow us to understand the 
biological interaction of nanoparticles, the consequences of 
this interaction and the mechanism associated with the tox-
icity induction. ZnO powder may be dangerous if inhaled 
or ingested, causing a condition called zinc or zinc ague 
fever. The ecotoxicity of ZnO would be caused mainly by 
the soluble fraction of oxide, i.e., by the Zn ion [24]. The 
work of Eixenberger et al. [25] showed that the presence of 
potential buffering systems in the biological material studied 
dramatically impacts the dynamics of ZnO-NPs, including 
their kinetics of dissolution, complex precipitate formation 
and toxicity profiles.

ZnO has been synthesized by different methods [26–38]. 
To control the size and morphology of the ZnO particles 
synthesized, researchers have used surfactants [39], a strat-
egy employed in the current work. A fuller study was per-
formed by Salem and Hammad [40] to know the effect of 
the nature of the surfactant on the size and morphology of 
ZnO particles. They used three surfactants: Triton (TX-100), 
sodium dodecylsulfate (SDS) and cetyltrimethylammonium 
bromide (CTAB), and obtained wurtzite ZnO nanopar-
ticles nearly spherical so that the nanoparticles produced 
using CTAB presented the smallest size. As shown by the 
results of work with other systems [41], the behavior and 
functionality of the particle, together with its toxicity, can 
significantly affect the method of synthesis and processing 
history. To understand and predict the behavior of nano-
particles, it is therefore necessary to ensure the reliability 
and reproducibility of the method of production. Although 
many stages of the synthesis process are well understood and 
reproducible in the hands of expert researchers, the results of 
Karakoti et al. indicated that small and apparently insignifi-
cant differences can strongly alter the properties of the final 
product [41]. Kumar et al. [42], for example, showed that 
small modifications in the synthesis process could strongly 
impact the biological and toxicological activity of ceria, and 
its functionality in general, so that the reproducibility of the 
synthesis of materials is often a challenge.

On the other hand, given the potential applications of 
these nanoparticles, for example in therapeutics or drug 

delivery applications, it is important to develop an in-depth 
understanding of the biological interaction of NPs at the 
points of contact in the body and to determine the poten-
tially dangerous biological effects. This field of knowledge 
has generated great interest, which has led to give a special 
name: “nanotoxicology” [43, 44]. The main objective of 
nanotoxicology is to study the interactions of nanoparticles 
with organic molecules such as proteins, lipids or nucleic 
acids, actions that can modify the retention and properties of 
nanoparticles in the body. A study to evaluate the acute tox-
icity of oral exposure of nano- and microscale zinc powder 
in healthy adult mice was conducted by Wang et al. [45]. The 
mice were administered gastrointestinally, at a dose of 5 g/kg 
body weight, two particle sizes: nanoscale zinc (N-Zn) and 
microscale zinc (M-Zn) powder. Mice treated with N-Zn had 
more severe symptoms of lethargy, vomiting and diarrhea 
in the beginning of the treatment than the M-Zn mice. The 
work of Sharma et al. [46] demonstrated that on administer-
ing sub-acute oral doses of ZnO-NPs to mice, there was a 
resulting accumulation of nanoparticles in the liver, causing 
oxidative stress, mediated DNA damage and apoptosis. The 
study of Zhang et al. [47] showed that depending on the con-
centrations used, the effect of the ZnO nanoparticles varied. 
These researchers concluded that the difference in toxicity 
for different ZnO particles depends mainly on the effect of 
nondissolved ZnO particles. Meanwhile, Pasupuleti et al. 
[48] determined the significance of dose by comparing the 
acute oral toxicological potential of nano-sized and micro-
sized zinc oxide. The effect of ZnO micro- and nanoparticles 
on biochemical and hematological parameters was analyzed, 
finding that microscopic lesions in the liver, pancreas, heart 
and stomach of Sprague–Dawley rats were higher for small 
doses of nano-size zinc oxide than for higher doses.

In this paper, ZnO nanoparticles were successfully syn-
thesized. The three variables examined were zinc precur-
sor concentration (zinc acetate dihydrate), the nature of the 
solvent used in the synthesis (ethanol and ethylene glycol) 
and the concentration of surface-active agent (CTAB). Of 
the synthesized nanoparticles, the one that showed the best 
dispersion and a size of less than 50 nm was selected to 
study its toxicity. Considering that in the possible therapeu-
tic and/or diagnostic applications of ZnO-NPs, they would 
be administered orally or by parenteral routes, in this trial 
an oral dose was given to Mus musculus mice, containing 
the selected ZnO synthesized nanoparticles. Considering the 
recommendations of Oberdorster on the interpretation of the 
results of the toxicological studies using high doses [43, 44], 
because the NPs could agglomerate and not penetrate inside 
the cells, and that the greatest microscopic lesions in liver, 
pancreas, heart and stomach have been observed when using 
small doses of ZnO-NPs [48], in this work a dose of 50 mg 
ZnO/kg body weight (b.v.) was used. The choice of dose 
was made considering the influence it has on the biological 
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activity of NPs and the fact that it has already been used 
successfully by other researchers [48]. This work seeks to 
provide some elements of interest about aspects of the toxic-
ity of ZnO-NPs synthesized by a chemical route in a liquid 
medium, from a preliminary safety standpoint.

Materials and methods

Obtaining ZnO nanoparticles (ZnO‑NPs)

To synthesize zinc oxide nanoparticles (ZnO-NPs), an 
experimental design was carried out taking into account 
principally three variables: concentration of Zn precur-
sor (dihydrated zinc acetate 99%—Merck) in solutions of 
0.01–0.1 and 1 M; the nature of the solvent used in the syn-
thesis (99.97% absolute ethanol—Merck, and ethylene gly-
col—Fisher); and the concentration of the surfactant agent 
(cetyltrimethylammonium bromide CTAB 99.97%—Merck) 
in solutions of 0–10 and 50 mM. A further variable that may 
affect the physicochemical characteristics of the ZnO-NPs is 
the temperature at which they require to be treated to obtain 
the oxide of interest. In this work, the results of previous 
studies were used [27, 49], ~ 400 °C, a suitable temperature 
for removing the organic phase and not too high so as not to 
significantly affect the characteristics of the final product.

To solubilize the reaction reagents, calculated amounts 
of zinc acetate and CTAB were added to a 250 mL beaker, 
depending on the desired concentration of the precursor 
(0.01–0.1 or 1 M) and surfactant (0–10 or 50 mM) in the 
system, respectively; finally, the solvent to be used, etha-
nol or ethylene glycol, was added, bringing the solution to 
a constant volume of 200 mL, under continuous stirring. 
This mixture was subjected to moderate heating at 55 °C 
to accelerate the dissolution process, and when it reached a 
homogeneous condition the system continued to be stirred 
for at least an hour, allowing it to reach room temperature.

To hydrolyze the homogeneous mixture and form the par-
ticulate gel, a 25% ammonia solution was added to the above 
mixture, under continuous stirring, to bring it to a constant 
pH of 8.5. The system was allowed to stand for 1 h and, 
as no turbidity was observed in the solution, one milliliter 
of ammonia solution was added periodically until turbidity 
was observed. Subsequently, the colloidal suspension was 
stirred for 5 h, covered to prevent contamination with exter-
nal impurities and aged for 24 h.

The gel formed was centrifuged at 6000 rpm to separate 
the solid and liquid phases of the slurry. The precipitate, 
resulting from centrifugation, was placed in a crucible and 
this was placed in an oven for drying and subsequent calci-
nation (400 °C). For this, a heating program was carried out 
at a heating rate of 2 °C/min.

Characterization of synthesized ceramic powders

Having obtained the samples through the synthesis process 
described above, the solids were subsequently observed 
using transmission electron microscopy—TEM, using a 
JEOL JEM-1200EX, to determine both the degree of dis-
persion of the sample and the size and morphology of its 
particles. These microscopy techniques made it possible to 
determine which ones were the samples of interest for the 
nanotoxicity study, i.e., those that were well dispersed and 
that had a nanometric size.

The selected samples underwent IR spectroscopy to 
determine the functional groups present in the samples, 
using the Thermo Electron Nicolet IR200 equipment. The 
sample to be tested was obtained by mixing dry KBr with the 
synthesized solid in a concentration of approximately 10% 
and the sweep was conducted between 4000 and 400 cm−1. 
To ensure the presence in the sample of ZnO as the only 
crystalline phase, X-ray diffraction was used, employing a 
Rigaku RINT2000 (42 kV/120 mA) diffractometer, with 
CuK radiation, using  Ka of the Cu (k = 1.542 Å) and the 
sweep was conducted between 10° and 80°.

Pre‑mortem biological experimentation on Mus 
musculus

With the ZnO nanoparticles well dispersed, their toxicity 
was then determined, taking as reference the toxicity of com-
mercial ZnO microparticles (99%—Merck). To carry out 
this experimental part, the protocol suggested by the OECD 
for testing fixed dose acute oral toxicity [50] was used. The 
mice (Mus musculus) used were donated by the animal facil-
ity of the University of Cauca and their age was 10 and 
11 weeks. All tests were performed in a location provided 
for that purpose within the university, taking into account 
that described in the OECD-420 protocol [51].

Initially, a preliminary test was conducted to determine 
the dose to be used in the main study. To carry out the lat-
ter, three experimentation groups each with three mice were 
considered: a control group and two study groups that were 
given the same dose of ZnO using suspensions of micro 
(commercial) and nanoparticles (synthesized), looking out 
for the welfare of the animals. In the end, a dose of 50 mg 
ZnO/kg body weight (b.v.) was chosen, taking into account 
the suggestions of Oberdorster on the interpretation of 
results of toxicological studies using high doses [43, 44], 
the influence of the dose on the biological activity of NPs 
and because this dose has already been used successfully 
by other researchers [48]. Therefore, the diet supplied to 
the mice comprised a food commonly used to feed animals 
(Purina brand), in pellet form, and the doses of both micro 
and nanoparticles in a concentration determined by a pre-
liminary study [50 mg ZnO/kg body weight (b.v.)]; these 



168 International Nano Letters (2018) 8:165–179

1 3

doses were administered by means of suspensions in drink-
ing water, every other day during a 14 day period. After 
carrying out this part of the test, the animals were killed by 
dislocation of the spinal cord.

Having carried out the euthanasia of the mice, the liver 
and both kidneys were removed, which were labeled and 
immediately frozen. A sample of about 50 mg was taken 
of both liver and kidney to obtain the biopsies required for 
TEM analysis. The rest of the excised organs were used for 
quantifying the Zn present in the samples, using atomic 
absorption spectroscopy (GBC Avanta E model).

Obtaining biopsies for TEM analysis

50 mg of both liver and kidney obtained from the killed mice 
was placed in a glutaraldehyde solution (25% Merck) for 
preservation. The process for fixing the sample in the resin 
was carried out following the protocol normally used for 
the purpose [52]. After having the sample fixed to the resin, 
it was sliced into 60 nm-thick sections with the help of an 
ultra-microtome LEICA UCT, 706201. The sections were 
collected in wire mesh and contrasted using uranyl citrate 
(25%—Fisher) and lead acetate (25%—Fisher). These sec-
tions were placed on copper grids coated with Formvar film.

Quantification of Zn present in the biological 
samples using atomic absorption spectroscopy 
(AAS)

The analysis was performed according to the provisions in 
Ref. [53], the only difference being that the samples were 
determined at 50 mL rather than at 25 mL, as indicated, 
and no dilution of any kind was performed on the samples 
before measurement; calibration of the atomic absorption 
spectroscopy equipment (GBC Avanta E model) was carried 
out between 0.1 and 1.6 mg/L.

Results and discussion

Synthesis and characterization of ZnO nanoparticles

Considering the variables of interest, 18 synthesized samples 
were obtained in total, labeled as indicated in Table 1.

Following the calcination process at 400 °C, to which 
all of the samples were subjected during their synthesis, 
different shades were found, ranging from white to black, 
with yellow being the predominant color. This difference 
in the color of the ceramic powders synthesized can be 
explained considering changes in the stoichiometry of the 
oxide,  Zn1+xO, which would cause differences in the struc-
ture of defects present in the solids [54] or, in the case of 
black color, the presence of some carbonated phase (an 

oxycarbonate of zinc, for example) due to the reaction on 
the surface of the nanoparticles of  Zn2+, oxygen and carbon 
(from the organic compounds used during the synthesis pro-
cess), a reaction that would be favored as the concentration 
of the organic compounds in the system increased during 
synthesis: samples M13 to M18 and which were synthesized 
using 50 mM surfactant (Table 1). Alternatively, the black 
color in some of the zinc oxide samples may be explained as 
the spontaneous growth of  ZnCO3 on “unstable” nanostruc-
tures of ZnO, as reported by Pan et al. [55].

In the synthesized samples where no surfactant was 
used (M1–M6, Table 1), some nanoparticles were found 
(see Fig. 1). The amount of these was low, however, with a 
greater presence of particle agglomerates that could not be 
removed by applying ultrasound.

An IR spectrum characteristic of the set of samples that 
were obtained without the addition of surfactant is illustrated 
in Fig. 2 (IR spectrum corresponding to sample M6); in it a 
broad band is observed, starting at approximately 500 cm−1 
and ending near 400 cm−1, which may be associated with the 
vibrational mode of tension of the Zn–O functional group 
of ZnO [56].

To determine the effect of the surfactant, CTAB, on the 
final characteristics of the ceramic powders synthesized, 
different concentrations of this compound were used (see 
Table 1). It is worth highlighting the case of the samples syn-
thesized using a concentration of 50 mM of the surfactant, 

Table 1  Identification of synthesized samples and synthesis condi-
tions employed (all were treated at 400 °C/2 h at the end of the pro-
cess)

a The ZnO nanoparticles in these samples were observed in greater 
quantities and with a good dispersion

Sample Zinc acetate (M) Synthesis solvent CTAB (mM)

M1 1 Ethanol 0
M2 1 Ethylene glycol 0
M3 0.1 Ethanol 0
M4 0.1 Ethylene glycol 0
M5 0.01 Ethanol 0
M6 0.01 Ethylene glycol 0
M7 1 Ethanol 10
M8

a 1 Ethylene glycol 10
M9 0.1 Ethanol 10
Ma

10 0.1 Ethylene glycol 10
M11 0.01 Ethanol 10
Ma

12 0.01 Ethylene glycol 10
M13 1 Ethanol 50
M14 1 Ethylene glycol 50
M15 0.1 Ethanol 50
M16 0.1 Ethylene glycol 50
M17 0.01 Ethanol 50
M18 0.01 Ethylene glycol 50
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which produced a black color (samples M13–M18). Figure 3 
shows the images obtained with TEM of samples M13–M18, 
synthesized using a high surfactant content (50 mM CTAB—
Table 1). The agglomeration of the particles is very evident 
in these samples and this prevented the approximate size of 
the nanoparticles being determined. Attempts were made to 
undo the agglomeration, subjecting the samples to the action 
of ultrasound for 3 h, but without success. Sample M17 was 
the only sample in which ZnO nanoparticles were observed 
(Fig. 3). The morphology of these nanoparticles was not 
uniform, but sheet-like or plate-like. Meanwhile, in the 
samples synthesized using ethylene glycol as solvent (M14, 
M16 and M18, Table 1), no prevalence of ZnO-NPs was 
observed (Fig. 3). The secondary particles (agglomerates 
or aggregates of nanoparticles) had sizes ranging between 
200 nm and 1 µm, with an irregular morphology; samples 
M13 and M15 had an irregular morphology and were larger 
than 100 nm (submicron particles). The absence of well-
dispersed ZnO nanoparticles was expected in samples M13 

Fig. 1  TEM images of samples M2–M6 where no surfactant was used in the synthesis process

Fig. 2  IR spectrum of sample M6, obtained without the addition of 
surfactant. This IR spectrum is characteristic of all samples synthe-
sized without the presence of CTAB (M1–M6 in Table 1)
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and M15, as the concentration of the zinc precursor was 
high (Table 1). On the other hand, low concentrations of 
precursor, as was the case with M17 (Table 1), would favor 
the formation of nanoparticles (Fig. 3), since after the forma-
tion of nuclei in the solid phase, few ions would be present 
in the medium, or few growth units, that would enable their 
growth in an appreciable way, thereby favoring the formation 
of ZnO-NPs [27, 49].

Meanwhile, in the photographs of samples M14, M16 
and M18, Fig. 3, it can be seen that a high concentration 

of surfactant is not suitable for obtaining nanoparticles 
of ZnO and that there must be an optimum surfactant 
concentration that may be related to the critical micelle 
concentration (CMC), although for this work the aim was 
not to obtain mesoporous nanostructures. In the M14 sam-
ple, Fig. 3, it can be seen that for the synthesis conditions 
used in their production, the formation of sheet-like parti-
cles with a length ranging between 1 and 2 µm is favored, 
while in the M16 sample, sheet-like particles or submicron 
plates with dimensions ranging between 200 and 400 nm 

Fig. 3  TEM images of samples synthesized using solvents ethanol 
(M13, M15 and M17) and ethylene glycol (M14, M16 and M18), 
with different initial concentrations of zinc precursor: 1 M (M14 and 

M13), 0.1 M (M15 and M16) and 0.01 M (M17 and M18) and a high 
surfactant content (50 mM)
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are more evident, and in M18 the planar particles were 
smaller, of the order of 100 nm; this last result can be 
explained taking into account the low concentration of the 
zinc precursor, 0.01 M, used in their synthesis. It should 
be indicated that in the case of the samples synthesized 
in ethylene glycol, on evaporating the solvent by direct 
heating, a very viscous, transparent resin was produced, 
which solidified on reducing the working temperature 
below 100 °C, and a particulate material could not be 
obtained; this resin likely corresponds to an organic com-
plex that was formed when the surfactant, CTAB, present 
in the system in a relatively high concentration (50 mM) 
reacted with the ethylene glycol. Nevertheless, the resin 
was burned and it was possible to obtain ZnO powders by 
this method. This phenomenon was not observed during 
the synthesis of the other samples.

The TEM images of samples M7–M12, synthesized using 
10 mM of CTAB (Table 1), are shown in Fig. 4. All the sam-
ples showed ZnO nanoparticles in large quantities, with a 
low agglomeration. Of these, sample M8 was chosen for the 
nanotoxicity tests with mice, as it showed low agglomera-
tion, good dispersion and uniform spheroidal nanoparticles 
with a size of ~ 50 nm.

IR spectra corresponding to samples M7–M12 (Table 1) 
between 800 and 400 cm−1 are shown in Fig. 5, in which a 
high intensity peak is observed at 410–450 cm−1 and another 
of lower intensity at 485 cm−1, characteristic of ZnO [56].

Sample M8, chosen for the nanotoxicity studies, was 
characterized using XRD. Its diffractogram is shown in 
Fig. 6. In this, it is clear that the only crystalline phase pre-
sent in the sample is ZnO (PDF 36 1451), well crystallized, 
with a wurtzite-type crystal structure.

Fig. 4  TEM images of samples M7–M12 synthesized using 10 mM CTAB and solvents ethanol (M7, M9 and M11) and ethylene glycol (M8, 
M10 and M12)
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Tentative mechanism of formation of ZnO 
nanoparticles

To justify the formation of the ZnO nanoparticles within 
the solution, account ought to be taken of the basic theory 
of particle growth and the chemical reactions leading to 
the formation of nuclei through the process of hydrolysis 
of  Zn2+. This process is favored by increasing the concen-
tration of  OH− ions through the addition of ammonium 
hydroxide. The reactions that ought to predominate during 
the formation of the nuclei are the surface ones, due to the 

high ratio of surface atoms to bulk atoms in the nanopar-
ticles. One of the first reactions that would have to take 
place within the solution would be the following:

where =Zn2+ represents the Zn that is linked to the nucleus 
of the particle in formation, located on its surface. This 
core would be stable and would not show phenomena of 
ion exchange and/or of ligands, across its surface, so that 
it would be the adhesion of aquo-hydroxo species of Zn, 
mainly [Zn(OH)4]2−, or zinc chemical complexes, which 
would facilitate the growth of the particle. Considering the 
Lewis acidity of  Zn2+ ions, in solution, and the addition of 
ammonium hydroxide, the equilibrium represented in Eq. 2 
might be favored:

The =ZnOZnOH1+ species would continue reacting through 
reactions similar to that shown in Eq. 2. Taking Eq. 2 as a 
reference, any substance that is anionic or nucleophilic in 
character can generate an equilibrium of this nature, such as 
those illustrated in Eqs. 3, 4 and 5.

To determine which of the reactions outlined in Eqs. 2, 
3, 4 and 5 is the one that controls the nucleation process 
of the solid phase in the system, it is necessary to consider 
the activities of the participating species in such equi-
librium. If the medium is sufficiently basic, it is highly 
likely that equilibrium 2 would predominate, since of all 
the nucleophiles present in the reaction mixture, it is the 
 OH− ion that is the most nucleophilic in character given 
that it possesses a charge and low steric hindrance.

The equilibrium generated by the organic solvents used 
in this work as liquid of synthesis can be expressed as 
follows:

The chemical species produced by reactions (6) and (7) 
would be added to those generated by reactions (2) to (5), 
and since in practice all solutions were at pH 8.5, equilib-
rium 2 would predominate in the process.

An important parameter to consider during particle 
growth is the concentration of  Zn2+ present in the solution, 

(1)= Zn2+ + OH−
→ = ZnOH1+,

(2)= ZnOH + Zn2+ + OH−
→ = ZnOZnOH1+ + H+.

(3)= ZnOH + Zn2+ + NH3 ↔ = ZnOZnNH+

3
+ H+,

(4)
= ZnOH + Zn2+ + CH3COO

−
↔ = ZnOZnCH3COO

− + H+,

(5)= ZnOH + Zn2+ + H2O ↔ = ZnOZnOH+

2
+ H+.

(6)
= ZnOH + Zn2+ + CH3CH2OH ↔ = ZnOZnOCH2CH3 + 2H+,

(7)
= ZnOH + Zn2+ + CH2OHCH2OH ↔ = ZnOZnOCH2OH + 2H+.

Fig. 5  IR spectra corresponding to samples M7–M12 synthesized 
using 10  mM CTAB and solvents ethanol (M7, M9 and M11) and 
ethylene glycol (M8, M10 and M12)

Fig. 6  X-ray diffractogram corresponding to sample M8 heat treated 
to 400 °C
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since it would contribute to a shift of equilibrium to the 
right in all of the proposed reactions. If the  Zn2+ concen-
tration is low, particle growth would be inhibited more 
quickly than for higher concentrations, an action that may 
be explained taking into account the following reaction:

The value of X would depend mainly on the concentration of 
 Zn2+ in the system, so that the higher this value, the larger 
is the expected size of the resulting particle. Growth of the 
particle would also be determined by the number of nuclei 
formed in the solution (quantity of =ZnOH in Eq. 8), obtain-
ing small particle size either for low concentrations of the 
starting zinc precursor, Zn(CH3COOH)2 (low value of X), 
or for a high number of nuclei formed in the solution during 
the process (large amount of =ZnOH in the system—Eq. 8).

Furthermore, on adding the surfactant CTAB to the sys-
tem, CTA +–[Zn(OH)4]2− ion pairs should be formed that 
would have to affect the growth of the solid nuclei. Dur-
ing the reaction that occurs within the system, the CTAB 
would behave as template and as a means of transport for the 
[Zn(OH)4]2− growth units [57]. These species would unite 
to go on to form nanospheres, for CTAB concentrations 
of 10 mM, independent of the nature of the solvent used 
in the synthesis (Fig. 4). When the dosage of CTAB was 
increased to 50 mM, the nanospheres tended to conglomer-
ate to form the two-dimensional submicron plate structure 
to lower surface energy. These plates of ZnO were larger in 
size, between 100 and 400 nm (Fig. 3). Another reaction that 
may occur in the system would involve surfactant molecules 
and acetate groups, so that molecules of zinc acetate (nega-
tively charged) would bind to the micellar head group region 
(where ammonium groups that are positively charged are 
located) due to electrostatic interaction that would be gen-
erated between them, leading to the zinc acetate precursor 
being localized on the micellar surface. This would cause the 
micellar surface to become a preferred reaction site due to 
the formation of highly polar intermediaries, given the high 
polarity of the micellar surface [40]. In summary, addition 
of the surfactant CTAB can affect the nucleation of the solid 
phase as well as growth of the particles, their coagulation 
and possible flocculation.

Furthermore, the presence of the CTAB molecules 
adsorbed on the nanoparticles would cause steric effects 
that would prevent their agglomeration [40, 57, 58], an 
action that is observed in Fig. 4. Furthermore, when sam-
ples M7, M9 and M11 are compared with samples M8, 
M10 and M12, Fig. 4, it can be seen that the nature of 
the solvent does not affect the size or morphology of the 
final particle. However, the initial concentration of the 
zinc precursor [Zn(CH3COOH)2] is a parameter that has 
an important influence: the average particle size of M7 

(8)
= ZnOH + XZn2+ + (X + 1)OH−

↔ = ZnO(OZn)xOH + XH+.

and M8 (1 M zinc acetate concentration) is approximately 
50 nm, while for M11 and M12 (0.01 M concentration) it 
is 30 nm, reiterating the above statement that if the con-
centration of [Zn(CH3COOH)2] is reduced, the formation 
of small particles would be favored.

In order to obtain the ZnO-NPs, both the CTAB-free 
and the surfactant-containing samples were thermally 
treated at 400 °C to remove the organic phase present 
therein and promote the zinc hydroxide to zinc oxide trans-
formation (see Eqs. 2, 3, 4, 5, 6, and 7).

Toxicity testing of synthesized ZnO‑NPs

Preliminary study to determine the dose of ZnO 
nanoparticles

For this study, ZnO-NPs from sample M8 were used 
(Table 1 and Figs. 1, 5, 6 and 7) together with the proto-
cols established by the OECD [51]. These protocols indi-
cate that for any oral toxicity study with a fixed dose, a 
preliminary study should be conducted to determine the 
most suitable dose to ensure animal welfare, avoiding 
swallowing effects in mice, for example. To carry out the 
toxicity test, a dose of 50 mg ZnO/kg body weight (b.v.) 
was chosen taking into account the suggestions of Ober-
dorster [43, 44] and because it has already been used suc-
cessfully by other researchers [48]. This dose was used in 
this study for both nanoparticles (NPs) and microparticles 
(MPs) of ZnO.

Dose administration to mice

As was outlined in the experimental procedure, the dose 
was given to the mice every other day, as established in the 
protocol [51]. On the day the mice were given the dose, 
they were weighed and the data shown in Table 2 were 
obtained. From the information in the table, the decrease 
in weight of mice exposed to the dose can be observed 
(Fig. 7), greater in those where the dose was ZnO nano-
particles, as indicated by the curves in Fig. 7.

The decrease in weight shown by the mice administered 
with doses of ZnO containing micro or nanoparticles was 
the first parameter evaluated to show the negative effect 
of this action on the health of the mice, as established by 
the protocol [51] (Fig. 7). In sharp contrast to the con-
trol group, whose mice showed weight variations of less 
than 0.25% (some with a weight gain), the mice that were 
administered NPs or MPs experienced a weight decrease 
between 21.4–22.2 and 18.1–20.9%, respectively, slightly 
higher in the mice given NPs doses (Table 2).
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Fig. 7  Variation in weight of mice studied versus time, for control group (a), mice given MPs dose (b) and given NPs dose (c)

Table 2  Record of the weights of the three groups of mice studied

† Weight changes involved an increase, rather than a decrease

Group Day 1 (g) Day 3 (g) Day 5 (g) Day 7 (g) Day 9 (g) Day 11 (g) Day 13 (g) % Variation

Control, for comparison 28.34 28.32 28.30 28.29 28.28 28.29 28.30 0.141
26.32 26.34 26.36 26.35 26.37 26.36 26.35 0.245†

29.45 29.40 29.43 29.44 29.44 29.46 29.45 0.101†

50 mg/kg dose of microparticles 29.15 28.30 27.10 25.94 25.02 24.08 22.86 19.8
27.18 26.30 25.70 24.97 24.05 23.34 22.80 18.1
28.63 27.63 26.45 25.10 24.34 23.53 22.92 20.9

50 mg/kg dose of ZnO-NP 28.18 27.42 26.13 25.50 24.30 23.68 22.12 21.5
31.23 30.47 29.03 28.96 27.16 25.94 24.56 21.4
29.78 28.50 27.63 26.36 25.52 24.43 23.14 22.2

Table 3  Concentrations of Zn in liver and kidney samples of mice studied; data obtained using atomic absorption (AAS)

Group Control (ppm) Dose with microparticles (ppm) Dose with nano-
particles (ppm)

Liver 11.29 18.31 20.18
11.15 13.07 13.71
10.77 15.84 16.17

Mean 11.07 15.74 16.68

Kidney 13.92 5.69 15.84
8.71 19.47 16.36

10.14 13.64 18.96
Mean 10.92 12.93 17.05
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AAS analysis of bioaccumulation of Zn

To determine the accumulation of ZnO in the organs of 
mice administered doses of this oxide, the concentration 
of Zn in the liver and kidney was analyzed using atomic 
absorption. The results obtained are shown in Table 3.

Looking at the data shown in Table 3, the accumulation 
of Zn is clearly seen, relative to the control group, in both 
the liver and the kidney of the mice given periodic doses 
of ZnO particles, being greater when the dose comprised 
nanoparticles.

TEM analysis of liver and kidney biopsies

To be able to expand on the information from the AAS 
study, TEM analysis of liver and kidney biopsies of the 
specimens of interest was carried out. The analysis focused 
on finding pathological abnormalities in the cells of the two 
organs studied.

Kidney biopsies After observing and analyzing with TEM 
the nine kidney samples (three from each group of mice), no 
significant pathological changes were observed at the struc-
tural level, particularly in the nephrons (the basic units of 
kidney physiology). Figure 8 shows a segment of the glo-
merulus characteristic of the kidney of mice given a dose 
of ZnO-NPs. Although the data in Table 3 indicate that, for 
the individuals of the group given doses of NPs, a substan-
tial bioaccumulation of Zn occurred, this condition was not 
reflected in the pathology (Fig. 8).

Liver biopsies The liver biopsies analyzed, obtained from 
the individuals from the group given a dose of micropar-
ticles, Fig. 9b, showed no significant pathological damage 
compared to the reference group, Fig. 9a. Although a sig-
nificant accumulation of Zn occurred in the liver of the indi-
viduals given the MP dose (Table 3), this did not generate 
damage at the structural level in the liver cells (hepatocytes) 
of the mice.

In the liver biopsy of one of the individuals from the 
group given doses of NPs, meanwhile, a condition known 
as steatosis was observed. Steatosis is characterized by 
the accumulation of fat in the hepatocytes, as illustrated 
in Fig. 10. On comparing Fig. 9a with Fig. 10, the con-
trast between liver biopsies could be seen, highlighting the 

Fig. 8  TEM image of segment of glomerulus characteristic of mice 
group given ZnO-NP diet (magnification factor ×4000)

Fig. 9  TEM images of a hepato-
cyte corresponding to liver 
biopsies of individuals from 
the reference group (a) and the 
group of mice given doses of 
microparticles (b) (magnifica-
tion factor ×4000)
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pathological effect, at the ultrastructural level, of the ZnO-
NPs. In this case, the substantial bioaccumulation of Zn 
(Table 3) was reflected in the pathology (Fig. 10).

As indicated by Sharma et al. in their work [46], the target 
organ to which the ZnO-NPs were directed was the liver, 
being the organ most affected, even more than the kidney. 
They observed that after administering a dose of 300 mg/
kg (for 14 days) to albino mice, the specimens showed a 
bioaccumulation of ZnO-NPs, mainly in the liver. A simi-
lar result was obtained in this work: a bioaccumulation of 
ZnO-NPs in the liver of mice but administering a dose of a 
lower order of magnitude (50 mg/kg) for the same 14 days. 
Additionally, we found that oral delivery of doses containing 
ZnO-NPs induced steatosis in the liver, a disease charac-
terized by the abnormal retention of lipids within the cell. 
The mechanisms that cause steatosis are unclear, but it is 
known that this disease can be generated primarily due to 
a variety of alterations in the metabolic pathways of syn-
thesis, catabolism and/or lipid transport. Lipid metabolism 
in the liver is an active process such that the synthesis of 
bile acids, synthesis of transport lipoproteins, cholesterol 
synthesis, catabolism of triglycerides and the formation of 
ketone bodies are processes that normally take place in the 
hepatocytes [59]. It is possible that the free radicals gen-
erated by the ZnO-NPs [60] cause lipid peroxidation and 
oxidative stress, inducing steatosis in the liver of the mice, 
specifically in specimens given ZnO-NP doses, these mice 

being the ones which presented this disease. In addition, 
ZnO-NPs could be dissociated in biological media [61] so 
that the release of  Zn2+ ions can alter cellular Zn homeo-
stasis, producing oxidative stress as well as mitochondrial 
and lysosomal damage [62]. Watson et al. demonstrated that 
dissolution of ZnO-NPs within Kupffer cells leads to extra-
cellular release of  Zn2+ ions and subsequent fecal clearance 
[62]. Alterations in the hepatic ultrastructure in rats have 
also been reported for nanoparticles of ceria [63].

Although there was no significant difference in the Zn 
concentration found in the liver of the mice given doses of 
either microparticles or nanoparticles (Table 3), only for the 
latter was steatosis induced, a fact that stresses once again 
that the ZnO-NPs have an enhanced toxicity compared to the 
microparticles, as other researches have indicated [45, 64]. 
These results are consistent with recent studies on the effect 
of ZnO-NPs on the liver [65]. The liver presents one of the 
greatest problems for the clinical use of nanoparticles. While 
there are many studies from the 1970s and 1980s on topics 
of particle–liver interaction, the conclusions established in 
that time frame may not be fully applicable to current nano-
particle technologies. Since the size of the particles is less 
than 100 nm, they are on the same scale as many biological 
molecules. There is, therefore, a great need to better under-
stand the interactions of nanoparticles with the liver from 
the organ to cell perspective [66].

Although the exact mechanism by which ZnO-NPs can 
induce adverse effects on cells is not known, it is suggested 
that nanoparticles can produce reactive oxygen species 
(ROS) and thus modulate intracellular calcium concentra-
tions, activate transcription factors and induce cytokine pro-
duction. ROS can cause damage to the cells by peroxidation 
of lipids, altering proteins, disrupting DNA, interfering with 
signaling functions and modulating gene transcription [43, 
44, 67]. It is to be expected that ZnO-NPs, administered to 
the mice in the present study and that reached their liver, 
produced oxidative stress, inflammation and DNA damage, 
among other possible events, since these are, as indicated by 
Knaapen et al. in his work [68], some of the processes that 
allow understanding the complex cellular mechanism after 
exposure to nanoparticles.

Specifically, clearance by the liver is influenced by the 
same nanoparticle characteristics. Considering the two 
modes of clearance, hepatocyte and Kupffer cell uptake, 
endocytosis and chemical- or enzyme-mediated degradation 
of the nanoparticles will follow. Uptake by hepatocytes and 
Kupffer cells can result in chronic accumulation and induce 
toxicity. The work of Ballou et al. [69] using fluorescence 
from PEG-coated quantum dots in the intestines of exposed 
mice suggests excretion from the liver. However, other stud-
ies show that there are no appreciable changes in the levels 
of nanomaterials found in the liver during the development 
of short-term and long-term studies [70, 71]. In the work of 

Fig. 10  TEM image of hepatocytes with steatosis (fat accumulation 
in liver) present in the liver biopsy extracted from a mouse from the 
group given doses of NP (magnification factor ×4000)
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Niidome et al. [72], the levels of retention of Au-nanoparti-
cles in the liver varied between 30% of the administered dose 
to 35%. The above suggests that while excretion may occur, 
it is slow due to live sequestration after RES uptake. This 
accounts for the results of bioaccumulation of ZnO particles 
in the liver of the mice used for this test in this work, and 
even more so for the doses with ZnO-NPs (see Table 3). 
Specifically, liver macrophages such as Kupffer cells have 
been identified in some studies as the primary cellular 
location in the liver for removing nanoparticles [73] and 
therefore are currently under study to find out more about 
nanoparticle–liver interaction [62]. The results indicate that 
administration of ZnO-NPs transiently inhibited Kupffer cell 
phagosomal motility and later induced hepatocyte injury. In 
addition, the data show that diminished Kupffer cell orga-
nelle motion correlated with ZnO-NPs-induced liver injury 
[62]. This effect would be important to justify the results 
obtained in our work.

Conclusions

The synthesis method used made it possible to obtain sphe-
roidal, uniform nanoparticles of ZnO, with a size of ~ 50 nm 
and low agglomeration. The ZnO-NPs were produced using 
ethylene glycol as solvent of synthesis, dissolving zinc 
acetate in a 1 M concentration and surfactant CTAB in a 
10 mM concentration. The study indicated that the initial 
concentration of zinc precursor [Zn(CH3COOH)2] exerted 
an important influence on the average size of the particles. 
Furthermore, the use of surfactant is desirable, principally 
to encourage dispersion. Toxicity testing was carried out 
on the synthesized nanoparticles, as described in the work. 
Biopsies of livers of mice from the group administered with 
doses of ZnO-NPs showed a condition known as steatosis. 
This disease is characterized by the accumulation of fat in 
the liver cells, a pathological effect at the ultrastructural 
level that can be related to the substantial bioaccumulation 
of Zn in the liver, a condition that was determined by atomic 
absorption testing. In the ultrastructural analysis of the kid-
ney, no significant pathological changes were observed, even 
though the atomic absorption data indicated a substantial 
bioaccumulation of Zn in this organ. These results lead us to 
conclude that with small doses of the ZnO-NPs synthesized 
in this work, 50 mg ZnO/kg body weight (b.v.), it is possible 
to observe toxic effects, mainly in the liver of the mice that 
were given this dose. It is therefore necessary to consider, in 
future nanotoxicity studies, the importance of dose metrics 
rather than following conventional methods while conduct-
ing in vivo experiments.
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