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Abstract Heavy metals are found naturally on Earth

and exposure to them in the living environment is

increasing as a consequence of human activity. The

toxicity of six different metal oxide nanoparticles (NP)

at different points in time was compared using

resazurin assay. After incubating Caco2 and A549

cells with 100 lg/mL of Sb2O3, Mn3O4 and TiO2

nanoparticles (NPs) for 24 h no toxic effects were

observed while Co3O4 and ZnO NPs had moderate

effects and CuO NPs were toxic below 100 lg/mL

(24 h EC25 = 11 for A549 and 71 lg/mL for Caco2).

The long-term monitoring (up to 9 days) of cells to

NPs revealed that the toxic effects of Mn3O4 and

Sb2O3 NPs remarkably increased over time. The 9 day

EC50 values for Sb2O3 NPs were 22 and 48 lg/mL for

A549 and Caco2 cells; and for Mn3O4 NPs were 47

and 29 lg/mL for A549 and Caco2 cells, respectively.

In general, the sensitivity of the cell lines in the

resazurin assay was comparable. Trans epithelial

electrical resistance (TEER) measurements were per-

formed for both cell types exposed to Co3O4, Sb2O3

and CuO NPs. In TEER assay, the Caco2 cells were

more susceptible to the toxic effects of these NPs than

A549 cells, where the most toxic NPs were the Sb2O3

NPs: the permeability of the Caco2 cell layer exposed

to 10 lg/mL Sb2O3 NPs already increased after 24 h

of exposure.
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Introduction

Heavy metals are found naturally in the ground and

their existence in the living environment is increasing

as a consequence of human activity. Exposure to

heavy metals is considered harmful for various

species, including mammals. Currently, new materi-

als—metal-based nanomaterials—are increasingly

used in various applications such as medicines,

electronics, consumer products, among others, making

knowledge of the potential harmful effects of metal-

based nanoparticles (NPs) on humans and the envi-

ronment (Setua et al. 2014; Damoiseaux et al. 2011)

even more important. Various studies in vivo and

in vitro have demonstrated that ultrafine particles

could be more toxic and immunogenic than coarser

particles of the same material (WHO 2005; Feng and

Yang 2012).

The mechanisms behind the toxic responses to NPs

include reactive oxygen species generation, the induc-

tion of cellular oxidative stress, partial or complete NP

dissolution with the release of toxic metal ions (Xia

et al. 2008), protein damage or triggering of a protein

unfolding response (Jung et al. 2007), membrane

leakage, the generation of inflammation (including

chronic granulomatous inflammation), induction of

frustrated phagocytosis in phagocytic cells, fibrogenic

responses, and the activation of cell signalling cas-

cades (Damoiseaux et al. 2011).

At the same time, many trace elements are neces-

sary for cells to function. For example, copper, zinc

and cobalt are important for human health and a lack

or excess of those microelements could cause serious

health disorders. Copper is an essential trace element

in the human body and is incorporated into various

proteins and metalloenzymes (ceruloplasmin, copper/

zinc superoxide dismutase, cytochrome c oxidase,

etc.) behaving also as progenitor of free radicals

(Brewer et al. 2007).

Cobalt, the essential trace element, is the active

centre of the cobalamin (vitamin B12) corrinoid

structure, which is similar to porphyrin in heme.

Excessive exposure to cobalt is mostly reported as
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occupational exposure (factory workers) but elevated

exposure could also result from prescribed cobalt

therapies, and the use of cobalt-containing prosthetics

(National Toxicology Program 2014). Cobalt com-

pounds have been stated to be possible carcinogens for

humans by the International Agency for Research on

Cancer (IARC 2006).

Antimony has no known biological function in

mammals. However, the use of antimony is increasing

as a fire retardant in rubber, plastics, pigments,

adhesives, textiles and paper; as a fining agent in

glass manufacture; and has a long history of use as a

medicine in the treatment of parasitic diseases (Sundar

and Chakravarty 2010). Leaching antimony from

polyvinylchloride (PVC) is enhanced at both low

and high pH, by elevated temperature and by contact

with body fluids (Cooper and Harrison 2009). Fur-

thermore, recent findings prove that antimony used as

polyester catalyst may leach from plastic polyethylene

terephthalate (PET) bottles widely used for packaging

drinking water or other beverages (Westerhoff et al.

2008; Fan et al. 2014). The IARC has stated that

antimony trioxide could be a possible carcinogen for

humans (IARC 1989).

Occupational exposure to various xenobiotics (e.g.

NPs) is expected through inhalation, dermal contact or

ingestion [via the gastrointestinal tract (GIT)]. Human

studies have shown that inhaled NPs (radioactively-

labeled\100 nm carbon particles were used) can pass

into blood circulation within 1 min from inhalation

(Nemmar et al. 2002).

Particles below 100 nm (even 150 nm) can be

internalised by endocytosis. Considerably larger parti-

cles (200–500 nm) can enter cells by clathrin-or

caveolae-mediated endocytic pathways (Keck and

Müller 2013; Shang et al. 2014). Exposure to NPs may

have an adverse effect on epithelial barriers and the

information on the translocation of NPs via the epithelial

barrier is important for the successful delivery of

nanomedicines as well as for safety reasons. However,

inflammation of the GIT caused by various toxicants

may cause increased permeability of the epithelium,

leading to a deterioration of the epithelial barrier

function. Increased permeability of the GIT epithelium

is more linked to a weakening of the tight junctions

compared to adherent junctions, gap junctions, desmo-

somes or hemidesmosomes (Lerner and Matthias 2015).

Tight junctions establish a polarity of the epithelial

cell layer by forming a seal between adjacent

epithelial cells, thereby separating the luminal com-

partment surrounded by the apical surface of the cell

layer from the interstitial compartment bordered with

the basolateral surface (Schneeberg and Lynch 2004).

To pass the physiological barrier formed by epithelial

cells, molecules have to enter the cell by diffusion or

active transport, and to be eliminated (exocytosed)

from the basolateral side of the barrier (transcellular

transport). Therefore, a decrease in the resistance of

the epithelial cell layer may indicate loose barriers and

the potential paracellular transport of NPs. In addition,

there is evidence that epithelial barriers separate the

endocrine growth factors expressed in the apical side

of their receptors located in the basolateral side as

shown in the case of heregulin by Vermeer et al.

(2003). Leakage of the epithelial barrier might result

in the autocrine stimulation of cell proliferation

followed by neoplasmic formations.

As a rule, in vitro cytotoxicity tests are conducted

using exposure times up to 24 h. Furthermore, the

long-term tests are not common with NPs, even though

long-term cytotoxicity tests are not rare (Wagner et al.

2009; Kasten et al. 2014; Müller et al. 2007). It has

been discussed that there could be a linear correlation

between short and long-term toxicity (Scheers et al.

2001). However, the possibility of exceptions due to

various reasons, especially concerning NPs where the

particles are covered with biocorona in physiological

conditions, has been mentioned earlier (Sabella et al.

2014). The need to collect cytotoxicity data over time

is derived also from the guidelines of the NICEATM

summary of the multicenter evaluation of in vitro

cytotoxicity (MEIC) (NICEATM 2001).

In this study, six MeO NPs (Co3O4, CuO, Mn3O4,

Sb2O3, ZnO and TiO2 NPs) were tested for their toxic

properties using Caco2 and A549 cells in vitro during

prolonged exposure (up to 9 days). Three of these NPs

(Co3O4, Sb2O3, CuO NPs) were additionally studied

using a trans epithelial electrical resistance (TEER)

assay, to evaluate the adverse effects of these NPs on

the physiological membrane integrity of the epithelial

cell layers of Caco2 and A549. Those three NPs were

chosen for the TEER assay for different reasons: CuO

NPs are well studied and known to be toxic at 10 lg/

mL (Ivask et al. 2015; Jang et al. 2016). 100 lg/mL of

Co3O4 or Sb2O3 NPs were not very toxic after 24 h for

epithelial cells Caco2 and A549, but 6 lg/mL was

lethal for murine fibroblasts Balb/c 3T3 after 7 days.

Both Co3O4 and Sb2O3 NPs showed idiosyncratic
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effects in metabolic activity tests and had the highest

absolute value of f-potential (above 20) in ultrapure

water (MQ) (Titma T, Siigur J, Shimmo R, not

published yet). Sb2O3 NPs are less studied but their

possession of an unusual toxicity mechanism has

already been mentioned before (Bregoli et al. 2009).

Materials and methods

Cell culture, reagents and chemicals

Immortalized epithelial cell lines were purchased from

an American Type Culture Collection (ATCC, Manas-

sas, Virginia, USA): Caco2 (ATCC HTB-37) cells

initially originate from human colorectal adenocarci-

noma and A549 cells (ATCC CCL-185) from human

lung epithelial cells adenocarcinoma. Balb/c 3T3

clone A31 (ATCC CCL-163), the mouse fibroblast

type cell line from embryonic tissue was obtained

from the Finnish Centre for Alternative Methods

(FICAM, Tampere, Finland).

The Caco2 cells were cultured in Minimum Essen-

tial Media (MEM) (Gibco, Life Technologies, Carls-

bad, California, USA) supplemented with 15 % fetal

bovine serum (FBS) (Biological Industries, Cromwell,

CT, USA), 1 % non-essential amino acids (NEAA)

(Gibco, Invitrogen, Carlsbad, California, USA), 1 %

sodium pyruvate (Gibco, Invitrogen), 100 lg/mL and

100 U/mL of streptomycin-penicillin (PEST) (Naxo,

Tartu, Estonia). The A549 cell complete cell medium

(CCM) was Dulbecco’s Modified Eagle Medium

(DMEM) with high glucose (Gibco, Life Technolo-

gies) supplemented with 10 % FBS and 1 % PEST.

Balb/c 3T3 cells were cultured in DMEM (Gibco, Life

Technologies) with 10 % Newborn Calf Serum

(NBCS, Gibco, Life Technologies) and 100 lg/mL

and 100 U/mL of streptomycin-penicillin. MEM

without phenol red used in physicochemical measure-

ments came from Life Technologies. A phosphate

buffered saline (PBS) was from Lonza (Bazel,

Switzerland). The resazurin used as a metabolic

activity dye and sodium dodecyl sulfate (SDS), a

positive control, were from Sigma-Aldrich (St.Louis,

MO, USA). The cells were controlled for mycoplasma

and endotoxin using MycoAlert (Lonza) and LAL

(Lonza) tests, respectively.

The metal oxide nanoparticles (MeO NPs) were

synthesized at the University of Bremen, Foundation

Institute of Materials Science IWT (Bremen, Ger-

many) using the flame pyrolysis method (George et al.

2009). The physicochemical characterization of NPs

was performed as described in Ivask et al. (2015).

The NPs were suspended in autoclaved MilliQ

(18 MX, Merck Millipore, Merck KGaA, Darmstadt,

Germany) at a concentration of 400 lg metal/mL and

sonicated for 4 min with 10 % amplitude (40 W,

Branson probe sonicator, Branson Ultrasonics, Dan-

bury, CT, USA). The suspension was sonicated again

for 2.5 min before the NP suspension was prepared in

the relevant cell culture media (100 lg metal/mL).

Gentamicin sulfate (AppliChem GmbH, Darmstadt,

Germany) (50 lg/mL) was added to the stock solution

of the NPs (400 lg metal/mL) and kept in room

conditions for 24 h before the working solutions were

prepared to avoid contamination.

The time-dependent metabolic activity of Caco-2

and A549 cells

The cells were seeded to a 96-well plate in concen-

trations of 1 9 104 cells per well for Caco2 cells or

0.5 9 104 per well for A549 and Balb/c 3T3 cells.

After 24 h of growth (95 % humidity, 37 �C, 5 %

CO2) the cells were exposed to NPs using concentra-

tions 3–100 lg metal/mL.

The metabolic activity of the cells was measured

after a certain time interval of exposure using resazurin

fluorescence assay. Resazurin is a cell permeable dye

that is reduced by the cells with active metabolism to a

highly fluorescent product resorufin. The fluorescent

dye was added 2 h before the measurement timepoint.

After 2 h, the supernatant was pipetted to 96-well

plates and the resorufin was measured at a wavelength

of 590 nm using an excitation wavelength of 560 nm

with a fluorescence spectrometer LS 55 from Perk-

inElmer. The medium was replaced with CCM with no

NPs added. The resazurin assay was repeated after

every time interval followed with a change of CCM.

The metabolic activity of the cell culture was moni-

tored for at least 9 days. Tests were performed in three

parallels with three replicates. Abiotic values (cell

medium and NPs without cells) were always subtracted

from the results to avoid an interference caused bias.
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Chemicals for electron microscopy were of follow-

ing origins: glutaraldehyde (50 % in H2O) was from

Fluka (Buchs, Switzerland), OsO4 (4 % in H2O)

agarose and propylene oxide (C 99.5 %) were from

Sigma-Aldrich. Resin components: EPON 812, DDSA

and DMP-30 were from SERVA (SERVA Elec-

trophoresis GmbH, Heidelberg, Germany), MNA

(*97 %) was from Fluka.

The cells were monitored using light microscopy

(Olympus IMT-2, camera Olympus DP71, olympur,

Tokyo, Japan). TEM observation and elemental anal-

ysis with SEM–FIB-EDX instrument (FEI Helios

Nano-Lab 600, USA) using Energy-Dispersive X-ray

Spectroscopy (EDX) function (Oxford Instruments,

Abingdon, UK) was carried out as described in Ivask

et al. (2015).

Transepithelial electrical resistance (TEER) assay

Co3O4, Sb2O3 and CuO NPs were studied using a

TEER assay, to evaluate the adverse effects of these

NPs on the epithelial resistance of Caco2 and A549

cells. The assay was performed on 24-well micro-

plates. To each well of the microplate, a hanging

insert (Merck Millipore, Cat# PIRP12R48) with pore

size of 1.0 lm was placed. The cells were seeded at a

density of 1.8 9 105 cells/cm2 in 0.2 mL to the

apical side of the inserts. The CCM at a volume of

0.8 mL without cells covered the basolateral side of

the inserts. The resistance was measured using an

EMD Millipore Millicell-ERS2 Volt-Ohm Meter

(Merck Millipore) every day. The medium was

replaced every third day.

After approximately 7 days, when the resistance of

the cell layer had risen to 2000–3000 X (660–990 X/

cm2) for Caco2 and 700–800 X (230–260 X/cm2) for

A549, and the cell layer was considered confluent, the

medium on the apical side of the inserts was displaced

to CCM supplemented with concentrations of 1, 10,

100 lg metal/mL (for Caco2 cells also 200 lg metal/

mL) NPs. After the addition of the NPs, the resistance

of the Caco2 cells was measured at 0, 24, 48 and 72 h

and A549 cells were monitored for up to 12 days

(288 h). A cell culture medium without NPs was

always used as a negative control, sodium dodecyl

sulphate (SDS) at 600 or 300 lg/mL was used as a

positive control. Tests were performed in two parallels

with three replicates. The TEER of inserts without

cells was subtracted from all samples.

Balb/c 3T3 cell transformation assay (CTA)

CTA is reported in the list of accepted methods for

REACH (Reg. EC 440/2008) and was carried out in

accordance of the prevalidation report of ECVAM

(2010). The assay is based on Balb/c 3T3 cell line

ability to maintain a uniform contact-inhibited mono-

layer. The endpoint is the measurement of the Colony

Forming Efficiency (CFE = [total number of colonies

formed in the treatment dishes/total number of

colonies formed in the control dishes] 9 100).

The cells were seeded to a 6-well plate (Cellstar,

Greiner, Frickenhausen, Germany) at concentrations

of 0.5 9 104 cells per well. On the second day, the

CCM was replaced with a dispersion of CCM with

NPs at a concentration of 1 and 0.1 lg metal/mL. The

dispersion of NPs was replaced with CCM without

NPs after 48 h and thereafter the media were replaced

every third day. The test was stopped at day seven after

exposure. 0.7 % ethanol as an interlaboratory vali-

dated transformation agent for Balb/c 3T3 cells and

IARC classified group 1 substance was used as

positive control, as this substance had proven capa-

bility to transform the contact inhibition of Balb/c 3T3

cell. Cells without treatment served as a negative

control. The cells were evaluated microscopically.

Statistical analysis

Data were analyzed using Microsoft Office Excel�
2007. Experimental results were presented as mean ±

SD. EC10, EC25, and EC50 values were calculated

using the program REGTOX: macro ExcelTM.

Results and discussion

In this study the long-term toxicity of six different

metal oxide NPs has been studied using resazurin as a

metabolic activity dye and three metal oxides from

this set (Co3O4, Sb2O3 and CuO NPs) were addition-

ally evaluated for their potential harmful effects using

the TEER assay. Both assays were performed on two

epithelial cell lines—Caco2 and A549.

Although long-term monitoring is inevitable in all

preclinical in vivo and for now in most in vitro tests in

drug design, it is not a common research method in

basic research. However, if we are intending to look

closely at the consequences of exposure to xenobiotics,
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the monitoring of long-term metabolic activity gives

more accurate results for conclusions. Even if the test

design for long-term effect evaluation is costly and

time consuming the outcome is worth the expenditures.

It especially concerns research into the safety of NPs

due to scarce knowledge on the long-term effects.

Viability tests conducted using propidium iodide,

MTT, or neutral red dye are not applicable for repeated

testing, and therefore limit the data gathering contrary

to dyes such as MTS, WST or resazurin responding to

the metabolic activity of the cell. Long-term monitor-

ing of cell metabolic activity when exposed to NPs has

only been studied in recent years. Farcal et al. (2015)

studied six oxide nanomaterials in twelve cellular

models representing six target organs/systems using

ten assays in nine laboratories. Long-term repeated

dose exposure was performed for seven to 21 days

using Caco2 cells. Pojo et al. (2013) studied the

potential of carboxymethylchitosan/polyamidoamine

NPs as a drug delivery system in glioblastoma cell

models using long-term exposure over 7 days. MTS

dye was used to evaluate the metabolic activity of the

cells after their repeated exposure to NPs. In our study

the exposure was performed only once followed by

long-term monitoring of the exposed cells. The design

was led from the knowledge that NPs are absorbed into

the extracellular matrix and/or taken up by the cells

(Grant et al. 2015; Ko et al. 2016). Therefore, the

change in CCM removes only the unsettled part of NPs

and leached ions as in real physiological conditions

where the flow of extracellular fluid will remove free

NPs and leached ions. The intention was to observe

whether the impact of NPs, which were internalised

into the cellular matrix and cells, changes over time.

Repeated exposure of NPs will lead to a cumulative

dosage because of the continuous internalisation of

NPs by the cells and the extracellular matrix.

To assess the long-term metabolic activity of the cells

we used resazurin. Resazurin, a non-fluorescent indica-

tor dye, is converted to bright red fluorescent resorufin

via the reduction reactions of metabolically active cells.

Resazurin is not toxic to living cells and the results of the

assay are in good correlation with those of MTS, ATP

and LDH assays (Riss and Moravec 2004).

As found by various authors (Rotoli et al. 2012;

Farcal et al. 2015) ZnO and CuO NPs were also toxic

to the epithelial cells in our study (Fig. 1; Ivask et al.

2015). Interestingly, Sb2O3 and Mn3O4 NPs seemed to

be as toxic as ZnO or even CuO NPs, although their

toxicity emerged later. The long-term monitoring (for

9 days) of the toxicity of six NPs on two different cell

types showed that for some NPs (Mn3O4, Co3O4 and

Sb2O3 NPs) the toxicity emerged only after 24 h

(Fig. 1; Table 1).

In addition, the remarkable non-monotonic positive

dose–response (NMDR) at 24 h on cell metabolic

activity was observed in exposure of three NPs

(Mn3O4, Sb2O3 and TiO2 NPs), which were negatively

surface charged in MQ. We assume that cell prolif-

eration is stimulated because of the activation of

growth factor receptors followed by intracellular ROS

generation (Bartłomiejczyk et al. 2013).

The surface charge of a NP is a function of solution

pH, which is affected by the reactions that occur on the

particle surface (Suttiponparnit et al. 2011). It has been

shown that even if NPs have a negative surface charge

in an MQ environment, the surface charge of NPs in a

cell growth medium appears to be the same (negative)

as the medium itself containing various negatively

charged proteins (Ivask et al. 2015). Apparently, the

exposure to MeO NPs of large hydrodynamic size,

which depends on the surface charge and pH, results in

a delayed harmful effect (Titma T, Siigur J, Shimmo

R, not published yet; Fairhurst 2013).

Mn3O4 and Sb2O3 NPs showed no toxic effect at

timepoint 24 h but the toxicity emerged later, which

had not been mentioned before. Bregoli et al. (2009)

found Sb2O3 NPs showing a specific type of toxicity

towards erythroid precursor proliferation and Sb2O3

NPs were not found inside the damaged cells, but in

close vicinity to the cell surface.

A comparison of EC10 and EC25 and EC50 (Table 1)

reveals that there is a good correlation in the case of

CuO, Mn3O4, ZnO NPs. Exposure to TiO2 NPs caused

an increase in the metabolic activity of the cells with

no toxicity during the test period as shown before

(Rotoli et al. 2012). However, the exposure to Co3O4

NPs was accompanied by a small static decrease in

metabolic activity. At 9 days most of the exposed cell

layers showed the marks of recovery—EC50 was

higher than at the fourth day. By contrast, the

metabolic activity decreased with time in cells

exposed to ZnO NPs and was remarkable when

exposed to Sb2O3 NPs.

TEER measurements are used not only for

epithelial barrier research but also for indications

of the destruction of the extracellular matrix; for

example, of neoplastic formations (Calabro et al.
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2008; Buchert et al. 2012). To assess the effect of

NPs on epithelial membrane integrity, we used the

transepithelial resistance measurement of intact

Caco2 and A549 epithelial cell monolayer. It is

suggested that an enhancement of paracellular flux

follows as a result of a toxic effect towards tight

junctions caused by either direct interactions with

tight junctional protein components, or by the

changes in the second messenger systems, or from

the direct or indirect effects on cytoskeletal proteins

linked to the tight junctional components (Van

Itallie and Anderson 2004).

Fig. 1 The 9 days (216 h)

of metabolic activity in

human lung epithelial cells

A549 and human intestinal

epithelial cells Caco2 cells

after a single exposure to

dispersions of MeO NPs at

t = 0. Resazurin was used to

measure metabolic activity.

Concentrations of metal

oxides are presented as lg

metal/mL. The metabolic

activity is presented as a %

of the unexposed control

cells. See also Table 1 for

the respective EC values.

The presented data are

average values of three

independent measurements

±SD
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Table 1 The EC10, EC25 and EC50 values (lg metal/mL) of the six nanoparticles (NPs) in two cellular systems (A549 and Caco2)

calculated at different timepoints (12 h to 9 days)

MeO Exposure time A549 Caco2

Days Hours StDev EC10 EC25 EC50 StDev EC10 EC25 EC50
C

o 3
O

4

0.5 12 1.1 26.3 50.8 105.4 N/A >100 >100 >100

1.0 24 0.8 82.7 136.1 >100 N/A >100 >100 >100

1.5 36 0.2 86.2 96 108.1 N/A >100 >100 >100

2.5 60 0.2 88.8 98.2 109.8 0.7 75 116.8 >100

4.5 108 0.2 87.8 96.6 107.3 3 6.7 41 >100

9 216 N/A >100 >100 >100 2 20 67 >100

C
uO

0.5 12 4.6 0.1 1.7 38.2 N/A >100 >100 >100

1.0 24 2.1 3 10.7 43.8 0.7 44.9 70.8 117.2

1.5 36 0.6 15.2 21.7 32.1 0.6 18.7 26.4 38.6

2.5 60 0.2 28.5 32.4 37.4 0.4 17.9 23 30.3

4.5 108 0.2 27.8 31.5 36.2 0.3 21 25.5 31.5

9 216 0.2 28.4 32.3 37.2 0.2 28.2 32.1 37

M
n 3

O
4

0.5 12 N/A >100 >100 >100 N/A >100 >100 >100

1.0 24 N/A >100 >100 >100 N/A >100 >100 >100

1.5 36 2 6.7 23 90.6 N/A 0.5 45.4 >100

2.5 60 1.4 6.4 15.1 39.2 2.2 2 7.7 33.2

4.5 108 0.6 14.8 21.2 31.8 1.7 2.4 6.6 20.7

9 216 0.1 40.8 43.7 47.1 1.4 5.1 11.6 28.9

Sb
2O

3

0.5 12 N/A >100 >100 >100 N/A >100 >100 >100

1.0 24 N/A >100 >100 >100 N/A >100 >100 >100

1.5 36 0.4 53.6 66.5 84.6 0.7 27.3 41.7 66.8

2.5 60 0.3 39.7 47.9 59.1 1 11.2 19.9 38

4.5 108 0.9 11.9 20.7 38.5 0.5 24 33.1 47.4

9 216 2.1 1.6 5.5 22 0.1 42.2 45 48.2

Z
nO

0.5 12 1.3 23.4 50.2 117.6 N/A N/A N/A N/A

1.0 24 1.4 32 76.5 >100 N/A N/A N/A N/A

1.5 36 0.5 22.7 30.6 42.8 0.5 32.6 45.5 65.9

2.5 60 0.1 38.7 42 46 0.4 33.1 41.2 52.4

4.5 108 0.3 30.7 37.5 46.8 0.3 40.3 49.6 62.5

9 216 0.5 22.8 30.1 41.1 0.3 41.6 50 61.2

T
i

O
2 0.5-9 12-216 N/A >100 >100 >100 N/A >100 >100 >100

The heat map shows an earlier toxicity of CuO and ZnO NPs. EC values are calculated from dose–response data presented in Fig. 1

N/A not applicable
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The use of cell growth inserts mimics the natural

epithelial layer with an apical and basolateral envi-

ronment. The construction makes it possible to avoid

the shortcomings of traditional cell monolayers grow-

ing in the bottom of the well, where the formation of an

extracellular matrix and intracellular contact is low.

The epithelial cells separating the luminal space from

basolateral are sealed with tight junctions ensuring the

polarity of the epithelial cell layer. Increased perme-

ability of the epithelia is linked to a weakening of the

tight junctions. Unregulated inflammation caused by

various contaminants (e.g. chemicals) causes an

increased permeability of the epithelium, leading to

deterioration of the protective function of the epithe-

lial barrier for the organism (Lodish et al. 2012).

The data obtained by Lin et al. (2011) who studied

the effect of densely organic polymer-coated gold NPs

on the integrity of the tight junctions of Caco2 cells

stated that all NPs (5, 10 and 20 nm) in their study

loosened the tight junctions but in most cases this

effect was reversible. However, antimony trioxide

NPs are the least investigated MeO NPs. There is no

information on basic cytotoxicity but some evidence

of pathological complications has been observed

(Guildford et al. 2009; Bregoli et al. 2009).

The changes in TEER in the intact Caco2 cell layer

upon exposure to metal oxides were observed from 1

to 5 days and for A549 cells from 1 to 12 days. The

exposure concentrations ranged from 1 to 200 lg/mL

(Table ESM1, Fig. 2). According to the TEER mea-

surements, the Caco2 cells were more susceptible than

the A549 cells to the toxic effects of the studied NPs,

especially towards Sb2O3 NPs (Fig. 2). The perme-

ability of the Caco2 monolayer exposed to CuO NPs

was less affected compared to the decrease in

metabolic activity in the resazurin assay. The TEER

measurements revealed that the permeability of the

Caco2 cell layer exposed to 10 lg/mL Sb2O3 NPs

decreased already at 12 h. The 24 h EC50 of TEER

measurement was approximately 8 lg/mL

(SD = 1.3) and at 48 h about 5 lg/mL (SD = 0.8).

A similar decrease in the case of CuO NP in the same

concentration emerged later. In both cases this effect

was irreversible.

We suggest that although the Sb2O3 NPs were toxic

from the first contact with the proteins in the

Fig. 2 Time-dependent decrease of the resistance of the

epithelial cell layer (% of control) of Caco2 (upper panels)

and A549 cells (lower panels) after exposure to Co3O4, CuO and

Sb2O3 NPs over 3 or 12 days (values of TEER measurements

are shown in Table S1). The exposure time is indicated on the

panels. The data presented are average values of the two

independent measurements ±SD
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extracellular matrix, the internal toxicity was delayed

because of the large corona of NPs, which are

negatively charged in MQ (Titma T, Siigur J, Shimmo

R, not published yet). The permeability of the Caco2

monolayer exposed a single time to 100 lg/mL of

Sb2O3 NPs decreased to almost 0 % of the negative

control and did not change much after 24 h, revealing

the open access of foreign substances to the basal

lamina. However, the Caco2 monolayer exposed to

50 lg/mL of Co3O4 NPs shows an obvious reduction

in resistance when compared to the results from the

resazurin tests.

The TEER of the A549 cell layer was monitored for

12 days due to the unexpectedly slight change in

resistance. The behaviour of the lung epithelial model

cells was apparently different. Whereas the Caco2 cell

layer was severely affected, the A549 cell layer

showed a moderate dose-dependent reduction in

resistance. However, the toxicity did increase with

time.

Studies observing ionic compounds indicate that

cytotoxicity occurs before TEER becomes compro-

mised (Konsoula and Barile 2005). Notably, the

cytotoxicity of metallic NPs is frequently associated

with leaching metal ions (Sabella et al. 2014; Zook

et al. 2012; Setua et al. 2014). Rotoli et al. (2012)

found that an increase in the permeability of a

monolayer of Calu2 cells exposed to CuO, CeO2 or

TiO2 NPs correlated with a decrease in metabolic

activity on the seventh day. At the same time, it could

be expected that at least at low doses the permeability

of the monolayer will increase much earlier than the

decrease in the metabolic activity of the cells as shown

by Bender et al. (2011), and in our study on the Caco2

cell layer (Fig. 2 upper panel). Interestingly, the A549

cell layer exposed to CuO NPs, which of the three NPs

decreased the metabolic activity the most, seemed to

be in a healthy condition and showed a moderate

decrease in permeability after 12 days.

This could be explained by the specialisation of

lung epithelial tissue, designed to defend the airways

against constant exposure of micro particles. As it is

widely known, the formation of fibrotic granulomas is

typical for lung tissue as a result of the granulomatous

inflammatory process in the case of asbestosis, tuber-

culosis and even talcosis (Czul and Lascano 2011).

Such granulomas are not known in GIT (but ulcerative

colitis or Chron’s disease) due to the continuous self-

renewal and migration kinetics of cells (James 2000;

Clevers 2013). In addition, A549 cells have a shorter

doubling time than Caco2 cells, and thereby allow the

viable cells to overgrow damaged cells with endo-

somes/lysosomes full of NPs.

We observed, in addition, the effect of those MeO

NPs on fibroblasts Balb/c 3T3 cell layer. Fibroblasts

are the most common cells in connective tissue

defending the organism’s general physiological barri-

ers such as skin, and the epithelial tissue in the

intestinal and respiratory tract. Therefore, it is under-

standable that fibroblasts do not form an integrated cell

layer like a physiological membrane. In addition,

Balb/c 3T3 cells are not embryonic human cells and

Fig. 3 The 24 h viability of Balb/c 3T3 cells exposed to MeO NP (resazurin assay). The presented values are at concentrations of lg

metal/mL
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Fig. 4 Balb/c 3T3 cells 7 days after a single exposure to TiO2 at a concentration of 6 lg metal/mL. The cell layer exposed to TiO2 is

similarly confluent to the normal negative control

Fig. 5 TEM images of cells exposed to MeO NPs for 24 h at

concentration EC20. a Balb/c 3T3 cells exposed to Co3O4 NP at

a concentration of 64.5 lg metal/mL; b A549 cells exposed to

Co3O4 NP at a concentration of 56.1 lg metal/mL; c Caco2 cell

exposed to Sb2O3 at a concentration of 44.7 lg metal/mL;

d Caco2 cells exposed to CuO at a concentration of 3.1 lg

metal/mL (photograph by M. Visnapuu)
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not neoplasmic cells. This might be the cause of

breaking the pattern. Furthermore, the effect of

exposure on a single-layer cell culture could not

extrapolate to the whole organism.

Fibroblasts even showed sensitivity to Co3O4 NPs,

which were moderately toxic to human epithelial cells

(Fig. 3). Surprisingly, the Balb/c 3T3 cells exposed to

6 lg/mL Co3O4, CuO, Mn3O4, Sb2O3, or ZnO NPs

almost disappeared from the wells 7 days after a single

exposure. The viability of Balb/c 3T3 cells exposed to

Ti2O was similar to the negative control, where the

characteristic contact inhibition of the cell line was

altered (Figs. 3, 4).

The Balb/c 3T3 cell transformation assay (CTA)

was performed to assess the potential carcinogenicity

of the tested NPs. As the result no foci were observed

following the exposure of Co3O4 or CuO or Sb2O3 at a

concentration of 1 and 0.1 lg/mL. Nor were any

changes in the morphology of the cells observed.

Similar results have been previously shown by Guild-

ford et al. (2009).

Various research methods are used for the closest

observations and among them the visualization of the

pharmacokinetics of NPs in in vitro cell cultures is one

of the favourites. Using scanning or transmission

electronic microscopy, the cell microstructure could

be seen in detail.

TEM images show the aggregated NPs within lyso-

somes and cell vesicles. The mitochondria and phago-/

endo-/lysosomes as noted by Blanchette et al. (2009) are

clearly seen in the image with Co3O4 exposure. It is

proposed that in the acidic environment that exists in the

lyzosomes, the NPs will be susceptible to enzymatic

degradation (Leung and Wang 2010) or dissolution.

As seen in the image (Fig. 5a, b), remarkable

amount of Co3O4 NPs aggregations had accumulated

inside the cell vesicle. However, it could be concluded

that not all MeO NP caused the evident loss of

intestinal cell metabolic activity during the 24-h

exposure. Still, the cytoplasmic structures are appar-

ently disrupted in the case of Co3O4 and Sb2O3.

The solubility of iron, zinc and copper oxide NPs is

higher at low pH, and particles may dissolve in the

acidic environment of the lysosomes (Fröhlich 2013).

Similar behaviour is also reported for antimony

trioxide found in the lysosomes (Fig. 5c). The effect

of Sb2O3 and Co3O4 NPs is very similar to that

described earlier by Bastian et al. (2009). Both Co3O4

and Sb2O3 enter the cell cytoplasm but not the nucleus;

thereby, having cytotoxic effect at concentrations

greater than 30 lg/mL.

The cytotoxicity of CuO NPs on Caco2 cells

showed a number of similarities with the results

observed by Cronholm et al. (2013). There are no clear

aggregates on the TEM image (Fig. 5d) inside the

CuO exposed Caco2 cells. This could be a conse-

quence of the long exposure time (24 h) and the small

concentration of CuO NPs (4 lg/mL), and mostly

related to the increased dissolution of CuO NPs in the

protein rich complete growth medium (41 %, see

Ivask et al. 2015). Nevertheless, clear evidence of

apoptotic markers could be seen. Some of the Caco2

cells showed a rhombic form expressing cell shrinkage

in correlation with the light microscopy observations,

where formulated invisible apoptotic bodies were

expressed. Moreover, on the TEM image of the cell

exposed to CuO NPs, chromatin condensation and

DNA fragmentation inside the nucleus could be seen.

Conclusions

Our study has several novel aspects: (1) the long-term

(exposure up to 9 days) harmful effects of six metal

oxide NPs following a single exposure was studied; (2)

for three metal oxide NPs the TEER assay was also

used in parallel; (3) both of the assays were performed

on two epithelial cell lines, Caco2 and A549; and (4)

the effect of connective tissue on Balb/c 3T3 fibroblast

juxtaposing the basolateral side of physiological

barrier was studied.

CuO NPs were the most toxic for the epithelial cells

at the 24-h timepoint as has been also reported before.

It is remarkable that the decrease in metabolic activity

in cells exposed to Sb2O3 and Mn3O4 NPs seemed to

be as severe as those exposed to ZnO or even CuO NPs

although the decrease emerged later. We found that

epithelial cell layers of different origin showed a

different response in terms of an increase in perme-

ability to the exposure of MeO NPs despite similar

results from the metabolic activity tests. It seems that

conventional 24-h metabolic activity tests of at least

some MeO NPs might lead to underestimating their

toxicity and also to stimulated metabolic activity after

24 h. However, the immediate increase in permeabil-

ity of the intact intestinal cell layer was obvious. Thus,

we suggest using TEER measurements as part of basic

toxicity tests.
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Elihn K, Wallinder IO, Möller L (2013) Intracellular

uptake and toxicity of Ag and CuO nanoparticles: a com-

parison between nanoparticles and their corresponding

metal ions. Small 9:970–982

Czul F, Lascano J (2011) An uncommon hazard: pulmonary

talcosis as a result of recurrent aspiration of baby powder.

Respir Med CME 4:109–111

Damoiseaux R, George S, Li M, Pokhrel S, Ji Z, France B, Xia
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