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Abstract — The objective of this work was to compare through chronic tests, the sublethal effects of two
compounds: the antifungal commercial Pellital Bio-F36 (TCMTB), and a synthetic eco-friendly gemini (Gem-
3e) compound in Daphnia magna. Both compounds are used in the industry as antifungals for the
preservation of woods and leathers. The attributes of life history recorded as endpoints were: survival;
growth; fecundity and net reproductive rate (Ro). The net reproductive rate (Ro) was =0 in the bioassays
conducted with 1x10%, 5x10° and 2.5x10° mg L* of TCMTB. This value is indicative of no reproductive
events, condition that would indicate a population decline and possible local extinction. For the synthetic
compound type-gemini (Gem-3e) only in the lowest concentration Ro was >1. Changes occurred in the life
cycle of D. magna exposed to both compounds, but the concentrations tested with the commercial
formulation was between 2100 and 2403 times lower than those of the Gem-3e compound.

INTRODUCTION

One of the twelve principles of green chemistry
emphasizes the need to synthesize safer chemicals.
These chemicals should be capable of performing
their desired function but would be designed to
elicit minimal toxicity. In support of this effort,
recent studies have explored the relationships
between chemical properties and acute or chronic
toxicity as measured through standardized OECD
and EPA protocols. However, in last decades,
ecological risk assessment was driven by the
negative —usually mortality- effects of a contaminant
on the biota and the mechanism underpinning the
effect -through data on life history parameters - is
often given lower priority (Cairns and Pratt, 1989) In
this study, we examined the potential utility and
effectiveness of full life cycle tests to evaluate

aquatic toxicity of a common industrial chemical
together with a new synthesized one. The bioassays
were performed with Daphnia magna (Cladocera)
towards the likelihood of encountering N-acetylated
gemini compounds with better environmental
performance than commercially available ones. This
way, we hope to contribute to the establishment of
US EPA thresholds of chronic toxicity to
standardized cladoceran models.

The universe of fungi is an extremely complex
community containing various types of substrates,
microhabitats and interacting species. These
organisms possess a wide range of activities such as
human or plant pathogens, as producers of many
metabolites of importance for humanity, and as
decomposers. Aught to a specialized enzyme system
they can decompose the cellulose and wood,
causing serious economic losses. Thus, it can be
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stated that there are virtually no natural organic
compounds that cannot be used as nutrient source
for the fungi causing the decline of various types of
organic materials such as paper, textiles, wood and
leathers (Menger and Keiper, 2000).

Thus, the damage caused by these organisms is
reflected in the increased use of biocide compounds.
In turn, after use, the majority of antifungals is
discarded in industrial effluents or sewage and,
ultimately, can reach rivers, lakes and oceans. A rise
in the resistance of some species of fungus to
different fungicides has been observed (Orlita, 2004)

Toxicity problems, which add to the related
phenomena of resistance, maintain in force the need
for further development of new antifungal drugs
that provide significant advantages over existing
ones. Given this scenario, the production of
amphiphile molecules with new and interesting
properties has increased in the last decade in the
field of applied organic chemistry through the
aforementioned goals of green chemistry.

Gemini surfactant is the family of surfactant
molecules possessing a long hydrocarbon chain, an
ionic group, a rigid or flexible spacer, a second ionic
group, and another hydrocarbon tail. These
surfactants usually have better surface-active
properties than corresponding conventional
surfactants of equal chain length. Gemini
compounds are used as promising surfactants in
industrial detergency and have shown efficiency in
skin care, antibacterial property, metal-encapped
porphyrazine and vesicle formation, construction of
high porosity materials, among others (Menger et al.,
2000; Hait and Moulik, 2003; Woch et al., 2018).

Moreover, these compounds have an excellent
biodegradability and low toxicity so being friendly
to the environment. All these relevant properties
have attracted our attention because in a previous
work a series of new N-acetylated non-ionic and
cationic gemini surfactants were synthesized. Their
antifungal potency, surface properties and the acute
toxicity of the molecule with better performance,
N,N-Bis [2-(3-dodecyldimethylammonio-2-
hydroxypropoxy)ethyl] acetamide dichloride -called
gemini (Gem-3e)- was also studied through acute
bioassays using the microalgae Chlorella vulgaris and
the cladoceran D. magna as biological models. The
toxicity was compared to the obtained for a
commercially available reference compound: Pellital
Bio-F36, 2-(thiocyanomethylthio)-benzothiazole
(TCMTB), an active agent used to preserve leather,
very efficient due to its high penetrating power

(Machuca et al., 2015).

Chlorella vulgaris bioassays showed that with
TCMTRB, the effective concentration (EC,)) was 2.172
x 10* mgL" and with the Gem-3e compound EC,
was 0.1765 mg L (three orders of magnitude higher
than the commercial product). D. magna acute
bioassays showed that with TCMTB 24 and 48 h
lethal concentration (LC, ) were 0.00034 mg L and
0.0001 mg L respectively. Conversely, with Gem-3e
the values were 1.234 mg L' and 0.474 mg L!
respectively —between 3.6 and 4.7 times higher, that
is to say less toxic- than the commercial one
(Machuca et al., 2015).

However, lethal effects —that can be known
through acute tests - are often not enough to ensure
that a certain compound is not harmful to the
environment. In this line, full life-cycle tests are
recommended in risk assessment particularly where
the mode of action of a contaminant is unclear
(Ingersoll and MacDonald, 1999; Reno et al., 2018).
This is often the case of compounds of new
synthesis, such as gemini compounds. Full life-cycle
tests expose animals from hatching to reproductive
maturity and, therefore, incorporate aspects of
embryonic development and reproductive and
growth parameters. For this reason, it is important
to check the sublethal toxicity to aquatic organisms
to ensure the safety of the new synthesized
compound. The application of ecofriendly chemical
compounds, allows to get closer to cleaner
production, with the aim to prevent pollution by
replacing the hard-toxic chemical processes that
negatively impact the environment with others that
are less polluting.

The purpose of this work was to compare the
chronic effects of the compounds previously tested
through acute tests: the commercially, TCMTB and
the Gem-3e selecting D. magna as biological model.
The objective was to confirm and reinforce or reject
the results previously obtained through acute tests,
and to assess if the latter compound is
environmentally a safer chemical -e.g. is less toxic-
than commercial one, taking in consideration key
life history traits of the selected species.

MATERIALS AND METHODS

General procedure

All chemicals for the synthesis of gemini compound
Gem-3e were reagent grade commercial materials
and used without further purification (Merck & Co.,
Nueva Jersey, USA). Gem-3e was synthesized by the
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reaction of N,N-dimethyldodecylamine, diglycidyl
ether and tetrabutyl ammonium bromide (TBABr) in
absolute ethanol (30 °C, 18 h) following a procedure
previously reported (Murguia et al., 2008). TCMTB
was used as a commercially available reference
compound (commercial solution, 30 % w/w).
Fourier-transform infrared spectroscopy (FTIR)
spectra were recorded on a Shimadzu 8201 PC
spectrophotometer; 'H-NMR and ®C-NMR spectra
on a Bruker AV-300 spectrometer, using D,O and
CDCI, as solvent. Mass Spectra (MS) were
performed on a waters UPLC-MS SQ2 Single
Quadrupole Detector. High-resolution mass
spectrometric measurements (HRMS) were
conducted at the Mass Spectrometry facility of the
University of Buenos Aires, Argentina. Gas
chromatographic (GC) analyses were performed on
a DANI GC equipped with a methyl-phenyl silicone
capillary column (30 m x 0.32 mm, 0.25 pm film
thickness) and FID (flame ionization detector).
Column chromatography (CC) was performed on
silica gel (70-230 mesh ASTM). Isolated and
authenticated compounds were used as internal
standards (ST) to perform quantitative GC analyses.

The purity and chemical structure of the
synthesized compound were checked by thin layer
chromatography (TLC), high resolution mass
spectrometry (HRMS), and nuclear magnetic
resonance (NMR) spectra. All samples and
structures for TCMTB and for the synthetized
compound Gem-3e were quantified and confirmed
by liquid chromatography (UPLC-MS),
spectroscopy (FTIR, 'H and ®C NMR) and HRMS
methods. All analytical methods indicated high
levels of purity for TCMTB (30 %) and for the Gem-
3e (100 %) (Figure 1).

Bioassays
Chronic tests with Daphnia magna

A stock solution of 1x10? mg L was prepared for
TCMTB and for compound Gem-3e, respectively.
Then, for each compound a series of dilutions were
prepared to study their effects over D. magna
specimens. The concentrations of the stock solutions

and all the dilutions for the tests were adjusted and
quantified by Ultra-performance liquid
chromatography coupled to a mass spectrometer
(UPLC-MS).

Chronic toxicity tests were performed with D.
magna exposed to concentrations of TCMTB and for
the Gem-3e. As a criterion for selecting
concentrations to be used, in this work they were
considered taking as reference the LC_-48 h values,
reported by Machuca et al., 2015.

Full life cycle tests were conducted to compare
the sublethal effects of TCMTB and Gem-3e
compound on D. magna, following the protocol
proposed by the OECD, 2012. The specimens were
exposed to six and five concentrations of each
compound: 1x10+; 5x10; 2.5x10%; 1.25x10%; 6.25x10-
6,3.125x10° mg L and 0.12; 0.06; 0.03; 0.015; 0.0075
mg L' for TCMTB and Gem-3e, respectively. A
neonate (<24-h-old) of D. magna was transferred into
a 50 mL beaker containing 30 mL of culture medium
(APHA, 1998) in treatments and in control (without
toxic), exposing them to sublethal concentrations of
both compounds, with 10 replicates each.
Temperature and photoperiod were maintained
constant at (21+1) °C and 16 light:8 darkness.
Animals were fed three times a week with 40 uL per
wheel of a suspension of C. vulgaris (absorbance =
1.5 A, 650 nm). pH values and dissolved oxygen
concentrations were recorded at the beginning and
at the end of each assay, taking into account the
limits established by APHA (1998). As endpoints,
the survival (number of living and dead organisms,
growth (number of molts produced), fecundity
(number of neonates released) were recorded three
times per week. In addition, were determined the
age of first reproduction and the net reproductive
rate (Ro) according to the following formula
proposed by Pianka, (1982):

ROZEZx.mx

where Ro: net reproductive rate, Ix: survival at
age x, and mx: fertility at age x.

Statistical analysis

Fig. 1. Chemical structure of 2-(thiocyanomethylthio)-benzothiazole (TCMTB) and N, N-Bis[2-(3-
dodecyldimethylammonio-2-hydroxypropoxy) ethyl] acetamide dichloride (Gem-3e).
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In order to quantify possible significant differences
in each of the mentioned endpoints between control
and treatments with both compounds (TCMTB and
Gem-3e), one factor ANOVA was carried out,
followed by a Tukey-Kramer Multiple Comparisons
post Test at a 95% confidence level. Prior to each
analysis, the normality (Kolmogorov -Smirnov’s
test) of the data obtained was verified. Kruskal-
Wallis Test and Dunnet’s Multiple Comparisons post
Test were done to evaluate the possible significant
differences in age of first reproduction between
control and treatments. Statistical analyses were
carried out using the package InfoStat (2004).

RESULTS

An antifungal molecule with high performance,
Gem-3e was tested to evaluate its sublethal
ecotoxicity. Our interest was to generate knowledge
and experience applied to the synthesis of new eco-
friendly gemini compounds, with possible
application in leather preservation. In this direction,
efforts to study new structures capable of generating
disruption on the membranes of prokaryotic and
eukaryotic organisms have been successful (Menger
and Littau, 1993; Murguia and Grau, 2001; Murguia
et al., 2005; Murguia et al., 2008)

Chronic assays showed that the commercial
compound (TCMTB), significantly affected the
analyzed life history traits: survival (%), fecundity
(number of neonates released) and growth (number
of molts release), at concentrations that were
between 2100 and 2403 lower than those tested for
Gem-3e (Table 1).

On the other hand, in Table 1 and Figure 2, it can
be seen that the most sensitive life history attribute
for the two compounds was fertility. Only at the
lowest concentrations (3.125x10¢ and 0.0075 mg L™
of TCMTB and Gem-3e, respectively) were no
statistically significant differences observed with the
control.
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Fig. 2. Number of neonates produced at the end of the 21-
day chronic test, for each evaluated concentration
of TCMTB, Gem-3e and control (without toxic).
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The net reproductive rate (Ro) was = 0 in the D.
magna bioassays conducted with 1x10*, 5x10~° and
2.5x10° mg L of TCMTB. This value is indicative of
no reproductive events. Conversely, in the rest of the
concentrations tested, Ro was > 1. For the Gem-3e,
only in the lowest concentration (0.0075 mg L ') Ro
was > 1. These results must be understood in the
scope of the range of the concentrations of both
compounds tested.

DISCUSSION

These results show: 1) the environmental risk due to
the use of highly toxic compounds in the industry,
such as the TCMTB; 2) the need to develop less toxic
inputs to minimize the environmental impact of
production, in leather tanning.

Considering the marked differences in the
concentrations tested of both compounds, it can be
concluded that both compounds are toxic to D.
magna, being the commercial one much more toxic.
TCMTB acts on the inhibition of the electron
transport chain in mitochondria (Fernandez-Alba et
al., 2002), which could explain the effects reported in
this work.

Table 1. Comparison in survival, fecundity and gowth between the control (without toxic) and all the concentrations
tested with TCMTB- (left) and Gem-3e (right). n.s.: p>0.05; * p<0.05.

TCMTB (mg L)

Gem-3e (mg L)

Survival Fecundity Growth Survival =~ Fecundity —Growth
Control vs 3.125x10° n.s. n.s. n.s. Control vs 0.0075 n.s. n.s. n.s.
Control vs 6.25x10° n.s. * n.s. Control vs 0.015 n.s. * n.s.
Control vs 1.25x10°° n.s. * n.s. Control vs 0.03 n.s. * n.s.
Control vs 2.5x10° * * * Control vs 0.06 * * n.s.
Control vs 5x10° * * * Control vs 0.12 * * *
* *

Control vs 1x10* *
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On the other hand, the concentrations evaluated
in this work are environmentally relevant, since
Turquet et al. (2010), reported up to 2.5x10° mg L of
TCMTB in aquatic environments. For this reason,
the results reported in this work on the effects of
TCMTB on D. magna could give an approximation
of what is happening in aquatic environments
where this compound is present.

Regarding the variables analyzed in this work,
the importance of carrying out ecotoxicological
evaluations are highlighted, where the response
variable is taken as life history attributes (survival,
growth and fecundity) and integrative population
parameters such as Ro.

This integrative approach would allow the
development of risk assessments more suitable for
an integral management of products used in leather
tanning and other industrial processes. Reno et al.
2018, reported the importance of using integrated
parameters to carry out more accurate
environmental assessments, which allow
contributing to environmental management,
through the development of guide levels for the
protection of aquatic biota.

In addition, this study and results published by
other authors (Guilhermino et al., 2000. Kergaravat et
al., 2018), provide good evidence of the applicability
of using cladoceran tests as prescreening methods.
As Ingersoll and Mac Donald, (1999), stressed many
years ago, full life cycle tests allow a contaminant to
be defined as a developmental or reproductive
toxicant. Ten years before, Depledge, (1989) pointed
out that in a holistic approach to ecosystem
management, understanding how a toxicant exerts
its effect, is essential to identify the target species or
groups most at risk. Far from being out of use, this
approach has recently been utilized to predict
sublethal effects of pesticides, nanomaterials
(Lapresta-Fernandez et al., 2012; Reno et al., 2015.
Wieczerzak et al., 2016; Reno et al., 2016) and
establish thresholds of ecotoxicological concern for
various organic chemical compounds (Sanchez-
Hernandez et al. 2018; Machado and Soares, 2019).
These promising results highlight that the
interaction of chemistry and ecotoxicology would
allow knowing the global behavior of chemicals in
natural environments from an integrative
perspective, as was assessed for some emerging
contaminants as quinolones by Kergaravat et al.,
(2018).

On the other hand, in this work it was shown that
fecundity was the most sensitive attribute, since no

reproductive events were recorded in the higher
concentrations. In this sense, Nawrocki et al., 2005,
evaluated the chronic toxicity of TCMTB, on
Ceriodaphnia dubia for 7 days, reporting effects on
fecundity at concentrations higher than those
evaluated in this work (between 1x10? and 5 x10°®
mg L7).

The results obtained in this work contribute to the
ecophysiological theory, in the sense that survival is
the most important feature to conserve of life history
to achieve this objective, organisms can adopt trade-
offs, which implies diminishing other biological
functions, such as mobility, sexual activity, fecundity
and even growth, in order to survive stressful events
(Dodson and Hanazato, 1995).

Environmental contamination by antifungals
exposes non-target organisms to the urgency of
responding quickly and efficiently to events of
stress, been forced to balance different energy
demands. In this sense, the need to eliminate a toxic
substance can break the balance between the
different components of the energy budget, causing
changes in population dynamics. According to Sibly
and Calow, (1989), it can be established a
compromise between the ability to survive the toxic,
the growth rate and the fecundity. On the other
hand, Calow and Sibly, (1990) and Stearns, (1993)
reported that specimens generally do not provide
resources to all the functions that can be involved in
a stress situation. However, such imbalances can
have relevant ecological consequences at the
population, community and ecosystem levels
(Fleeger et al., 2003; Diamond and Harrad, 2009).

CONCLUSION

The results obtained in the present work bring an
update of the toxicity of antifungal compounds
commonly used in the treatment of woods and
leathers and remark the relevance of the
development of novel avenues for the synthesis of
ecofriendly molecules Gem-3e, with lower toxicity
for people and the environment (Murguia et al.,
2019). The application of ecofriendly chemical
compounds, Gem-3e compound, in different
industrial processes, allows to get closer to cleaner
production, with the aim to prevent pollution by
replacing the hard-toxic chemical processes that
negatively impact the environment with others that
are less polluting. It is important to keep in mind
that the release of pollutants to the environment
(including the accidental release) is an indication of
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inefficient production. Therefore, the development
of preventive strategies involves an increase of
economic competitiveness and environmental
quality, which are directly related in a circular
strategy: by improving, one improves the other and
this is one of its greatest advantages over corrective
eco-strategies.
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