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Abstract

Introduction: The toxicity of inorganic and organic mixtures (CER 16 05 06*), which derive from analytical
laboratory waste, being often unstable, represents a relevant issue for their toxicological interactions.
Materials and Methods: In compliance with the 3Rs policy adopted by the European Commission, a multimodel
in vitro approach was set up. Toxicity and the proinflammatory potential of such mixtures were evaluated on
human endothelial, epithelial cell lines (human endothelial cells from umbilical cord [HECV] and cervical can-
cer cells derived from Henrietta Lacks [HeLa]) and 3D-human-epidermis reconstructed model. Moreover, the
effects of inorganic and organic mixtures on cellular bioenergetics and neuronal network were evaluated in
terms of adenosine triphosphate (ATP) synthetic ability by rod outer segment (OS) disk and spontaneous elec-
trical activity of rat cortical networks.
Results: Inorganic mixture was more effective than the organic one in reducing viability indexes of both human
cell lines. In HeLa, expression of tumor necrosis factor-alpha gene was positively modulated by both mixtures,
while the inorganic mixture reduced interleukin-18 gene levels and organic one lowered Hsp70 stress response
gene. Dermal corrosion and irritation testing on a commercial 3D-human-epidermis reconstructed model showed
a corrosive and irritant potential of inorganic mixture only. In addition, this latter impaired cellular bioenergy, in
terms of ATP synthesis by purified rod OSs. Moreover, both mixtures exerted harmful effects on the spontaneous
electrophysiology activity of rat neuronal networks, by means of microelectrode array-based platforms.
Discussion: Obtained data evidenced that both mixtures can be potentially harmful to workers.
Conclusion: This in vitro multimodel approach could be a useful starting tool for the prediction of the potential
risk to humans and ecosystems.
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Introduction

The discovery of new approaches, which minimize the
use of animals in research, while trying to overcome the

limitations, is being given serious consideration and, there-
fore, in vitro testing procedures are important alternative
testing methods for toxicity that meet the criteria of 3Rs.1

The assessment of human health risks requires the identi-
fication and integration of information on the health hazards
related to the exposure of a chemical compound and the re-
lationships between exposure, dose, and adverse outcome ef-
fects (AOE). The development of risk-assessment strategies
for hazardous waste is an emerging issue in the European
Union and the European Chemical Agency is applying the
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recently issued REACH Directive (Regulation 1357/2014/
EU; Decision 2014/955/EU).

Till today, the evaluation of the biological potential of
chemical mixtures may not be reliable because little is
known about the AOE of the cumulative exposure to a mix-
ture of toxic substances2,3 produced from both industrial
and laboratory waste. While a toxicological database exists
for each single chemical included in a mixture, relevant
risk assessment of the main contaminant mixtures is lack-
ing even though there is the risk characterization of single
substances. Mixtures may contain unknown components
that can form, due to chemical reactions, new compounds.
However, it is now known that the resulting toxicity risks
due to the additive or synergistic effects of compounds
can be more harmful to human health compared with
those of a single chemical.4 In fact, chronic low exposure
to some persistent chemicals, such as metals or lipophilic
compounds, results in their accumulation in human tissues,
which can contribute to the development of several diseases,
such as cancer, neurodegeneration, cardiovascular disorder,
and metabolic dysfunctions.5,6 Another pressing aspect is the
that nanoparticles, many of which are metal/organic mixtures,
do carry biological hazard. The multicomponent mixtures dis-
play joint toxicity, which can be higher than the individual
toxic effect of the most potent compound present therein, re-
gardless of its specific chemical composition.7,8

Either industrial or laboratory waste is composed of complex
mixtures of very high concern. Their chemical composition can
cause harm, illness, and even death through different mecha-
nisms both in humans who are exposed to such waste during
their work activities, and in other life forms when mismanaged
or released into the environment. For this reason, on June 1,
2015, the European legislation, concerning the industrial/labora-
tory waste hazardous properties, came into force, with an obli-
gation to provide chemical and toxicological properties of
these wastes (EU Regulation 1357/2014-and EU Decision
955/2014). Routinely, single chemicals from laboratory waste,
either organic or inorganic, are poured into containers that are
stored in the laboratory, and then, in accordance with the Direc-
tive UE 2016/1179, the samples of which are analyzed at least
once a year to allow for their correct disposal (as required by
the Italian Ministerial Decree—MD 27.9.2010, later modified
by the MD 24.6.2015). During this period, it should be noted
that the composition of the mixture, both in quantitative and
qualitative terms, could well have undergone a change.

Although, as required by safety rules, the involved person-
nel are subject to safety training and have access to chemical
safety information, all the cited steps are open to potential
hazards for both humans and the environment. However, in-
tentionally prepared mixtures are covered by the cited CLP
Regulation and, since June 1, 2015, companies are obliged
to reclassify their mixtures.

In 2014, the Joint Research Center of the European Com-
mission (EC) drew up the Regulatory Requirements and
Guidance of Assessment of mixtures to highlight the meth-
odology for risk assessment of exposure to mixtures. More
recently, being aware that the composition of a mixture
can often vary over time and space, mixture toxicity should
be assessed, not only based on the individual components of
the mixture but also on the mixture as a whole.9,10

To evaluate the chemical risk assessment, regulatory pro-
grams, such as REACH, promote the use of alternative ap-

proaches (i.e., in silico, in vitro assay, and short-term
in vivo tests) rather than traditional in vivo test methods.11

Therefore, in vitro testing can be suitable for the evalua-
tion of hazards as well as for the risks related to both acciden-
tal and intended use of mixtures. Notably, the safety
information on a single-mixture component does not reflect
the effective hazard of mixture as a whole. Moreover, the
composition of such mixtures, derived from routinely dis-
carded laboratory chemicals, varies daily right up to their
collection. It also highlights the fact that the potential risks
of whole mixtures can be assessed simply by taking a sample
during their storage using multitool approaches.

Herein, we report a preliminary multimodel in vitro approach
designed in line with the 3R policy using different in vitro as-
says to verify the potential toxicity of inorganic mixture (IM)
and organic mixture (OM) (i.e., the European Waste Catalogue
and Hazardous Waste List CER 16 05 06* associated with dan-
gerous laboratory chemicals) from the waste of an Italian chem-
ical analysis laboratory and environmental study (C.P.G. Lab,
Cairo Montenotte, SV), in various assessment scenarios. In
this study, both mixtures were examined as a whole, following
the indications of the EC Decision Tree for the Risk Assess-
ment of Mixtures for which a significant human exposure is
likely/plausible and no data are available on the mixture as a
whole.12 Several biological endpoints were included to perform
a multimodel approach on the potential harmful effects of OM
and IM accidental exposure.

Basic toxicity was evaluated in terms of neutral red uptake
(NR) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) viability indexes on 2D human cervical
cancer cells derived from Henrietta Lacks (HeLa) and human
endothelial cells from umbilical cord (HECV) cell lines, rep-
resentative of epithelial and endothelial cells respectively,
after their exposure to IM and OM. In compliance with the
OECD TG431 and 439, skin corrosion and irritation poten-
tials were evaluated on commercial 3D-human-epidermis-
reconstructed (RHE) models, as integrated testing strategies.

Since chemicals may negatively affect cell behavior, the
gene expression of two typical proinflammatory and sensiti-
zation cytokines (tumor necrosis factor alpha [TNF-a] and
interleukin [IL]-18, respectively) and of Hsp70, as a marker
of cell stress response, was assessed in HeLa, a representa-
tive model of epithelium, as a first target tissue of chemical
action. Cellular bioenergetics was assessed by adenosine tri-
phosphate (ATP) synthesis in purified bovine rod outer seg-
ments (OSs). Moreover, since several lines of evidence
highlight a possible link between neurological disorders
and neurotoxins in the environment, neurotoxicity was in-
vestigated by microelectrode array (MEA)-based electro-
physiology on cortical rat neuronal networks.

Materials and Methods

IM and OM (CER 16 05 06*) were randomly collected by
a certified chemical laboratory as discards (i.e., C.P.G. Anal-
ysis laboratory and environmental studies, Cairo Montenotte,
Savona, Italy). Table 1 below in the form of analysis chart
reports the analysis of the most relevant chemical concentra-
tions in the two tested samples, which were Cr and Hg for IM
and different solvents for OM, and the acceptable limit
value exposures, as stipulated by the Italian Decree-Law
(DL 03.04.2006, n152, 4th section, enclosure D).
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Analysis chart

Certificate of Analysis of hazardous chemicals in IM and
OM tested samples. Data provided by the C.P.G Certified
analysis laboratory (Cairo Montenotte, Italy).

All chemicals and reagents were from EuroClone S.p.A.
(Milan, Italy), Gibco (Invitrogen Life Technologies, Milan,
Italy), Invitrogen S.r.L. (Milan, Italy), and Sigma-Aldrich
(Milan, Italy). Experimental techniques were performed
within the Standard Operative Protocols of the Laboratory
of Analysis and Research on Physiopathology (LARF) that,
certified UNI EN ISO 9001:2008, is committed to operate
according to the requirements of the Quality System and
the standards on which it is based (ISO9001), and oriented
to ISO15189 and BPL standards.

In vitro cell models

Human cell lines, HeLa, from cervix epidermoid carci-
noma, and HECV, normal endotheliocytes from the umbili-
cal cord (certified by STR DNA profile analysis by
Biological Bank, a Core Facility of the IRCCS San Martino
University Hospital—IST National Institute for Cancer
Research (Genoa, Italy), were cultured at 37�C under 5%
CO2 in Dulbecco’s Modified Eagle’s Medium (DMEM) plus
10% heat-inactivated fetal bovine serum. HeLa cells were
chosen as a model of undifferentiated epithelioid cells,
which retain limited capacity to commit to early stages of
cell differentiation so as to mimic an adaptive response to
stressors in epidermal cells.13 HECV cells, available from sev-
eral cellular banks, were used since they share the same origin
of HUVECs and are considered a bloodstream model.14–19

No antibiotic or antifungal solutions were added to stan-
dard or experimental medium to avoid any potential interfer-
ence of these drugs with the cell culture.20–25

All cell cultures were found to be mycoplasma-free on
regular checks with Reagent Mycoplasma Set (Euroclone).
The population doubling time for HeLa and HECV was es-
timated to be 16 and 17 hours, respectively, by using a user
friendly software (Roth V. 2006 Doubling Time Computing,
Available from: www.doubling-time.com/compute.php).
Based on these data, 24 hours before the experimental
procedures, HeLa and HECV cells were seeded in 6- and
24-well plates (Primo�multiwell plate, Euroclone) at 15

and 4 · 104-cells/well, respectively, to obtain an *75%
confluence. Skin corrosion and irritation tests on recon-
structed 3D human skin model were conducted using
0.5 cm2 Reconstructed Human Epidermal skin substitutes
(RHE/S17—EpiSkin�, France). RHE consists of a three-
dimensional human skin model comprising a reconstructed
epidermis with a functional corneum stratum and is vali-
dated as an in vitro means to assess dermal corrosion
and skin irritation26,27 according to the OECD 439 and
43128 (available on: www.oecd.org/chemicalsafety/testing/
oecdguidelinesforthetestingofchemicals.htm).

Experimental treatments

For assays on 2D HeLa and HECV models, the IM and
OM were dissolved in DMEM just before the experimental
procedures to obtain stock solutions (10%, v/v) and each
added to serum-free culture medium to achieve the final con-
centrations of 0.025, 0.05, 0.1, 0.25, 0.5, and 1% (v/v).
Experimental procedures were carried out for 4, 12, and 24
hours. At the same time points, plates were set up with the
appropriate negative controls (untreated cultures) and differ-
ent doses of irritation positive control (4, 20, and 40 lg/mL
NiSO4). Each experimental condition was analyzed in two
separate experiments running in triplicate. At the end of
each treatment, cell viability was assessed as described below.

The skin corrosion and irritation tests were performed on
Reconstructed Human Epidermis (SkinEthic� RHE model;
EpiSkin) according to the manufacturer’s instruction and in
compliance with OECD Test Guidelines (TGs) Nos. 431
and 439, respectively. For each test, three tissue replicates
per condition were used. Briefly, 40 – 3 lL (80 lL/cm2) and
16 – 2 lL (32 lL/cm2) of IM and OM were used to evaluate
their corrosion and irritation effects on the epidermal model.
The exposure time was 3 and 60 minutes at room tempera-
ture for the skin corrosion protocol, whereas 42 – 1 minutes
at RT for the skin irritation test. Moreover, the irritation
test also included a postincubation time of 42 – 1 hours in
SkinEthic� growth medium.

As scheduled by corrosion and irritation assays, respec-
tively, at the end of experimental procedures, RHE tissues
were transferred to 24-well plates to then run the MTT via-
bility test as described below.

Viability assessment

At the end of each experimental treatment, cell viability
was assessed in HeLa and HECV 2D cultures by NR29 and
MTT30,31 tests. The MTT test was also performed for irrita-
tion and corrosion assays. The possible MTT direct reduction
and/or interference with NR by IM and OM were checked.
Both checks gave a negative outcome for all exposure times.

The optical densities (OD) of the released neutral red dye
and of the dissolved formazan crystals (for MTT test) were de-
termined spectrophotometrically at 570 nm. The quantifica-
tion of cell viability was obtained by comparing the OD of
the extracts measured at 570 nm in percentages to the negative
controls. Relative cell viability was calculated for each cell
sample as a percentage of the mean of the negative control.

A chemical compound was considered toxic if the cell vi-
ability was reduced by 15% compared with the untreated cul-
tures according to ECVAM’s guidelines.

Table 1. Analytical Chart

Mixture:
CER 16
05 06*

Hazardous
chemicals

Concentration
in sample
(mg/kg)

Acceptable
limit value*

(mg/kg)

IM Cr VI 124 – 25 1000
pH 1 Hg 770 – 115.6 1000
OM Acetonitrile <0.5

Dichloromethane 35,900 – 7180 1000
Hexane 4500 – 863 —
Toluene 6000 – 1200 50,000

Certificate of Analysis of hazardous chemicals in IM and OM
tested samples. Data provided by C.P.G Certified analysis laboratory
(Cairo Montenotte, Italy).

*According to the Italian DL 03.04.2006, n152, 4th section, en-
closure D.

IM, inorganic mixture; OM, organic mixture.
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For the RHE model, in accordance with OECD TG 431
and 439, the test material is considered to be (1) irritant to
the skin if the tissue viability after exposure/postincubation
is less than or equal to 50%; and (2) corrosive if the viability
is less than 50% and less than 15% after a 3- and 60-minute
exposure, respectively.32

Reverse transcription-polymerase chain reaction

Primers for human TNF-a, IL-18, Hsp70, and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) were designed
using the Beacon Designer 7.0 software (Premier Biosoft
International, Palo Alto CA, USA) and obtained from Tib
Molbiol (Genoa, Italy). The sequences of polymerase chain
reaction (PCR) primers are listed in Table 2. After 24
hours of experimental procedure, the mRNA of HeLa cell
IM and OM treated at 0.025, 0.05, and 0.1% (v/v) concentra-
tions was extracted using the RNeasyMicro Kit (Qiagen,
Milan, Italy), according to the manufacturer’s instructions.
RNA (1 lg) was reverse-transcribed into cDNAby dNTP
mix (Euroclone). Amplification of cDNA by polymerase
chain reaction was performed using Redy @ Taq master
mix (Euroclone) and the abovementioned human primers.
Results were normalized to GAPDH expression, chosen as
the housekeeping gene for performing reverse transcription-
PCR on HeLa cells, on the basis of recent literature data.33,34

The amplified gene-specific PCR products were analyzed
by electrophoresis on 2% agarose TBE gels stained with
ethidium bromide DNA and UV visualized. Digital images
were quantified by densitometric analysis by using a spe-
cific software (BIORAD GelDoc 2000; Bio-Rad Laborato-
ries, Milan, Italy).

Rod OS preparations

Purified bovine rod OS preparations were obtained under
red light at 4�C from 20 retinas by centrifugation (1 hour
at 100,000 g) on a sucrose/Ficoll continuous gradient formed
by a light medium (60 mM sucrose, 4% Ficoll w/v, 10 mM
glucose, 10 mM ascorbic acid, 1 mM CaCl2, and 20 mM
Tris-HCl pH 7.4) and a heavy Medium (20% sucrose w/w
and 16% Ficoll w/w).35 The band corresponding to the sealed
isolated OS was diluted with two volumes of 600 mM su-
crose and 200 mM Tris-HCl pH 7.4, centrifuged at 5000 g
for 20 minutes at 4�C, collected, and stored at�80�C. Before
use, OSs are homogenized by diluting the OSs on ice in 1:1
(w/v) hypotonic medium (5 mM Tris-HCl, ph 7.4-plus prote-
ase inhibitor cocktail, and ampicillin).

ATP synthesis assay in rod OS

The formation of ATP from adenosine diphosphate (ADP)
and inorganic phosphate (Pi) was assayed in purified OS as

previously described.36 Such an experimental model is suit-
able as it expresses FoF1-ATP synthase and the electron
transfer chain and conducts the oxidative phosphorylation.
Moreover, the disk sidedness in the OS is similar to that of
the inverted mitochondrial vesicles. For the ATP synthesis
assay, rod OS homogenates (0.04-mg protein/mL) were incu-
bated for 5 minutes at 37�C in 50 mM Tris/HCl (pH 7.4),
5 mM KCl, 1 mM EGTA, 5 mM MgCl2, 0.6 mM ouabain,
0.25 mM di(adenosine)-5-penta-phosphate (Ap5A, adenylate
kinase inhibitor), and ampicillin (25 lg/mL). Then, respira-
tory substrates (20 mM succinate and 0.35 mM NADH),
5 mM KH2PO4, and 0.1 mM ADP were added to induce
ATP synthesis.37 When necessary, samples were preincu-
bated for 5 minutes with 1%, 0.5%, 0.25%, 0.1%, 0.05%,
or 0.025% IM or OM (in the latter case, samples were also
incubated for 240 minutes). The ATP concentration was
measured for 1 minute in a luminometer (Lumi-Scint, Bio-
scan) by the luciferin/luciferase chemiluminescent method
(Roche Diagnostics Corp., Indianapolis, IN). Calibration
curve was obtained with ATP standard solutions (Roche
Diagnostics Corp.) between 10�9 and 10�7 M in the same so-
lution of the experiments.

Neural networks

The neurotoxic effect was investigated evaluating the
spontaneous electrical activity of rat cortical neuronal net-
works subjected to OM or IM. An integrated analysis of spe-
cific parameters, related to the global spiking activity mean
firing rate (MFR) and the bursting behavior, the most impor-
tant property of the dynamics of neuronal network electrical
activity, was performed with the aim of better characterizing
and assessing mixture-induced effects.

Neuronal networks, from rat embryonic cortical neurons at
the fetal day 17 (ET17), were seeded on MEA at a density of
5 · 104.38 Activity was recorded by the USB MEA 120 INV 2
BC System from Multi Channel Systems (MCS GmbH,
Reutlingen, Germany) as previously described.39 MEA
chips (60MEA200/30iR-Ti-gr; Multi Channel Systems
MCS GmbH) were placed into the MEA Amplifier (Gain
1000 · ) and the data were recorded by MC_Rack software
(MCS GmbH, Version 4.4.1.0) at a sampling rate of
10 kHz. A band pass digital filter (60–4000 Hz) was applied
to the raw signal to remove electrical background noise.
Spike trains were extracted by MC_Rack spike detection:
if the electric signal overcomes the spike detection threshold
(i.e., 5.5 times the standard deviation of the mean square root
noise), the spike is identified and recorded. The system also
included a temperature controller (TC02, MCS GmbH) that
maintained the cell culture at 37�C during the experiments.
The cells were also kept in a controlled humidified atmo-
sphere (9% CO2, 19% O2, and 72% N2) to maintain the pH

Table 2. The Sequences of Polymerase Chain Reaction Primers

Gene F R

TNF-a CTGGGATTCAGGAATGTGTG ATTGTTCAGCTCCGTTTTCA
IL-18 TCATTGACCAAGGAAATCGG ATCCCCCAATTCATCCTCTT
Hsp70 GTGAAGATCTGCGTCTGGTTGG TTTGACAACAGGCTGGTGAACC
GAPDH TGAAGGTCGGAGTCAACGGATTTGGT CATGTGGGCCATGAGGTGCACCAC

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IL-18, interleukin 18; TNF-a, tumor necrosis factor-alpha.
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balance of the supernatant (pH was 7.1 – 0.1 during the
whole experiment). In brief, after an initial 40-minute equil-
ibration period, continuous recordings of extracellular spon-
taneous electrical activity were performed following this
procedure: 20 minutes in the absence of any substance (con-
trol condition) followed by 20 minutes of exposure of in-
creasing concentrations of IM and OM (0.01%–1%)
cumulatively administrated directly on MEA chips. The
analysis was conducted by importing data (for MCS soft-
ware, *.mcd files) into NeuroExplorer software (Nex Tech-
nologies) where the burst analysis tool was applied with the
following burst definition parameters: bin size = 1 second;
maximum interval of starting a burst = 0.01 second; maxi-
mum interval of ending a burst = 0.075 second; minimum
burst interval = 0.1 second; minimum burst duration = 0.02
second; and minimum of number of spikes in burst = 4.
Globally, five parameters were simultaneously analyzed:
MFR (no. of spikes/s); mean burst rate (MBR; number. of
bursts/min); mean burst duration (MBD; mseconds); per-
centage of spikes in burst (% Spikes_B); and interspike in-
tervals within a burst (MISI_B). For each parameter, the
concentration/response curves, based on the mean normal-
ized values, were obtained. Data were obtained from five
to seven replicate chips derived from three different neuro-
nal preparations. Data were averaged for the last 15 minutes
and then averaged over several MEAs to create concentra-
tion curves for each mixture. To obtain the half-maximal
inhibitory concentration (IC50) values, the normalized
dose/response curves were interpolated with SigmaPlot 8
( Jandel Scientific) following the formula: Y = max + (min
� max)/(1+(x/IC50)n).

Statistical analysis

Data are mean – standard deviation (SD) of the mean of
two independent experiments performed in triplicate. Signif-
icance was assessed by one-way analysis of variance
(ANOVA) followed by the Dunnett’s test.

For neural network activity analysis data, the Student’s
one-tail paired t-test was performed to assess the differences
between basal spontaneous activity and the activity after
chemical exposure. Significance was set at p < 0.05. The
InStat and Prism software package (GraphPad Software,
Inc.) were used.

Results

The data regarding the exposure threshold values for a sin-
gle chemical compound, indicated by various international
governments, often do not agree, and that the reported
doses have a very wide range of variability, often referring
to periods of time from short (i.e., 15 minutes) to longer ex-
posures of a maximum of 8 hours corresponding to a working
day, our tested samples were randomly taken from discarded
mixtures to provide the potential risk for the workers at any
time in a period of storage before its disposal.

Cytotoxic effects

To discriminate between inhibitory and cytotoxic effects,
viability assays were performed on HeLa and HECV 2D cul-
tures during their exposure to IM and OM random sampling.

The MTT and NR viability indexes obtained during expo-
sure to OM of HeLa and HECV cells are reported in
Figure 1A. After 4 hours, the MTT assay showed a marked
susceptibility in the mitochondrial compartment in both
HeLa and HECV cells exposed to 0.05% OM. Moreover,
after 24 hours of OM treatment, the MTT results showed a
further viability reduction of 52% in the HeLa and 59% in
HECV cultures compared with their respective untreated cul-
tures. Exposure to OM did not affect the NR viability index
in HeLa. By contrast, after 4 hours of treatment, the highest
doses of OM induced a basal cytotoxicity in HECV reducing
their viability of about 20%. In addition, after 24 hours of 1%
OM exposure, HECV viability decreased by 40% compared
with untreated HECV.

A dramatic impairment in mitochondrial function was
seen in both cell lines after exposure to IM, as shown in
Figure 1B. MTT viability index was virtually zero in HeLa
cells after as little as a 4-hour exposure to 0.5% and 1% con-
centrations and similar effects were detected at 0.25%.
HECV cells, during exposure to IM, reflected a time- and
dose-dependent toxicity displaying worse membrane dam-
age than HeLa cells. In fact, IM altered both the cell surface
and the lysosomal membrane, and the NR viability index
showed a threshold decrease in the HECV cultures. After a
4-hour exposure to 0.5% and 1% IM concentrations, as little
as 37% and 16% of the HECV cells were viable, and after a
12- or 24-hour exposure, dose- and time-dependent toxicity
effects were observed. Viability was no longer detectable
in cells treated with 0.5% and 1% mixtures. The NR test
showed a lower susceptibility of HeLa to IM with a 20%–
30% reduction at the highest dose (1%) for a long exposure
(12 and 24 hours).

In vitro corrosion and irritation potential

The RHE models’ viability index decreased by 15% and
3% after a 3- or 60-minute exposure to a corrosive positive
chemical (8 N KOH) (Table 3). In the OM-treated samples,
viability resulted unchanged with respect to the negative
control group at each exposure time. It was noted that IM
was not corrosive after 3 minutes since the viability index
was 90% compared with the controls. However, when the
exposure was prolonged to 60 minutes, viability dropped
to 3%. According to OECD TG 431, IM is to be considered
corrosive.

The exposure of RHE models to irritation-positive chem-
icals (5% sodium dodecyl sulphate) caused a generalized cell
death, the viability index being near to 1% after a 42-minute
exposure up to 42 hours postincubation (Table 4). Under the
same experimental conditions, OM only slightly affected vi-
ability, while the toxic effect of IM was higher, the viability
index being 87% and 45% compared with the controls.

The prediction model for the SkinEthic RHE irritation
and corrosion test method was performed according to
OECD TG431 and 439, respectively, and the manufactur-
er’s SOP. Irritation and corrosive potential were determined
according to the EU CLP and UN GHS classification sys-
tems.40,41 The test substance is considered a skin irritant
(Category 2) if the mean relative viability after a 42-minute
exposure and 42 hours postincubation is less or equal (£) to
50% of the negative control. Test material is considered
corrosive if the mean relative viability resulted less or
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equal (£) to 35% after 3 minutes of exposure, or ‡ to 35%
after 3 minutes of exposure and <35% after a 60- or 240-
minute exposure.

In our study, based on the above indications, differently
from OM, IM resulted to be both irritant and highly corrosive
after 60 minutes on the 3D epidermis model (Tables 3 and 4).

Gene expression of inflammation markers

To assess whether the inflammatory pathway was trig-
gered as a result of exposure to OM and IM, we analyzed
the gene expression of two cytokines: TNF-a, a typical
early proinflammatory cytokine, and IL-18, an essential

component of dermal sensitization. Hsp70 gene expression
was also analyzed as an early warning bioindicator of cellu-
lar hazards and as a cellular stress response marker (Fig. 2).
This analysis was carried out on HeLa cells, as representative
of a first-contact target, after a 24-hour exposure of experi-
mental treatments. Exposure to 4, 20, or 40 lg/mL of
NiSO4, performed as a positive control, showed that IL-18
mRNA increased by 15% after 24 hours, while TNF-a
gene levels decreased in a dose-dependent way. By contrast,
Hsp70 mRNA was not affected by NiSO4.

OM did not induce any significant effect on IL-18 mRNA
levels. In 0.05% and 1% OM-treated HeLa cells, TNF-a gene
and Hsp70 showed opposite trends. TNF-a gene levels

FIG. 1. MTT and NR viability index evaluation after exposure to OM (A) and IM (B). Viability index of HECV and HeLa
cells was extrapolated by MTT and NR assays. HeLa and HECV cells were exposed to 0.025%, 0.05%, 0.1%, 0.25%, 0.5%,
and 1% OM and IM for 4,, 12 -, and 24 -hours. The values are the percentages versus the respective untreated cultures,
representing the mean of two separate experiments performed in triplicate – SD. *p < 0.01 versus untreated cultures (ANOVA
and Dunnett test). ANOVA, analysis of variance; IM, inorganic mixture; MTT, (4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; NR, neutral red uptake; OM, organic mixture; SD, standard deviation.
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markedly increased by 23% and 56% compared with the un-
treated cultures, while Hsp70 reached levels of 20% lower
than those of the control cells (Fig. 2).

The exposure to the lowest doses tested for IM (0.25%)
did not affect any selected gene. IL-18 gene levels showed
a dose-dependent reduction, reaching significant values
only for the highest dose of IM. TNF-a mRNA levels in-
creased up to 75% after exposure to 0.5% IM and decreased
up to 45% in 0.1% IM-treated cells compared with untreated
cultures (Fig. 2). Hsp70 mRNA maintained its stable levels,

similar to those of the control cultures during exposure to all
IM doses.

ATP synthesis

MTT assay indicated that mitochondrial function is im-
paired by both OM and IM, determining a corresponding de-
crease in bioenergetic functionality, and as a consequence,
also a decrease in the cellular ATP content. Therefore,
ATP synthesis was measured in bovine rod OS homogenates
taken as a model to assess FoF1-ATP synthase activity.
A basal maximal activity of 0.48 – 0.060 lmol/min/mg of
protein was observed. When the OSs were incubated in the
presence of IM for 5 minutes, a dose-dependent inhibition
of ATP synthesis was observed at concentrations between
1% and 0.025%, as shown in Table 5. No change in cellular
ATP levels was found after 5 minutes of exposure to OM,
representative of an acute exposure (data not shown). There-
fore, the OSs were subjected to a 240-minute incubation, rep-
resentative of a long-term exposure, and then, the ATP
synthesis was assayed. Under this latter condition, with the
exposure to the same doses as above, OM inhibited the OS
ATP production in an all-or-nothing manner, with a thresh-
old value between 0.25% and 0.1% (Table 6).

Neurotoxicity assessment

Exposure of rat cortical neuron cultures to IM induced a
significant inhibition on each parameter related to the spon-
taneous electrical activity (Fig. 3): MFR was blocked with an
IC50 = 0.26% and the bursting behavior was strongly com-
promised as demonstrated by the inhibition of MBR,
MBD, % Spikes_B, and MISI_B with the IC50 values of
0.23%, 0.27%, 0.20%, and 0.28%, respectively. OM also
inhibited the spontaneous electrical activity, affecting all pa-
rameters, and was considerably more effective than IM
(Fig. 3): the IC50 for MFR blockade was = 0.70%, while
the IC50 values for MBR, MBD, % Spikes_B, and MISI_B
were 1.4%, 0.65%, 0.81%, and 0.74%, respectively.

Discussion

Compositions of waste chemical mixtures can be un-
known, as is the likelihood of reactions and/or interactions
among their elements. These must be considered possibly
unstable,7 as new chemicals may be continually synthe-
sized, leading to infinite toxicological interactions. The
probability of such reactions can decrease or increase
over time, rendering the actual toxicity of a single compo-
nent not foreseeable when present in a mixture. The issue of
human exposure to chemical mixtures, thereby including
laboratory waste, has been the object of several studies.42,43

There is increasing concern about the potential adverse ef-
fects on human health of mixtures, in which interactions
between substances simultaneously present are unknown.
Accordingly, in 2012, the EC considered the issue of expo-
sure to mixtures an increasing concern for the potential ad-
verse effects of the interactions between substances present
simultaneously in a mixture. Consequently, it was recom-
mended to assess the toxicity of a mixture as a whole, if
there is significant likelihood of human exposure and the
actual composition is unknown.12

Table 3. In Vitro Corrosive Potential

Predictive Index

Chemical

Corrosive potential

Exposure
(minutes)

Viability
(% vs. NC) Prediction

OM 3 107 – 1.7 Noncorrosive
60 100 – 0.1 Noncorrosive

IM 3 90 – 4.4* Noncorrosive
60 3 – 1.4** Cat. 1

PC 3 14 – 0.7** Cat. 1
60 2 – 1.9** Cat. 1

In vitro skin corrosion test using RHE models treated with OM
and IM. The viability of human skin models treated with chemicals
for 3 and 60 minutes was extrapolated by comparing the optical den-
sity of the formazan extracts measured at 570 nm in percentages
compared with the negative controls. The prediction model for the
SkinEthic� RHE irritation test method was performed according
to the OECD TG 431 and the EU CLP and UN GHS classifica-
tion, in which corrosives (EU CLP/UN GHS Cat 1) are distinct
from noncorrosives.

*p < 0.05, **p < 0.001 versus NC.
NC, negative control (H2O); PC, positive control (8N KOH);

RHE, human-epidermis-reconstructed.

Table 4. In Vitro Irritant Potential

Predictive Index

Chemical

Irritant potential

Exposure
Viability

(% vs. NC) Prediction

OM 42 minutes +42 hours
postincubation

87 – 4.2* No category

IM 42 minutes +42 hours
postincubation

45 – 1.3** Cat. 2

PC 42 minutes +42 hours
postincubation

1 – 0.1** Cat. 2

In vitro skin irritation test using RHE models treated with OM and
IM. Cell viability was measured after 45 minutes of treatment of test
materials and postincubation for 42 hours. The viability of human
skin model treated with chemicals was extrapolated by comparing
the optical density of the formazan extracts measured at 570 nm in
percentages compared with the negative controls. The prediction
model for the SkinEthic� RHE irritation test method was performed
according to the OECD TG 439 and the EU CLP and UN GHS clas-
sification, in which the irritant threshold level of a substance is based
on its capacity in reducing cell viability equal to or below 50%
(EU CLP/UN GHS Category 2). Conversely, no irritant substance
is classified (no category).

*p < 0.05; **p < 0.001 versus NC.
NC, negative control (PBS); PC = 5% SDS.
PBS, phosphate-buffered saline; SDS, sodium dodecyl sulphate.
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The Regulatory Requirements and Guidance of Assessment
of Mixtures also stated that, for a more predictive risk assess-
ment of a mixture derived from environmental samples, it is
better to assess the toxicity of the total mixture.9,10

Taking into account these considerations, as well as the
lack of scientific data on the effect of laboratory chemical
mixture waste on human health,2 here we tested the
in vitro toxicity of IM and OM (CER 16 05 06*) by an alter-
native in vitro multidimensional approach, in compliance
with the 3Rs policy adopted by the EC.

We applied a multimodel in vitro approach to assess the
toxicity of IM and OM to provide a unit prediction of the
mixture instead of individual chemicals.

Today, despite the awareness of the need to implement
alternative methods to animal testing (see REACH),40 also
because the latter could result in inaccurate levels of predict-

ability, more than often the use of laboratory animals is inev-
itable. On the contrary, alternative methodologies may
sometimes require longer waiting periods of validation.
Nevertheless, it is necessary to develop alternative tests
rather than use the traditional in vivo methods for toxicity
evaluation, considering that in vitro techniques also have
the advantage of standardized testing conditions, reduced
variability, and lower costs. Moreover, as it has been ob-
served previously, despite the efforts invested in the last
years in developing novel in vitro or in silico test systems,
in vivo tests with rodents are still the only accepted test for
neurotoxicity risk assessment at the EU regulatory level
(OECD TG No. 424; OECD TG No. 426).44,45

The HeLa cells were selected because they represent the
first point of contact with mixtures,30 and HECV endothelial
cells are considered a suitable model to predict the toxicity of
chemicals to the endothelium, if the skin barrier integrity is

FIG. 2. mRNA levels of IL-18, TNF-a, and HSP70. (A): The figures depicted are representative of at least three similar
RT-PCR analysis of IL18, TNF-a, HSP70, and GAPDH gene expressions in untreated and treated (NiSO4, OM, and
IM) HeLa. (B) mRNA expressions of IL-18 and TNF-a proinflammatory cytokines and of HSP70, a marker of changes in
cell resistance to acute stress, were analyzed by RT-PCR in HeLa cells after 24 hours of exposure to the positive control
(4–20–40 lg/mL of NiSO4), IM, and OM (0.025%–0.05%–0.1%). The dotted red line represents the gene expressions of
untreated HeLa. Data represent the mean – SD of two separate experiments in triplicate. *p > 0.01 versus untreated cells
(ANOVA followed by Dunnett’s test). GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IL-18, interleukin 18;
RT-PCR, reverse transcription-polymerase chain reaction; TNF-a, tumor necrosis factor-alpha.

Table 5. Effect of Inorganic Mixture on Rod

Outer Segment Adenosine Triphosphate

Synthetic Ability

IM, % 1 0.5 0.25 0.1 0.05 0.025
ATP synthesis

inhibition, %
90 81 64 51 45 30

This table reports ATP synthesis inhibition when OS suspensions
(0.04 mg/mL) over 1 minute at 37�C, and pH 7.3 after preincubation
for 5 minutes with IM at the indicated final concentrations. Control
activity accounted for 0.48 – 0.04 lmol ATP produced/min/mg of
protein.

ATP, adenosine triphosphate; OS, outer segment.

Table 6. Effect of Organic Mixture on Rod

Outer Segment Adenosine Triphosphate

Synthetic Ability

OM, % 1 0.5 0.25 0.1 0.05 0.025
ATP synthesis

inhibition, %
80 78 18 13 10 6

This table reports ATP synthesis inhibition when OS suspensions
(0.04 mg/mL) over 1 minute at 37�C, and pH 7.3 after preincubation
for 240 minutes with OM at the indicated final concentrations. Con-
trol activity accounted for 0.47 – 0.03 lmol ATP produced/min/mg
of protein.
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lost. In fact, while topic damage is the most direct, the most
subtle effects are those on the nervous system (NS). The NS
was shown to be particularly susceptible to many
chemicals.46–48 Considering the number of environmental
contaminants with potential neurotoxic potential, neurotox-
icity was also considered in our risk assessment.

Data show that IM displayed a more marked toxic effect
than OM. In particular, IM represents a potential hazard for
human skin, in line with the EU CLP and UN GHS classi-
fication systems.49 Exposure to 0.025% and 0.05% IM in-
creased TNF-a mRNA levels, while at the highest tested
dose a marked reduction was observed, suggesting the
onset of inflammatory processes caused by increased cyto-
kine protein synthesis. Furthermore, IM exposure seemed
to trigger a sensitization pathway rather than a stress re-
sponse, as the IL-18 gene, an essential component of der-
mal sensitization,50,51 showed a modulation in terms of
decrement. Human keratinocytes produce IL-18, and it is
considered a biomarker of contact allergens, as well as in
in vitro models.52–56

After OM exposure, a marked increase in mRNA levels of
TNF-a in the HeLa cells was observed in a dose-dependent
way, while IL-18 gene expression remained almost constant
(Fig. 2B). Exposure to OM apparently induced a resistance to
stress in skin-derived cells: the observed decrease in Hsp70
mRNA levels could be related to an increased demand of
its protein synthesis as a reaction to counteract the cell dam-
age (Fig. 2B). In fact, Hsp70 is considered one the first mark-
ers induced by stressors.57 Accordingly, the NR viability
index did not show any perturbation at the membrane
level, and with the absence of irritation and corrosion poten-
tial as seen in the RHE models.

Inflammatory cytokines, such as TNF-a and IL-18, are
secreted upon inflammasome activation in response to
danger-associated molecular patterns (DAMPs), which in-
clude both microbial organisms and chemical stressors.
Several DAMPs act through TNF-a signaling activating
NALP1 (or NLRP1)-inflammasome. TNF-a might contribute
to inflammasome-independent effects, inducing the expres-
sion of the high-affinity subunit of the IL-18 receptor.58,59

The NALP1-inflammasome is widely expressed and plays
a pivotal role in skin diseases, thereby including contact
hypersensitivity.60–62

NALP1-inflammasome maturation requires ATP, and
exogenous ATP acts as a DAMP.63–65 Most inflammasome
activators trigger variations in the extracellular ATP con-
tent.66–68 IM and OM impaired mitochondrial function in
both HeLa and HECV cells. This is consistent with recent ev-
idence showing that inflammasome activation is accompanied
by cellular homeostasis perturbations. Consistently, a molec-
ular target of metabolic impairment from IM and OM appears
to be the mitochondrion and the ATP synthase, here evaluated
on the rod OS model that expresses the five complexes of res-
piration.37 An ectopic expression of ATP synthase appears
widely distributed in many cellular membranes.37,69 The
OS ATP synthase revealed a high level of susceptibility to
exposure to both IM and OM (Fig. 1A, B; Tables 5 and 6).
In particular, while IM was toxic, as shown by the clear
dose/response elicited, the effect of the OM is quite aspecific.
OM seems to affect the membrane coupling, impairing the
ATP synthase, due to the solvents it contains, with a threshold
above 0.5%. Nonetheless, considering that the OS is a nervous

tissue, the hypometabolism consequent to impairment of ATP
synthase can be supposed to also contribute to the impairment
of the nervous conduction in the rat cortical neuronal network.
Notably, the dose/effect was similar.

Neurotoxicity of accidental exposure to IM or OM, evalu-
ated as an impairment of spontaneous electrical activity of
cortical neurons (Fig. 3), showed that IM that contains as
Hg and hexavalent chromium, as well as nitric, sulfuric,
and hydrochloric acids, strongly inhibited the spontaneous
electrical activity of cortical neurons. In turn, OM heavily in-
terfered with global spiking activity, confirming its higher
toxicity. Exposure to xenobiotics such as heavy metals or pes-
ticides was shown to lead to oxidative stress, which the brain
is particularly vulnerable to.70 This is true especially during
development, when the level of antioxidant enzymes is low
in the face of a higher rate of oxygen consumption. Most neu-
rotoxic chemicals generally belong to the following catego-
ries: metals, solvents, or pesticides,71 and therefore, the
mixtures’ object of the present study falls into all these cate-
gories. Neurotoxicological syndromes may manifest at a sig-
nificantly later time and are often progressive or irreversible,
with extensive health, social, and economic implications.
Development and progression of many neurodegenerative
diseases are related to hypometabolism72 and inflammation.73

In a neuroblastoma cell model, ATP released from dead cells
activated the NALP1 inflammasome via TNF-a.58

A study on human breast cancer reported a significant
mixture effect for chemicals combined at concentrations
that individually did not induce any observable androgen re-
ceptor antagonistic effect.74 A study on quantitative evalua-
tion of human health hazard of human lymphoblast cell lines
exposed to environmental pesticide mixtures conducted an
in vitro-to-in vivo extrapolation to convert the in vitro cyto-
toxic concentrations to oral equivalent doses. It was found
that a nominally more cytotoxic chlorinated pesticide mix-
ture will have a greater safety margin than the current use
pesticide mixture.43

The present results highlight a real risk scenario for work-
ers in chemical laboratories in terms of safety compliance.
Exposure of humans to mixtures occurs often unintention-
ally. As required by safety rules, laboratory personnel who
pour chemical from a laboratory into waste containers are
subject to safety training and have access to chemical safety
information. However, before removal, containers are stored
in the laboratory for a considerable time, during which these
are accessed continuously by users, possibly exposing them
to gaseous by-products.

Conclusions

The potential toxicity of mixtures from waste containers
where disposed chemical reagents are collected within the lab-
oratory is still underestimated. The threshold doses of most
hazardous chemicals of the tested mixtures resulted below
the expected one stipulated by Italian regulations, and there-
fore, the exposure to such discarded mixtures should actually
be not considered to be harmful. Also, dose limit ranges are
often different from country to country. By contrast, the pres-
ent preliminary in vitro multimodel approach showed that
both OM and IM bear skin irritant and corrosive potential
and can potentially cause bioenergetic impairments, as well
as damage to neurons, activating inflammation.
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Much remains to be understood about the effect of the
chemical mixtures studied and the mechanism of the toxicity
they exert and we believe that further comprehensive studies
can unveil a better clarification of such in the future, possibly
by also extending a network action plan throughout the Eu-
ropean Union and other countries.
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58. Álvarez S, Muñoz-Fernández MÁ. TNF-A may mediate
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