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A B S T R A C T

The antibacterial activity of metal oxide (MeO) nanoparticles (NPs) has been extensively reported. Nevertheless,
there is a general concern about MeO NPs toxicity, and much efforts are being devoted to improve a safe
employment of these nanomaterials by surface functionalization. In this work, we propose to investigate if the
coating of copper and zinc oxides (CuO and ZnO) NPs with the polymers poly(ethylene imine) (PEI) or poly
(ethylene glycol) (PEG) is able protect non-target cells and organisms from the toxicity of antibacterial MeOs
NPs. The overall results obtained exposing lung cells and Xenopus laevis embryos to CuO-PEG, CuO-PEI, ZnO-PEG
and ZnO-PEI, indicate that PEG, but not PEI coating, is able to exert a protective function against MeOs toxicity.
The ability of PEG shell to reduce the adverse impact of MeOs NPs is in part associated to a protection from the
oxidative stress, even if in vitro results indicate that peghylation is not able to prevent pro-inflammatory re-
sponses. We suggest that the different intracellular availability of the metal oxides upon capping with PEG or
PEI, together with the involvement of multiple mechanisms of action, may be responsible for the different
toxicological outcome on lung cells viability and Xenopus mortality and malformations.

1. Introduction

Metal oxide (MeO) nanoparticles (NPs) have been widely described
as valid antibacterial tools in several fields of applications (pharmacy,
food packaging, medical textile coating, etc.). Different experimental
approaches, employed to assess the high potential of these nano-
particles against bacteria, highlighted the importance of their chemical-
physical features and the involvement of multiple modes of action in
determining their antibacterial efficiency (Kadiyala et al., 2018).

Among MeO NPs, those based on copper oxide (CuO) and zinc oxide
(ZnO) have been proved highly effective against different strains of
bacteria (Azam et al., 2012; Perelshtein et al., 2015a) and they have
been identified as promising bactericidal devices for food industry (He
and Hwang, 2016) and nosocomial infections (Perelshtein et al.,
2015b).

Despite the high potential of copper- and zinc-based NPs as anti-
bacterial materials, their toxicity still today limits their use. It has been
described as metal oxide nanoparticles, including CuO and ZnO NPs,
exert a strong cytotoxic impact in vitro, mainly due to Reactive Oxygen
Species (ROS) production and genotoxicity subsequent to their

internalization (Akhtar et al., 2016; Chang et al., 2012; Kung et al.,
2015). Moreover, MeOs dissolution and a direct impact on cell mem-
brane seem to play a key role in NPs adverse effects (Chang et al., 2012;
Ivask et al., 2014). In our previous works, we have extensively studied
and compared the toxic effect of different commercial and sono-
chemically synthetized CuO and ZnO NPs on the early development of
Xenopus laevis (Bacchetta et al., 2013; Bonfanti et al., 2015; Mantecca
et al., 2015; Perelshtein et al., 2015a), which have been successfully
proposed as a suitable model to evaluate the toxicity of nanostructured
metal oxides on live organisms (Bacchetta et al., 2012; Nations et al.,
2011). The results of these studies highlighted that CuO NPs displayed
an embryotoxic potential only at high concentrations (> 100 mg/L),
mainly attributable to ions dissolved by NPs, while ZnO NPs themselves
showed different degrees of embryotoxicity, depending on their shape
and size, specifically targeting gut development and causing abdominal
and cardiac edema.

Surface functionalization of MeOs with polymeric shell has been
identified as a powerful strategy to increase the stability of the colloidal
solution, which in turn affects the antibacterial efficiency of the nano-
materials (Nagvenkar et al., 2016). It is therefore feasible that
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engineering of MeO NPs surface could also reduce their toxicity towards
non-target cells and live organisms. Surface coating has been already
proposed as a promising strategy to reduce metal oxide-NPs cytotoxi-
city (Cai et al., 2017; Osmond McLeod et al., 2014).

In the present study, we focused on the safety profile of CuO and
ZnO NPs coated with poly(ethylene imine) (PEI) and poly(ethylene
glycol) (PEG) by a one-step ultrasound-based technique. The synthesis
and characterization of these PEI- and PEG-capped MeO nanocolloids
have been recently reported by Nagvenkar et al. (Nagvenkar et al.,
2019), who described the high stability of these functionalized metal
oxides and its positive influence on NPs antibacterial activity. Our study
aimed to perform an extensive safety assessment of CuO- and ZnO-PEG/
PEI nanocolloids, combining standardized in vitro protocols on human
lung cells with the model of early developmental vertebrate Xenopus
laevis. Investigated by means of Frog Embryo Teratogenesis Assay-Xe-
nopus (FETAX).

2. Results and discussion

2.1. Characterization of doped NPs

CuO-PEG, CuO-PEI, ZnO-PEG and ZnO-PEI, synthetized according
to a previously described protocol,15,18 have been characterized in
shape, size and surface charge. Trasmission Electron Microscopy (TEM)
images (Fig. 1) showed the same fibrous or nearly spherical shape for
coated CuO and ZnO NPs, respectively, typical of the corresponding
non-doped NPs. The TEM-derived primary size of CuO and ZnO NPs
was similar in the PEI- and PEG-derivates, while the hydrodynamic
diameter of both MeOs in water, and of CuO NPs in cell medium, was
higher upon functionalization with PEG than that obtained with PEI.

The hydrodynamic diameter in Fetax solution is almost the same for the
four nanoparticle types. Z potential was positive and comparable in
CuO and ZnO NPs (Table 1).

2.2. Effect of PEI and PEG capping on CuO and ZnO NPs in vitro
cytotoxicity

Cytotoxicity of CuO and ZnO NPs has been assessed in the widely
described A549 human lung epithelial cells (Sahu et al., 2013). Al-
though Air Liquid Interface (ALI) has been recently approved as a valid
alternative method to the submerged system in studying the biological
effects of engineered nanoparticles (Lenz et al., 2013), in the present
work we preferred to use a simplified 2D culture of A549 cells in order
to maintain the same dispersion method of NPs employed for the live
animal assays and obtain the same controlled nanoparticle concentra-
tion in cell medium of Xenopus treatment solutions. Moreover, A549
culture is a well-standardized method employed as main model for
several biological endpoints in the context of the NANoREG framework
for the safety assessment of nanomaterials (Van Teunenbroek, 2016).
Limitation in using submerge exposure respect to ALI can be related to
being in a condition more distant to the real exposure scenario (i.e.
different bioavailability to O2, different interaction with NPs in the
absence of a lining fluid).

In a previous work, we had already demonstrated the impact of high
dosages of sonochemically produced CuO and ZnO NPs on A459 lung
cells by assessing their viability and interleukin production (Mantecca
et al., 2017). Moreover, in a more recent study we reported preliminary
viability assays that documented the ability of PEG-coated CuO NPs to
induce a much lower cytotoxicity on lung cells respect to the naked
nanoparticles (Nagvenkar et al., 2019). To evaluate if the coating of

Fig. 1. Transmission electron microscopy (TEM) images of CuO-PEI/PEG and ZnO-PEI/PEG. Bar: 100 nm.
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PEG and PEI could protect A549 cells from CuO and ZnO NPs cyto-
toxicity, a dose-response evaluation of cell viability was assessed at 3
and 24 h of incubation with CuO-PEG, CuO-PEI, ZnO-PEG and ZnO-PEI
(Fig. 2 and S1). CuO-PEI induced cytotoxicity already after 3 h of
treatment at concentrations higher than 10 μg/mL, while CuO-PEG and
all coated ZnO NPs showed no significant effects respect to control at
3 h. At 24 h a severe cytotoxic effect was observed with CuO-PEI and all
coated ZnO NPs, but not with CuO-PEG. The delayed effect of both PEG-
and PEI-ZnO is in line with previous studies describing the time-

dependent cytotoxicity of this metal oxide. In detail, no significant ef-
fect on cell viability were recorded at 2 h of tratment with> 20 μg/mL
ZnO NPs, but a much higher significant response was observed strarting
from six hours of incubation, reaching a potent viability decrease at
24 h (Liu et al., 2017). EC50 values derived from viability curves
(Table 2) clearly indicate that while PEG coating was able to protect
cells from the cytotoxic impact of CuO (EC50 of CuO-PEG NPs is 3.8-
fold higher than that of CuO-PEI), the same protection was not obtained
on ZnO NPs.

To better understand the role of the two polymeric coatings on CuO
and ZnO NPs cytotoxicity, the production of ROS was then determined
at 3 and 6 h of incubation with the nanoparticles, starting from the
concentration effective on cell viability (20 μg/mL). While no differ-
ence with respect to control was observed in A549 cells exposed for 3 h
to all the examined nanoparticles, except for a small increase in the
presence of ZnO-PEI NPs, a more significant effect was detected after
6 h of incubation (Fig. 3).

In particular, in cells treated with CuO-PEI NPs, the oxidative stress
was strongly increased compared to control in a concentration-depen-
dent manner, and a significant effect was also observed in the cells
exposed to doses of ZnO-PEI higher than 25 μg/mL. Therefore, the
ability of PEG coating to reduce CuO NPs toxicity was confirmed, since
no oxidative stress was observed in the cells treated with 20 and 25 μg/
mL CuO-PEG, and the ROS production in the presence of CuO-PEG NPs
was significantly lower than that recorded with the same concentra-
tions of CuO-PEI. The analogue protective role of PEG on A549 oxi-
dative stress was also observed with zinc oxide nanoparticles (Fig. 3).

We assumed that the increased protection from oxidative stress in
the cells exposed to PEGylated MeOs, together with the lower cyto-
toxicity of PEG- vs. PEI-coated CuO NPs was related to the different rate
of endocytosis of the two coating components, which in turn affects the
amount of internalized nanoparticles. Indeed, PEI is known to be effi-
ciently translocated in A549 cells both by clathrin-mediated and by
caveolae-mediated endocytosis (Rejman et al., 2005), thanks to its
highly positive surface charge. To verify this hypothesis, an ICP-OES
quantification of Cu and Zn content in cells incubated for 24 h with the
four NP types was performed. Table 3 shows that zinc accumulation in
cells is not affected by the different polymeric shell, and even the in-
tracellular content of Cu2+ after incubation with PEG-coated CuO is
higher than that measured after CuO-PEI exposure.

Therefore, a comparable amount of PEI- and PEG- NPs seems to be
internalized by lung cells and reach the lysosomes to be subjected to
enzymatic degradation. Nevertheless, the amount of uncoated NPs and
free Cu2+ and Zn2+ resulting from CuO/ZnO-PEI depletion and es-
caping from lysosomes into the cytoplasm would be larger than that
obtained from CuO/ZnO-PEG, due to the “proton sponge” effect. This
process is typical of PEI-functionalized materials (Behr, 1997) which
can be therefore released from the lysosomes in to the cytoplasm with a
much higher extent. As a result, a higher extent of CuO and ZnO and
dissolved Cu2+ and Zn2+ would be available to interact with mi-
tochondria and activate ROS production upon release from PEI-coated
NPs, respect to what obtained with PEG-coated NPs (Scheme 1).

Up to this point, we conclude that while PEG coating is able to

Table 1
Characterization of CuO-PEI/PEG and ZnO-PEI/PEG NPs. Primary size as derived from TEM images. Z-potential as measured by dynamic light scattering (DLS) in
water. Hydrodynamic size and polydispersity index (Pdl) as measured by DLS in water, cell medium and Fetax solution. Means± SE of 5 replicates.

CuO-PEI CuO-PEG ZnO-PEI ZnO-PEG

Primary size (nm) 60–50 (length)
20–30 (width)

70–80 (length)
10–20 (width)

50–80 40–60

Z-potential (mV) 37.1 ± 0.46 14.8 ± 0.60 44.1 ± 0.69 11 ± 1.08
Hydrodynamic diameter (nm) ± SE (PdI)

Water 1428 ± 44 (0.40) 3107 ± 246 (0.45) 487 ± 47 (0.60) 1839 ± 59 (0.38)
Cell medium 1409 ± 85 (0.31) 2087 ± 63 (0.27) 1891 ± 108 (0.49) 1971 ± 109 (0.22)
Fetax solution 1993 ± 71 (0.32) 2005 ± 26 (0.19) 2529 ± 52 (0.11) 2004 ± 24 (0.26)

Fig. 2. Cell viability evaluated by MTT test after 3 h (A) or 24 h (B) exposure to
increasing doses of CuO-PEG, CuO-PEI, ZnO-PEG and ZnO-PEI NPs. Curves
represent the percentage (%) of cell viability respect to the control sample
(untreated cells, cells viability 100%).

Table 2
EC50 values (μg/mL) for cell viability assay (EC50: effective concentration of
compound decreasing cell viability by 50%). Mean ± SD.

CuO-PEI CuO-PEG ZnO-PEI ZnO-PEG

3 h 32.8 ± 0.45 ND ND 69.9 ± 0.22
24 h 15.5 ± 0.6 58.3 ± 0.26 14.3 ± 0.2 16.6 ± 0.16

ND = Not detectable.
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protect A549 cells from the metal oxide-induced oxidative stress, the
coating with PEI of both CuO- and ZnO was totally unable to prevent
ROS production. A long-time effect on cell viability was observed only
with CuO-PEG, while the low ROS content in the cells exposed to ZnO-
PEG does not prevent metal oxide-induced cell death (Fig. 3). To clarify
the contribution of oxidative stress in MeOs-PEI/PEG- related cyto-
toxicity, the release of the pro-inflammatory cytokine interleukin-8 (IL-
8) was also investigated. IL-8 gene transcription in lung cells is known
to be up-regulated by exposure to metal oxide nanoparticles, thanks to
the ROS-mediated activation of nuclear factor-kappa B and mitogen-
activated protein kinase (Khanna et al., 2015). A549 cells were exposed
for 24 h to increasing concentration of MeOs-PEG and -PEI. Fig. 4 shows
that treated cells were able to release IL-8 at a higher amount than
control cells, following a dose-response trend from 1 to 50 μg/mL. The
dose of 20 μg/mL represented the most effective for CuO-PEI, ZnO-PEG
and ZnO-PEI, while CuO-PEG activity increased up to 50 μg/mL. The
gaussian trend of IL-8 released from the cells exposed to CuO-PEI, ZnO-
PEG and ZnO-PEI could be the result of the high cell death percentage
in these samples over 24 h, not observed in the cells exposed to CuO-
PEG (Fig. 2). A full relationship between oxidative stress and cytokines
release was not observed. In particular, the two pegylated NPs and ZnO-
PEI, which induced a significant increase of IL-8 release at 20 μg/mL,
were uneffective on the oxidative stress at the same dose (Fig. 3). It is
important to highlight that, not only a ROS-mediated cytotoxicity, but
also a direct interaction of MeOs NPs with DNA can occur in treated
cells, due to their permeation across nucleopores (Hou et al., 2017;
Scherzad et al., 2017; Wang et al., 2012). Therefore, a mechanism of
action not including the oxidative stress, but associated to the nuclear
accumulation of the MeOs NPs, is likely responsible for the high pro-
inflammatory cytokine release in all samples (Scheme 1). Non-dis-
sociated MeOs would be mainly involved in the ROS-independent cy-
totoxicity, since previous studies had demonstrated a negligible direct
effect of dissolved ions on DNA, respect to a much more significant
contribution on the oxidative stress (Midander et al., 2009).

The outcome of CuO and ZnO NPs on A549 viability is hence the
result of the relative contribution of ROS-dependent and -independent
cytotoxic mechanisms, differently involved by the two polymeric

coatings. In this sense, the adverse effect of ZnO-PEG NPs on cell via-
bility, without affecting the oxidative status, can be due to the direct
impact of ZnOs on DNA, apparently stronger than that exerted by CuOs.

We cannot exclude that a certain cytotoxicological impact would be
also induced by the ions released into extracellular medium during the
incubation with the NPs. Our preliminary studies, demonstrated that
25 ppm CuO and ZnO NP are able to release the 50% of ions after 24 h
in medium (data not shown). We have now confirmed an analogue
percentage also with PEI- and PEG-ZnO NPs and about 80% with coated
CuO NPs (Table S1). Nevertheless, since no differences in the amount of
released ions have been observed between the two shell types, we did
not retain necessary highlight the contribution of extracellular ions in
the present work.

2.3. Assays on a whole developing vertebrate

In recent years, Xenopus embryos have been accepted as ideal
model to evaluate the developmental toxicity of nanostructured metal
oxides (Bacchetta et al., 2012; Marín-Barba et al., 2018; Nations et al.,
2011). In the present work, the FETAX has been used to evaluate if the
PEI and PEG coatings affect the developmental toxicity of sonochemi-
cally produced CuO and ZnO antibacterial NPs.

At the end of FETAX test, the results showed that both ZnO-PEI and
-PEG NPs were not embryolethal at all tested concentrations (10–50 μg/
mL). On the contrary, a big difference between the CuO-PEG and -PEI
NPs was highlighted, as the latter caused a drastic increase in the
mortality rate at a concentration of 10 μg/mL (Fig. 5A).

The CuO-PEI median 96 hpf LC50 calculated by Probit analysis was
indeed 7,5 μg/mL (Table 4). The embryolethality of CuO-PEI was of
particular significance considering that none of naked CuO NPs pre-
viously tested in Xenopus laevis embryos induced mortality even at
concentrations higher than 50 μg/mL.13,14,12 Similarly, in developing
zebrafish different commercial and green synthetized CuO NPs yielded
LC50 values ranging from 45 to 175 μg/mL (Ganesan et al., 2016;
Kumari et al., 2017), and no effect on zebrafish phenotypes at a con-
centration of 6.25 μg/mL (Sun et al., 2016).

Beside lethality, CuO-PEI NPs caused a high rate of malformed
embryos starting from 5 μg/mL while CuO-PEG NPs were again com-
pletely ineffective even at a concentration ten times higher. These re-
sults highlighted that PEI coating worsens CuO NPs embryotoxicity.
Instead, both ZnO-PEI and -PEG NPs caused to different degrees a sig-
nificant percentage of malformed embryos at all tested concentrations
(Fig. 5A). The 96 hpf EC50 values (Table 4) indicated that the potential
of inducing malformations follows this order: PEI-CuO > PEI-ZnO >
PEG-ZnO NPs. It is noteworthy that the ZnO-PEI NPs displayed a po-
tential of inducing malformations five-fold higher than ZnO-PEG NPs,
but the PEGylation is not able to completely countering the teratogenic

Fig. 3. Intracellular ROS fold-increase in A549 cells
after 3 (light grey) and 6 h (dark grey) from treat-
ment with CuO-PEG, CuO-PEI, ZnO-PEG and ZnO-
PEI NPs at increasing concentrations (20–50 μg/mL),
compared to untreated cells (solid line). Mean ± SE
of 4 replicates. ***p < 0.001, **p < 0.01, vs.
control (One-way ANOVA); §§§p < 0.001,
§§p < 0.01 (Student t-test) vs. corresponding PEI-
coated NP.

Table 3
Bioaccumulation of Cu2+ and Zn2+ in embryos exposed to 20 μg/mL CuO-PEI,
CuO-PEG, ZnO-PEI and ZnO-PEG. The values, expressed as μg/mL x 106 and
normalized on the n° of cells at the end of incubation, are reported as
Mean ± SE of 3 independent ICP-OES analyses.

CuO-PEI CuO-PEG ZnO-PEI ZnO-PEG

Cu2+ 0.59 ± 0.08 1.29 ± 0.02 – –
Zn2+ – – 1.85 ± 0.37 2.08 ± 0.16
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effect of ZnO NPs. This data is in agreement with one of our previous
studies, in which PEG was able to reduce but not completely abolish the
damage induced in embryos compared to nude commercial NP ZnO.11.

However, since for ZnO-PEG/PEI NPs it was not possible to estimate
LC50 due to the low mortality at the concentrations tested, the ter-
atogenic index (TI) was calculated only for PEI-CuO NPs. This TI is
slightly higher than 1.5 and classifies PEI-CuO NPs as weakly terato-
genic \(ASTM, 1998). In contrast, because the TI for PEI- and PEG-ZnO

NPs results> 3, these NPs, although not embryolethal, could have a
teratogenic potential .

Stereo microscopy observation allowed underscoring the incidence
of single type of gross malformation in 96 hpf embryos (Fig. 6). Un-
corrected gut coiling were recorded as predominant terata for PEG-ZnO
treated embryos in agreement with our previous findings where gut was
observed to be the main target organ of the different ZnO NPs tested
(Bonfanti et al., 2015; Mantecca et al., 2015). In addition to this

Scheme 1. Schematic representation of MeOs-PEI/PEG internalization and trafficking in A549 cells. Endocytosed NPs are degraded into lysosomes, and resulting
uncoated NPs and free Cu2+ and Zn2+ interact with mitochondria and nucleus to exert their cytotoxic activity.

Fig. 4. Release of the pro-inflammatory cytokine IL-
8 from A549 cells after 24 h exposure to CuO-PEG,
CuO-PEI, ZnO-PEG and ZnO-PEI NPs at increasing
concentrations (1–50 μg/mL), compared to un-
treated cells. Mean ± SE of 4 replicates for the NPs
and 13 replicates for control (CTRL).***p < 0.001,
*p < 0.05 vs. control (One-way ANOVA).
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abnormality, embryos treated with both the PEI coated NPs exhibited
eye defects such as irregular pigmentation, optic cup ruptures, dis-
location of the lens and incomplete closure of the choroid fissure, re-
gardless of the type of metal oxide NPs (Fig. 6B). These phenotypes
were worsened by diffuse edema and, particularly in 5 μg/mL CuO-PEI
treated embryos, by severe tail flexures (Fig. 6A and B) as already ob-
served in Xenopus embryos exposed to high concentrations of CuO NPs
(Bacchetta et al., 2012).

Whole embryo cross sections has shown the detail of histological
lesions in eyes, heart and intestine in PEI coated CuO and ZnO NPs
(Fig. 7). The mild anomalies detected in eye region comprised a re-
duction of pigmented retina and a dislocation of lens in relation to optic
cup in PEI-CuO embryos and thickness decrease of neural retina layers
in PEI-ZnO embryos (Fig. 7, line A). The treatment also interfered with
the development of the heart, altering the formation of cardiac cham-
bers in particular in PEI-CuO NPs embryos, and reducing myocardial

wall thickness and the formation of trabeculae in ZnO-PEI embryos
(Fig. 7, line B). Finally, more severe injuries affected the abdominal
region of treated embryos compromising the organ localization (Fig. 7,
line C). The intestinal tube, usually characterized by multiple loops,
appeared poorly coiled and the gut epithelium cells are still rich in
vitelline platelets, indicating a delay in differentiation process. Fur-
thermore, as already observed with the stereomicroscope, axial defects
and edemas sometimes severe in the cephalic, cardiac and abdominal
regions characterized the treated embryos.

To complete the FETAX endpoints, the embryo head-tail length was
also measured, since embryo growth is often the most sensitive in-
dicator of developmental toxicity (ASTM, 1998). According to this, the
results showed that CuO-PEI NPs induced a significant growth inhibi-
tion compared to control group starting from 2.5 μg/mL, a concentra-
tion that was not effective in terms of mortality and malformations. In
contrast, CuO-PEG NPs have not even affected this parameter. Instead,
both PEI- and PEG-ZnO NPs reduced significantly the embryo length at
all tested concentrations, with a stronger effect for ZnO-PEI NPs
(Fig. 5B).

Even though growth reduction was previously evidenced as a re-
curring effect of nude ZnO NPs at concentrations ≥10 μg/mL both in
Xenopus (Bacchetta et al., 2012; Bonfanti et al., 2015) and zebrafish
embryos (Bai et al., 2010), only the PEI coating and not the PEG seems
to worsen this damage.

Overall, the FETAX results showed that the embryotoxic profiles of
CuO-PEI, CuO-PEG, ZnO-PEI and ZnO-PEG are markedly influenced by
surface coating but also depend on the type of metal oxide NPs. PEI was
found to be an unsafe coating compared to PEG for both tested NPs,
although this is particularly pronounced for CuO NPs. As already de-
monstrated with a branched PEI in Xenopus laevis embryos (Colombo
et al., 2017) and with a PEI 25 KDa in zebrafish embryos,36 the
polymer itself can disrupt early development probably due to its

Fig. 5. Comparative embryotoxicity of CuO-PEI,
CuO-PEG, ZnO-PEI and ZnO-PEG NPs in 96 hpf
Xenopus embryos expressed as mortality and mal-
formation rates (A) and head-tail length (B). All va-
lues are given as mean ± SE of three independent
assays. *p < 0.01 vs control, §p < 0.01 vs the
corresponding concentration of ZnO-PEI NPs,
#p < 0.01 vs the corresponding concentration of
CuO-PEG and ZnO-PEG respectively (One-way
ANOVA + Fisher LSD Method).

Table 4
Comparative embryotoxicity of PEI and PEG coated CuO and ZnO NPs in 96 hpf
Xenopus laevis embryos.

96 hpf

Treatment LC50 (μg/mL) EC50 (μg/mL) TI

CuO-PEI 7.5 (6.9–7.9) 4.9 (4.4–5.6) 1.53
CuO-PEG ND ND ND
ZnO-PEI ND 12.1 (9.8–14.2) ND
ZnO-PEG ND 64.7 (43.9–153.9) ND

ND = Not detectable.
LC50 = Median lethal concentration.
EC50 = Median teratogenic concentration.
TI = Teratogenic index (LC50/EC50).
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cationic nature which facilitates its interaction with biological mem-
branes. This could explain the specific ocular and cardiac defects that
have appeared in embryos treated with both PEI coated NPs. Indeed,
cardiovascular toxicity and downregulation of heart development re-
lated genes have been shown in zebrafish embryos treated with PEI 25
KDa (Hu et al., 2017).

Another reason why CuO-PEI and ZnO-PEI NPs have a higher em-
bryotoxic potential than the corresponding PEG-coated NPs resides in
the ability of PEI to deliver nanomaterials to cells as above described.
This concept is validated by studies on zebrafish embryos in which it
has been demonstrated that PEI-mesopouros silica nanoparticles pene-
trate into the organs displaying higher toxicity than the same NPs
functionalized with PEG that remain aggregated on the skin surface

(Paatero et al., 2017). Moreover, PEG was proposed as a model mole-
cule to add stealth properties to therapeutic NPs as PEG coated NPs
showed greater persistence in the bloodstream and lower affinity for
endothelium after injection in zebrafish embryos (Evensen et al., 2016).
To highlight whether the two coating agents could vehicle differently
NPs, ICP-OES analysis of Cu and Zn content in embryonic tissues was
performed. As for in vitro assays, no statistically significant differences
in Cu and Zn bioaccumulation between the respective PEI and PEG
coated NPs were evidenced (Fig. S2). Therefore, in line with the me-
chanism described for A549 (Scheme 1), PEI seems to ehnance en-
dosomal escape through the proton sponge effect also in Xenopus em-
bryos and facilitate the release into the cytoplasm of enterocytes more
than PEG-coated NPs.

Fig. 6. Malformation pattern in 96 hpf Xenopus
embryos caused by 96 h exposure to PEI and PEG
coated CuO and ZnO NPs compared to control (Ctrl).
Recurrent and not sporadic malformation percen-
tages (A). All values are given as mean ± SE of
three independent assays. *p < 0.05 vs control,
**p < 0.01 vs control (One-way ANOVA + Fisher
LSD Method). Representative lateral view of control,
PEI-CuO NPs (5 μg/mL) and PEI-ZnO NPs (25 μg/
mL) treated embryos (B). Arrows: eye defects; ar-
rowhead: cardiac edema; asterisk: tail flexure. Bar:
500 μm.

Fig. 7. Histological transversal sections 96 hpf
Xenopus embryos at level of eye (line A), heart (line
B), abdominal (line C) regions. Note the altered
morphology and localization of primitive organs in
the treated embryos compared to control. Arrow:
tapetum nigrum; asterisk: neural retina; L: lens; Lv:
liver; P: pancreas; I: intestine. Bar: 200 μm.
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Looking at our results, a statistically increase of ROS levels with
respect to control was highlighted only in PEI-CuO treated embryos at
both 5 and 10 μg/mL (Fig. 8). This result is particularly valuable for the
developing Xenopus, which are provided of a good antioxidant defenses
such as SOD and the GSH-related system, able to buffer ROS production
(Rizzo et al., 2007). Since oxidative stress is recognized as the main
mechanism triggering metal oxide NP toxicity across many test species
(Bondarenko et al., 2013), this ROS increment could be the reason for
the high embryolethality of the CuO-PEI NPs. In contrast, the specific
teratogenicity of ZnO NPs would be related mainly to the metal oxide
NPs themselves accordingly with our previous papers and in this case
the polymeric coatings could act by modulating their interaction with
the embryonic tissues.

3. Conclusions

In summary, the present work is aimed to define new strategies to
reduce the well-known toxicity of MeOs antibacterial NPs, by coating
the surface with different polymeric shells. The overall results obtained
on lung cells and Xenopus embryos indicate that PEG coating is able to
exert a protective function against CuOs and, in a lower extent, ZnOs
NPs toxicity. On the other hand, PEI is not a suitable coating material
for producing safe MeONPs due to its inability to prevent adverse effect
both in vitro and on developing vertebrates. The higher intracellular
availability of MeOs and derived ions upon PEI-mediated internaliza-
tion seems responsible for the non-protective role of this polymer re-
spect to PEG. PEI coating might be rather taken into consideration and
exploited for the design of new drugs with enhanced cytotoxicity.

The in vitro results confirmed that functionalized MeOs toxicity
involves ROS-dependent and -independent mechanisms, which are ul-
timately responsible of the different outcome on lung cell viability, and
Xenopus laevis embryos lethality and malformations.

Finally, our study provides robust evidence of how the integration
between standard in vitro assays and alternative approaches on devel-
oping organisms represents a powerful tool for screening NP-induced
toxicities. The early developmental vertebrates are ideal alternative
models to be combined with standardized safety in vitro protocols, with
the benefit of reducing time and cost of mammalian models. Further
investigations are mandatory in order to described even better and in
detail how secondary MPs can influence the aquatic organism beha-
viour and fitness.

4. Materials and methods

4.1. Characterization of NPs suspension

The Dynamic Light Scattering (DLS) was used to characterize the

hydrodynamic behavior of the nanocolloid suspensions. The samples
were diluted to a final concentration of 50 μg/L, in MQ water, Fetax
solution and in Opti-MEM (Gibco, Life Technology, Italy) supplemented
with 1% fetal bovine serum (FBS). Both the hydrodynamic dimension
and superficial charge of the nanocolloids were expressed as
mean ± ES.

4.2. Cell viability

Human alveolar epithelial cells A549 (ATCC®CCL-185™), were
routinely maintained in Opti-MEM medium with 10% FBS and 1%
penicillin/streptomycin and were grown at 37 °C, 5% CO2 and con-
trolled humidity. Cells were seeded in 6 multi-well plates (1.8 × 105
cells/well) and, upon reaching the confluence, exposed for 3 and 24 h
to nanocolloids suspensions (1 μg/mL-50 μg/mL) in 1% FBS supple-
mented medium. Untreated cells were used as control. At the end of the
treatment, supernatants were removed and stored at −20 °C for further
analysis, cells were rinsed and MTT [3-(4,5-dimethylthiazol-2-yl)-25-
diphenyltetrazolium bromide] solution was added in the medium for
2 h. Thereafter, the formazan crystals were solubilized in 1 mL DMSO
and the absorbance of each sample, proportional to cell viability, was
measured with a multimode microplate reader (Infinite® M200 PRO,
Tecan) at 570 nm using 690 nm as reference wavelength. Cell viability
was expressed as OD mean percent compared to untreated cells.

4.3. ICP measurement of ions release in culture medium

The amount of Cu2+ and Zn2+ released by the four NP types in
A549 medium, was measured by incubating 20 μg/mL NPs in Opti-
MEM medium with 10% FBS and 1% penicillin/streptomycin at 37 °C,
5% CO2 and controlled humidity. After 24 h, the medium samples were
collected, filtrated by centrifugation in Vivaspin 10 KD (Sartorius), in
order to separate the free ions, and the filtrated solutions were analyzed
by ICP-OES (PerkinElmer, Optima 7000 DV Perkin Elmer). To de-
termine the percentage of released ions respect to the total amount of
ions in medium samples, unfiltered solutions have been also measured
by ICP, after digestion in HNO3 5%. Measurements were repeated three
times on different embryo pools.

4.4. ROS analysis in A549 cells

Before treatment with nanocolloids, cells were incubated at 37 °C
for 20 min in the dark with 10 μM of the oxidation-sensitive fluores-
cence probe 2′-7′-dichlorofluorescein diacetate (DCFH-DA) (Zhao et al.,
2013). The probe was used to measure the levels of intracellular re-
active oxygen species (ROS) by measuring the fluorescence intensity of
dichlorofluorescein (DCF), the ROS oxidation product of di-
chlorodiydrofluorescein (DFCH). After the incubation cells were wa-
shed twice and exposed to 20–50 μg/mL of each nanocolloid suspension
for 3 or 6 h. Cells untreated were used as negative control whereas
positive control cells were exposed to 5 mM of hydrogen peroxide.
Ultimately, cells were washed again, detached and centrifuged, the
pellets were than suspended in PBS 1× and the ROS levels were de-
termined by flow cytometry (CytoFLEX, Beckman Coulter). In-
tracellular ROS levels were expressed as fold change compared to un-
treated cells.

4.5. IL-8 assays

To measure the pro-inflammatory response to each treatment, the
collected cells supernatants were tested in order to verify the inter-
leukin-8 (IL-8) levels released by the cells. The Human IL-8 CytosetTM
kit (InvitrogenTM) was used to perform the assays following the man-
ufacturer protocol while the extracellular IL-8 levels of each sample
were expressed in pg/mL.

Fig. 8. ROS fold-increase in 96 hpf Xenopus embryos treated with PEI and PEG
coated CuO and ZnO NPs compared to control (Ctrl). All values are given as
mean ± SE of three independent assays. *p < 0.05 vs control (Student t-test).
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4.6. Frog embryo teratogenesis assay-xenopus (FETAX)

Embryotoxicity tests were conducted according to the standard
guide for the Frog Embryo Teratogenesis Assay–Xenopus (FETAX)33
with minor modification. Embryos were obtained by natural breeding
of pairs of adult Xenopus laevis as previously described (Bonfanti et al.,
2018), and used up to 96 h post-fertilization (hpf). During this period
embryos are not independently feeding and therefore outside the scope
of the directive 2010/63/EU on the protection of the animals used for
scientific purposes. After breeding, embryos at two or four blastomeres
were collected and the jelly coat was removed by swirling the embryos
for 1–2 min in a 2.25%L-cysteine solution (pH 8.1).

In order to compare the embryotoxic effects of to nanocolloids
suspensions, at least three replicate definitive tests in the same ex-
perimental conditions were performed. Normally-cleaved embryos at
the midblastula stage (Stage 8), 5 hpf (Niieukoop and Faber, 1994),
were selected for testing and groups of 25 embryos from each male/
female pair (n = 3) were randomly placed in covered 6.0 cm Petri
dishes containing 10 mL of control or test solution. Two replicate dishes
were used for each test concentration (PEI-CuO 0.6–10 μg/mL, PEG-
CuO, PEI and PEG-ZnO 10–50 μg/mL freshly prepared in FETAX solu-
tion), while for control group four replicate dishes were used. All of the
Petri dishes were incubated in a thermostatic chamber at 23 ± 0.5 °C
until the end of the test (96 hpf, Stage 46). Every day, exposure solu-
tions were changed and dead embryos recorded and removed.

At the end of the test, all the embryos (Stage 46) were anesthetized
with 100 mg/L MS-222 and screened for single morphological ab-
normalities under a dissecting microscope (Zeiss, Germany). Three
pools of embryos from each experimental group of each definitive test
were selected and randomly processed for morphological and bio-
chemical analysis. To estimate the growth retardation, head–tail length
of formalin fixed embryos was measured by the digitizing software
AxioVision. To evaluate histological alterations, embryos were fixed in
Bouin's solution and processed for paraffin embedding. To measure ROS
production, the embryos were immediately stored at −80 °C until use.

4.7. Histopathological analysis in embryos

For light microscopy analyses, embedded stage 46 embryos (n = 15
from PEI-CuO 5 μg/mL and PEI-ZnO 25 μg/mL) were transversely cut
from eye to proctodeum into serial sections 6 μm thick, then mounted
on glass slides and stained with hematoxylin and eosin (H&E). The
sections were finally examined at light microscope (Zeiss Axioplan)
equipped with a digital camera (Axiocam MRc5).

4.8. ROS analysis in embryos

ROS generation in stage 46 embryos exposed to nanocolloids for the
duration of FETAX assay were measured according to Zhao et al. (2013)
using DCFH-DA.41 Briefly, pools of 10 embryos were homogenized in
1 mL PBS (pH = 7.4) at 4 °C and the homogenates were centrifuged at
12,000 ×g for 30 min at 4 °C in a mini-centrifuge (Eppendorf 5415C).
Twenty μL of the collected supernatants were incubated at room tem-
perature (RT) for 5 min in a 96-well plate and then 100 μL PBS and
8.3 μL DCFH-DA stock solution (10 mg/mL in DMSO) were added to
each well. After incubation at RT for 30 min in the dark, the fluores-
cence intensity was measured using a micro plate reader (Tecan, in-
finite M200PRO) with excitation and emission wavelengths of 485 and
530 nm, respectively. After quantification of proteins (Bradford, 1976),
ROS concentration was calculated in arbitrary units (dichloro-
fluorescein/mg proteins).

4.9. Cu and Zn bioaccumulation in A549 cells and embryos

For the determination of Cu and Zn accumulation in A549 cells, the
cells were incubated for 24 h with 20 μg/mL CuO-PEI, CuO-PEG, ZnO-

PEI and ZnO-PEG. At the end of incubation, the cells were counted,
centrifuged for 6 min at 1200 rpm and the pellet suspended in PBS to be
processed for ICP-OES analysis. For the determination of Cu and Zn
bioaccumulation in Xenopus embryos, at the end of FETAX test, 50
embryos from each experimental group were randomly collected in
Petri dishes containing fresh FETAX solution for 24 h for purging from
ingested NPs. Embryos were then quickly frozen on dry ice and stored
at −80 °C until analyses. Then, embryos were completely dried at 40 °C
and the dry mass registered with a microbalance.

Cells and embryos samples were then digested in 4 mL of 65%
HNO3 using a mineralizator (Milestone Ethos TC, Milestone srl, Italy),
diluted and then analyzed by ICP-OES. All measurements were repeated
three times. The values obtained by the analysis on A549 samples were
expressed as μg/mL x106, normalized on the n° of cells at the end of
incubation. The values obtained by the analyses on embryos were ex-
pressed as.

4.10. Statistical analysis

EC50 values (μg/mL) for cell viability assay (EC50: effective con-
centration of compound decreasing cell viability by 50%) were elabo-
rated by Probit analysis and expressed as Mean ± SD. The results
obtained by ROS and IL-8 release assays were expressed as Mean ± SE
and compared using one-way ANOVA.

In FETAX test, the data were tested for homogeneity and normality.
When these assumptions were met, one-way ANOVA was performed;
otherwise, the non-parametric Kruskal–Wallis test was applied. The
significance level was set at p < 0.05. The incidence of specific mal-
formations was investigated by chi-square method, using Yates's cor-
rection for continuity (χ2 test) or Fisher's exact tests (FE test). Mortality
and malformation percentages were used to calculate the 96 hpf LC50
(concentration causing 50% lethality) and 96 hpf EC50 (concentration
inducing teratogenesis in 50% of surviving embryos) for each experi-
mental group. These values were obtained following the elaboration of
the lethality and malformation percentages by the Probit analysis
(Finney, 1971), using the U.S. EPA Probit Analysis Program, Version
1.5, with 95% confidence interval. The Teratogenic Index (TI), useful in
estimating the teratogenic risk associated with the tested compounds, is
represented by the LC50/EC50 ratio. ROS values, expressed as fold
change compared to untreated embryos± SE, and the bioaccumulation
values, given as mean ± SE, were compared by one-way ANOVA.

For all statistical comparisons, p < 0.05 was considered sig-
nificant.
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