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Abstract: Dithiocarbazates comprise an important class of Schiff bases with remarkable biological
applications due to the imine group present in their structure. However, full exploitation of the
biological activity of 3-methyl-5-phenyl-pyrazoline-1-(S-benzyldithiocarbazate) (DTC) is limited due
to its easy degradation and poor solubility in aqueous solutions. The loading of DTC into mesoporous
silica nanoparticles (MSiNPs) can be an excellent strategy to improve the solubility of DTC in the
aqueous medium. Therefore, the main goal of the present work was to design MSiNP-DTC and
to evaluate the success of the loading process by measuring its physicochemical properties and
evaluating the environmental safety of the new DTC formulation using different aquatic organisms,
such as the microalgae Raphidocelis subcapitata, the macrophyte Lemna minor, and the marine bacterium
Aliivibrio fischeri. DTC, MSiNP, and MSiNP-DTC concentrations ranging from 8.8 to 150 mg L~! were
tested for all the species, showing low toxicity against aquatic organisms. Loading DTC into MSiNPs
caused a slight increase in the toxicity at the concentrations tested, only allowing for the estimation of
the effect concentration causing a 20% reduction in bioluminescence or growth rate (ECyg). Therefore,
despite the potential of MSiNPs as a drug delivery system (DDS), it is of utmost importance to assess
its impact on the safety of the new formulations.

Keywords: Schiff bases; loading; nanomaterials; ecotoxicology; non-target aquatic species; algae;
plant; bacteria

1. Introduction

Schiff bases (imine or azomethine) are an extensive group of organic compounds that
have been widely used in the industrial sector since their first report by Hugo Schiff in
1864 [1]. These compounds are characterized by the typical presence of the bond >C=N (de-
rived from the condensation of primary amines with aldehydes or ketones), with significant
biological and pharmacological properties [2], including antifungal, antibacterial, antipro-
liferative, anti-inflammatory, antiviral, and antitumor [3,4]. Some in vitro studies have also
shown that Schiff bases can be effective in treating neglected diseases, such as malaria,
trypanosomiasis, and tuberculosis, compared to drugs already on the market, which cause
more side effects due to the high concentrations needed to respond to resistances [5,6].

One notable example of a compound belonging to this class is 3-methyl-5-phenyl-
pyrazoline-1-(S-benzyldithiocarbazate) (DTC), which exhibits a vast range of biological
activities and has been shown to be interesting for the control of microbial agents and
pathogens [3]. However, DTC presents low solubility and stability in aqueous media,
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limiting its administration and bioavailability. Such limitations can be overcome using
drug delivery systems (DDS), which can protect the drug against premature degradation,
improve drug solubility, and control its release, thus contributing to the highest efficiencies
and decreasing application doses [7-9].

Mesoporous silica nanoparticles (MSiNPs) have been extensively investigated in the
scientific community for producing DDS, serving as a host material to encapsulate or
adsorb active ingredients or therapeutic agents [10-13], offering a pore network with
homogeneous size (50 to 3000 nm), and providing cavities that can host and release a
wide variety of molecules. MSiNPs have a uniform and adjustable particle size/shape
and are biocompatible [14,15]. Numerous studies aiming at assessing the ecotoxicity
of silica nanoparticles (SiNPs) have been published. However, frequently, the results
have been controversial and contradictory, which may result, among other aspects, in
authors testing particles with a common designation but with different properties, as it
was shown by Andreani et al. [16]. The toxicity of SiNPs to aquatic organisms depends
on several factors, especially on the physicochemical properties of the NPs, such as the
morphology, average particle size, surface area, and surface charge, which in turn may affect
the dispersibility, aggregation, and sedimentation of the tested NPs in an aqueous culture
media of the test species [17]. Some studies have shown that the toxicity of SiNPs is size-
dependent, with smaller particles (smaller than 100 nm) showing greater toxicity [18]. For
example, Book et al. [19] recorded that SiNPs were not toxic to the bacterium Pseudomonas
putida and the microalgae R. subcapitata (concentration range of 5-500 mg L~!) and to
the crustacean Daphnia magna (>1000 mg L~1), except for SINPs with an average size of
17 nm, which caused a slightly toxic effect on the algae (ECyg = 295 mg L~1). SiNPs with
sizes of 50 nm and 195.5 nm up to a maximum concentration of 20 mg L~! were also not
toxic to L. minor, according to Andreani et al. [16]. A study with adult zebrafish females
showed no physiological or morphological changes after the administration of SiNPs at
a concentration of 25 mg L~! and a relatively long exposure (30 days). However, there
were significant changes in females’ ovarian structure and a significant inhibition of the
eggs’ maturation, reflecting the impact of SINP accumulation in the body, with subsequent
effects on reproduction [20].

Although there are no data on the effect of dithiocarbazates or DTC on aquatic organ-
isms, some ecotoxicity studies have been carried out with dithiocarbamates that are also
Schiff bases, which are widely used as pesticides. The effect of the pesticide Mancozeb
(MZ), a manganese/ zinc ethylene bis-dithiocarbamate, was evaluated against D. magna.
The toxicity of MZ to aquatic organisms was reported to be moderate to high with a 48 h
ECsg value for 1000 pug L~! of D. magna [21]. Zebrafish embryos (Danio rerio) were also
exposed to Mancozeb up to a maximum concentration of 20 pg L~!. The results showed
that there were significant changes in the mobility and morphology, as well as in the
growth of D. rerio after the embryos’ exposure to MZ at all exposure times: 24, 28, 72,
and 168 h post-fertilization (hpf). Changes in the levels of reactive oxygen species (ROS)
and antioxidant enzyme activity, such as glutatione S-transferase (GST), catalase (CAT),
and superoxide dismutase (SOD), were observed only at 72 and 168 hpf. Exposure to MZ
promoted an increase (p < 0.001) in the ROS steady-state levels at 168 hpf in 20 ug L1, and
also caused a significant inhibition (p < 0.0001) of the GST activity in all concentrations
tested compared to the control group. The CAT activity was increased (p = 0.0151) and the
SOD activity remained unchanged [22].

Fred et al. [23] also studied the effect of exposure to some dithiocarbamate compounds
(pyrolidine-DTC (PDTC), dimethyl-DTC (DMDTC), sodium metam (NaM), methylisothio-
cyanate (MITC)), and their main degradation product, carbon disulfide (CS,), to zebrafish.
In this study, all tested dithiocarbamates caused notochord distortions with notochord
NOELs of <4 to 40 ppb for a maximum exposure time of 24 hpf, while CS; also caused dis-
tortions at concentrations 200 times greater than that tested for dithiocarbamates. Another
pesticide from the dithiocarbamate group, Thiram, widely used to prevent fungal diseases
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in seeds and crops, was shown to decrease zebrafish embryo survival at concentrations up
to 10 uM after 24 h of exposure [24].

Therefore, the present work aimed at: (i) developing a hybrid nanostructure based
on MSiNPs loaded with DTC; (ii) characterizing the morphology and the physicochemical
properties of MSiNP-DTC in several aqueous media and the DTC loading efficacy, and
(iii) assessing the toxicity of MSiNPs non-loaded and loaded with DTC (MSiNP-DTC) on
different aquatic species, such as A. fischeri, R. subcapitata and L. minor, using standard
protocols. To the best of our knowledge, there has been no report regarding the effect of
DTC or MSiNP-DTC on aquatic organisms. MSiNPs present several advantages as DDS
for the loading of DTC for antimicrobial purposes, with possible applications in medicine,
the textile industry, or even agriculture. MSiNPs loaded with DTC may be released to the
environment either as a consequence of its fabrication process or its applications, affecting
biological communities, and therefore, it is of utmost importance to assess its safety for a
battery of aquatic species.

2. Materials and Methods
2.1. Reagents

Hexadecyltrimethylammonium bromide (CTAB, >99%), tetraethyl orthosilicate
(TEOS, >99%), absolute ethyl alcohol (Fermont, >99.5%), NoH4.H,O (>98%), CS; (anhy-
drous, >99%), PhCH,Cl (>99%), HC1 (>37%), MeOH (anhydrous, >99.8%), and 4-phenyl-
2,4-butanedione were supplied by Sigma-Aldrich. Ultrapure water was obtained from the
Milli Q Plus system (Millipore®, Darmstadt, Germany).

2.2. Synthesis of DTC

DTC (C18H16N2S;) was synthesized according to previously reported procedures
(Figure 1) [25]. KOH (11.4 g) was dissolved in 90% ethanol, NoH4.H,O (10.2 mL) was
added, and the mixture was cooled to 0 °C in an ice-salt bath. CS, (19.24 mL) was added
dropwise under constant and vigorous stirring (700 r.p.m) for 1 h. Subsequently, two
layers were observed, one upper yellow and a lower brown layer; this lower layer was
separated and dissolved in 40% cold ethanol, keeping the reaction between 5 and 7 °C.
Once the temperature was maintained, PhCH,Cl (27.5 mL) was added dropwise with
vigorous stirring for 30 min. The white solids that were formed were filtered, washed
with ultrapure water, and, after drying at room temperature, it was recrystallized in
methanol and dried over anhydrous CaCl, (total mass obtained = 6.2238 g). Next, a solu-
tion of 1-phenyl-1,3-butanedione (0.811 g) in methanol (10 mL) was added to a solution of
S-benzyldithiocarbazate (0.991 g) in methanol (10 mL) under reflux with the addition
of two drops of HCl 37% to the reaction medium, employing an acid-catalyzed conver-
sion and maintaining reflux for 2 h. A yellow solid compound was obtained, subse-
quently filtered, washed with methanol, and dried. The product was also recrystallized in
methanol to obtain pure yellow crystals (as reported by De Sousa et al. [25]). The total mass
obtained = 0.8728 g and yield = 95.81%.

2.3. Synthesis of MSiNPs and MSiNP-DTC

The synthesis of MSiNPs was carried out under a high concentration of precursors,
resulting in NPs with a highly uniform spherical shape (Figure 2). For this procedure,
750 mg of cetyltrimethylammonium bromide (CTAB) was dissolved in 20 mL of an aqueous
solution of NHj (0.048 mol L™ 1), followed by homogenization under magnetic stirring
(300 r.p.m) in a round-bottom distillation flask connected to a condenser reflux setup at 5 °C
(to prevent the evaporation of the ethanol). To this solution, 3.2 mL of absolute ethanol was
added as a co-solvent, and the mixture was homogenized for 15 min at 60 °C. Sequentially,
2.5 mL of tetraethyl orthosilicate (TEOS) (1.2 mmol) was added to the solution and the
flask was kept at the same temperature for 2 h with agitation (300 r.p.m). At the end of
the reaction, the MSiNPs were separated from the solution by centrifugation and washed
with absolute ethanol before the extraction of the soft mold (CTAB). Finally, the MSiNPs
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were washed twice with absolute ethanol and dried at 60 °C for 24 h. The residual CTAB
was removed in an inert atmosphere (Ny) at 550 °C, with a temperature increase rate of
3°Cmin~! for 5 h [26]. For the MSiNP-DTC, 5 mg of DTC was solubilized in 10 mL of
ethanol at 37 °C, followed by the addition of 100 mg of MSiNPs under magnetic stirring
(300 r.p.m) for 2 h. Then the suspension was centrifuged at 15.000 r.p.m. The MSiNP-DTC
was washed with water, separated by a second centrifugation, and dried at 60 °C overnight,
making it available for analysis as a powder.
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Figure 1. Schematic representation of the synthesis process of 3-methyl-5-phenyl-pyrazoline-1-(S-
benzyldithiocarbazate) (DTC).
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Figure 2. Schematic representation of the synthesis process of MSiNPs and MSiNP-DTC (Adobe
Photoshop CC2014).
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3. Physicochemical Characterization of MSiNPs and MSiNP-DTC
3.1. Average Particle Size, Polydispersity Index, and Zeta Potential Analysis

The average particle size (Z-Ave) and polydispersity index (PDI) of the prepared
MSiNPs and MSiNP-DTC were determined by dynamic light scattering (DLS) using a
Malvern Zetasizer Nano Z590 (Malvern, UK), at 25 °C. The zeta potential (ZP) was deter-
mined by applying an electric field to the samples, and the ZP values were obtained by mea-
suring the velocity of the electrophoretic mobility of the particles using the Doppler laser
anemometry technique (Malvern Zetasizer Nano ZS (Malvern Instruments, Works, UK), at
25 °C. The MSiNPs and MSiNP-DTC were suspended in ultrapure water (200 mg L~!) by
sonication for 10 min in an ultrasonic bath (Ultrasonic Cleaner, SONICA®, Soltec, Milan,
Italy). Afterwards, 1 mL of the suspension was used for the analysis. The Z-Ave, PDI, and
ZPs of the dispersions in Woods Hole MBL (R. subcapitata culture medium) and Steinberg
medium (of L. minor) were also determined. The data for each parameter were expressed
as the mean =+ standard deviation (SD) of three measurements.

3.2. Transmission Electron Microscope (TEM) Analysis

The morphology of the NPs was checked by transmission electron microscopy (TEM)
(Hitachi model H8100, with an LaB6 filament and using an accelerating voltage of 200 kV).
Images were acquired with an Olympus Keenview CCD camera (formerly Soft Imag-
ing). The MSiNPs and MSiNP-DTC were dispersed in ultrapure water (conductivity
0.14 uS cm 1) by sonication for 30 min in an ultrasonic bath and placed on copper grids
covered with a carbon coating for TEM observations.

3.3. Fourier Transform Infrared (FT-IR)

The FI-IR spectra were obtained using a Bruker Vector 22 spectrometer in the
400-4000 cm ! region. Loaded and unloaded MSiNPs were mixed with a suitable amount
of micronized KBr powder and compressed into disks with a force of 10 kN using a manual
press to prepare the tablet. For each spectrum, 100 scans were collected with a resolution of
4 cm ™! in the medium infrared region at 25 °C.

3.4. Thermal Analysis

Thermal characterization was used to identify the thermal decomposition of the
MSiINPs and MSiNP-DTC, performed by differential scanning calorimetry (DSC) and
simultaneous thermal analysis (thermogravimetry (TG) and differential thermal analysis
(DTA)) techniques. The DSC studies were performed using a DSC 7020 (Hitachi High Tech
Science Corporation, Tokyo, Japan). The analysis was performed with about 10 mg of
MSiNPs and MSiNP-DTC placed in an aluminum pan (7.5 pL), which was hermetically
sealed. Scans were carried out from 25 to 600 °C at a heating rate of 5 °C min~! under
nitrogen atmosphere (100 mL min~!). The TG and DTA analyses were performed using
simultaneous thermal analysis (STA) (STA 7200RV, Hitachi High-Tech Science Corporation,
Tokyo, Japan). The NPs were accurately weighed in aluminum pans, and the scans were
performed from 25 to 400 °C at a heating rate of 10 °C min~! under nitrogen atmosphere
(200 mL min™1).

3.5. Loading Efficiency

Briefly, 5 mg of MSiNP-DTC was dispersed in 1 mL of ethanol and centrifuged at
13.500 r.p.m for 30 min. Then, 200 pL of supernatant was removed and diluted with ethanol
to 500 puL and analyzed by UV-visible spectroscopy at 303 nm using a T70 UV-VIS Spectrom-
eter (PG Instruments Ltd., Leicestershire, UK) for the quantification of DTC residues. The
data were expressed as the mean £ SD of three measurements. The entrapment efficiency
(% EE) and the drug load (% DL) were determined by Equations (1) and (2), respectively.

(Amount of initial DTC — Amount of free DTC)

%o EE = Amount of initial DTC

x 100 1)
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Amount of initial DTC — Amount of free DTC)
Total Nanoparticle

%DL = x 100 )

3.6. Nitrogen Adsorption

The surface areas of the different mesoporous silica grades were determined by ni-
trogen adsorption at —196 °C using a TriStar II Plus 2.02 from Micrometrics. The specific
surface areas (SBETs) were calculated using the Brunauer-Emmett-Teller (BET) method [27].
The pore size distribution and pore volume were estimated from the desorption branch of
the N, adsorption—desorption isotherms by applying the Barrett-Joyner-Halenda (BJH)
method [28]. The measurements were performed in triplicate for the MSiNPs and MSiNP-
DTC in powder, and the data were presented as the mean + SD.

4. Ecotoxicological Assays
4.1. Preparation of Solutions and Dispersions

As DTC is not soluble in aqueous media, 0.5% (v/v) DMSO in water was used as a
solubilizing agent for the DTC. DMSO in an aqueous solution was previously tested on
A. fischeri at 5.0% (v/v) [29] and on R. subcapitata at 1% (v/v), showing no toxicity for either
species [30].

For the growth inhibition tests of R. subcapitata and L. minor, a stock solution/dispersion
of MSiNPs and MSiNP-DTC was prepared at a concentration of 200 mg L~! in ultrapure
water, followed by an ultrasound bath for 10 min to disperse the nanoparticles. The amount
of DTC within 200 mg L~! of MSiNPs was 9.6 mg L~!. A DTC stock solution (200 mg L™ 1)
was prepared by dissolving DTC in 0.5% (v/v) DMSO in water. Subsequently, the stock
solutions/dispersions of DTC, MSiNPs, and MSiNP-DTC were diluted in Woods Hole MBL
and Steinberg culture media directly on the plates according to the concentrations used in
the assays: 0.0, 8.8, 13.2, 19.8, 29.6, 44.4, 66.7, 100, and 150 mg L~L. For the Microtox assays,
the same procedure for preparing the stock solutions used for R. subcapitata and L. minor
was used. For the MSiNPs and MSiNP-DTC, this concentration was based on the amount
of MSiNPs. Thus in 150 mg L~! of MSiNPs, there was 7.18 mg L1 of DTC, considering the
loading efficiency of DTC in the nanoparticle.

4.2. Microtox Test

The toxicity test with A. fischeri bacteria was performed using the Microtox 500 An-
alyzer (Modernwater, Newcastle, DE, USA) following the 81.9% basic test protocol of
AZUR [31]. The bioluminescence of the bacteria was measured after 5, 15, and 30 min of
exposure. The EC5p and ECy( values for bioluminescence inhibition were computed for
each contact time using Azotox® MicrotoxOmni software version V1.18.

4.3. Growth Inhibition Test with R. subcapitata

An R. subcapitata growth inhibition assay was performed according to the standard
OECD protocol 201 [32]. The microalgae were obtained from axenic batch cultures main-
tained in the Woods Hole MBL medium at continuous light exposure (cool white fluorescent
illumination of 100 uE-m~2 s~ !) and a temperature of 21 + 2 °C. The algae were exposed
in 24-well sterile plates in three replicates (wells) per concentration, plus three replicates for
the control. In each well, 900 uL of the dispersions was added at different concentrations,
followed by the addition of 100 uL of algal inoculum to an initial cell concentration of
10* cells mL~!. The microplates were maintained in continuous agitation for a period of
72 h under the same conditions described for the culture maintenance. The cells were resus-
pended manually with a micropipette twice a day. The cells of each replicate were counted
using a Neubauer chamber in an optical microscope. The average specific growth rate for
each treatment and chemical compound was calculated using the following equation:

. In (X]) — ll’l(Xl) 1
Hij = t]' —t; (day )
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where

- pijis the average specific growth rate from time i to j;
- X; is the biomass at time i;

- Xjis the biomass at time j;

- tis the time period from i to .

4.4. Growth Inhibition Test with L. minor

An L. minor growth inhibition test was performed according to the OECD guideline
221 [33]. Plants were cultured in the laboratory in Steinberg medium with a pH adjusted
to 7.5 £ 0.1. The cultures were maintained in axenic condition, with a light intensity of
6.000-10.000 Lux obtained from cool white fluorescent illumination and a temperature of
21 + 2 °C. The test was run in a 16":8P h photoperiod at 20 & 1 °C for 7 days. A total of four
colonies with three visible fronds each were initially exposed per replicate (four replicates
per concentration plus the control). The exposures were carried out in sterilized 6-well
microplates, filled with 12 mL of each treatment/control. After 7 days of exposure in the
same conditions described for the culture maintenance, all the fronds were collected from
each microplate well, counted, and dried at 60 °C to a stable weight. The effects of the
DTC, MSiNPs, and MSiNP-DTC were evaluated based on the growth rate of the L. minor,
expressed as the number and dry weight of the fronds after 7 days of exposure. The average
specific growth rate for each treatment and chemical compound was calculated, taking
into account both the number of fronds and the dry weight and using the same equation
described above.

4.5. Statistical Analysis

For all experiments, the data were reported as the mean =+ standard deviation (SD).
Statistically significant differences among the treatments for each assay and parameter
assessed were tested by univariate analysis of variance (ANOVA), with a subsequent
Dunnett’s post-hoc test to determine the differences among all treatments (DTC, MSiNPs,
and MSiNP-DTC concentrations of 0.0, 8.8, 13.2, 19.8, 29.6, 44.4, 66.7, 100, and 150 mg L~1)
and the control group. No observed effect concentrations (NOECs) and low observed effect
concentrations (LOECs) were determined based on the previously described analysis. The
ECsp and ECy( values were determined by applying non-linear least square regression
analysis using STATISTICA® 7.0 software (StatSoft, Inc., Tulsa, OK, USA). A level of
significance o = 0.05 was used. Prior to these statistical analyses, the assumptions of
normality and homoscedasticity were checked using Kolmogorov-Smirnov and Levene’s
tests (for p < 0.05), respectively. All graphs were created using Prisma GraphPad 8 software
(LaJolla, CA, USA).

5. Results and Discussion

The results of the characterization of both the MSiNPs and MSiNP-DTC suspended
in water and in different assays’ culture media are described in Table 1. It is shown that
the Z-Ave ranged from 168 £ 4 nm for unloaded MSiNPs to 176 &= 1 nm for MSiNP-DTC.
Concerning the PDI, the obtained values for both the unloaded and loaded nanoparticles
point to monodispersed suspensions, with average values of 0.29 4 0.02 and 0.38 £ 0.04,
respectively. The ZP values for the MSiNPs changed from positive 16.8 £ 0.2 mV to negative
values —11.7 & 0.4 mV after calcination in a nitrogen atmosphere due to the neutralization
of the ionizable fraction (residual silanol groups (5i-OH)) of the MSiNPs. After loading with
DTC, higher | ZP| values (—21.9 £ 0.3 mV) were observed in comparison to the unloaded
MSiNPs, thus suggesting that the loaded MSiNP-DTC had the highest stability.
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Table 1. Average hydrodynamic size + standard deviation (Z-Ave + SD), polydispersity index
(PDI + SD), and average zeta potential (ZP £ SD) recorded for MSiNPs and MSiNP-DTC dispersed
at 200 mg L~! in water and in different assays’ culture media.

SAMPLES MEDIA Z-AVE + SD/NM PDI + SD ZP + SD/MV
Water 168 £ 4 0.29 £ 0.02 -11.7 £ 0.4
MSiNP MBL 186 £ 17 0.39 + 0.03 —-30.1+03
Steinberg 189 £ 6 0.45 + 0.03 —-103 £ 0.4
Water 176 £1 0.38 £ 0.04 —-219+03
MSINP-DTC MBL 200 +9 0.41 + 0.04 —29.1+04
Steinberg 282 + 31 0.47 £ 0.05 —-11.0+ 04

The data of the same physico-chemical and morphological parameters in suspen-
sions obtained in different culture media showed a slight increase in the Z-Ave and the
polydispersity index. The most remarkable increase was recorded for the MSiNP-DTC
in the Steinberg medium. It is generally accepted that smaller particles can easily pene-
trate cell membranes and thus induce cytotoxicity. Therefore, the relationship between
size and toxicity is still controversial, as one study reported that size played no role in
toxicity, as smaller NPs were less toxic than their counterparts with a higher Z-Ave [34].
The aggregation of NPs depends on their particle concentration, pH, ionic strength, ionic
composition and concentration, and other characteristics of the aqueous media [35]. The
observed aggregation of MSiNPs in Steinberg medium compared to water can be attributed
to the possible higher ionic strength of this medium, which reduced the stability of the
NPs in suspension (low | ZP ). In the case of the MSiNP-DTC, the modification of the
silica surface with DTC led to the formation of large agglomerates in alkaline solution in
Steinberg medium (pH = 7.5 £ 0.1), which were almost twice as large as in neutral and
acid solutions. This may be related to the dissociation of hydrogen bonds on the surface
of MSiNPs and the delocalization of 7t (pi) electron pairs from the C-N and C-S bonds of
the DTC, leading to a strong interaction between the MSiNPs and DTC and resulting in an
increase in the ionic strength [36,37].

TEM was used to evaluate the size distributions, structure, and morphology of the
MSiNPs and MSiNP-DTC. Figure 3 shows the spherical form of the MSiNPs, with particle
sizes of around 48 £ 5 nm for the MSiNPs and 47 =+ 6 nm for the MSiNP-DTC. Furthermore,
the TEM image clearly shows the mesoporous structure and that the incorporation of
DTC had no impact on the size, shape, or morphology of the MSiNPs. The smaller Z-Ave
observed in the TEM for both NPs does not contradict the Z-Ave values obtained by the
DLS measurements since the size of dried structures analyzed by TEM is generally smaller
than the same structure with a solvation layer around its surface, as analyzed by DLS [38].

The FT-IR spectra of DTC, MSiNPs, and MSiNP-DTC are shown in Figure 4A,B,
respectively. The DTC displayed two intense bands at 1574 and 1031 cm ™!, which can
be assigned to the v(C=N) and v(N-N) modes, respectively (Figure 4A). These bands are
extremely important as they refer to the imine group, and a shift in the frequencies of
these bands may be indicative of DTC loading in the silica matrix, in which a shift to lower
frequencies is associated with a reduced binding order, while the shift to higher frequencies
corresponds to an increase in the connection order. Figure 4B shows the spectra of MSiNPs
(a), MSiNPs calcinated (b), and MSiNP-DTC (c). The absorption band around 1096 cm !
was due to the vibrations of the asymmetric stretching of Si-O-5i, indicating the presence
of silica in the MSiNPs, while the peaks at 807 and 468 cm ™! attributed to the groups
5i-O-5i are symmetrical stretching and flexing vibrations, respectively. In the MSiNP-DTC
spectrum, the appearance of new bands was not observed, but the main DTC bands were
shifted, increasing the intensity of the bands related to the MSiNPs (Figure 4B(c)). Basically,
at 1631 cm~! the increase in the MSiNP peak intensity was due to the addition of the DTC
band previously found at 1574 cm ™! of the v(C=N) bond. The same happened with the
broadening of the peak at 1099 cm ™! with the addition of the v(C=S) and v(N-N) bands
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from the DTC. Finally, at 796 cm ! and 475 cm ™}, the increase in intensity was due to the
overlap of the v(5CS) and v(CSC) bands of the DTC to the peaks of the MSiNPs [39-42].
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Figure 3. TEM images of (a) MSiNPs and (c) MSiNP-DTC NPs and their respective size distribution
histograms (b,d).
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Figure 4. (A) Vibrational spectrum in the infrared region of the compound DTC. (B) Vibrational
Spectrum in the infrared region of MSiNPs (a), MSiNPs calcined (b), and MSiNP-DTC (c) in KBr.

Thermal studies were performed within a temperature range of 25-600 °C under the
dynamic atmosphere of nitrogen to investigate the thermal stability of the DTC and the
synthesized nanoparticles (NPs). A previous study on DSC (Figure 5a) showed that DTC
presented an intense and sharp endothermic peak at 107 °C, attributed to the melting
process, and at 300 °C, associated with the process of decomposition or evaporation [5]. As
the MSiNPs did not show any transition in the temperature range of 25-600 °C, only the
thermal transition of MSiNP-DTC was observed (Figure 5b). Thus, a melting endothermic
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Heat flow/mW

peak at around 104 °C was detected in the thermogram of MSiNP-DTC, confirming that
DTC was incorporated into MSiNPs [43]. Similarly, Costa et al. [5] also showed a long
decomposition step for DTC in the temperature range of 160-310 °C with a mass loss
of around 95%. The NPs were also evaluated regarding their thermal stability using
thermogravimetry (TG) from 20 to 400 °C, as represented for MSiNP-DTC (Figure 5b).
Concerning the data obtained, the TG analysis showed that the mass loss for MSiNP-DTC
was 12.52%. As shown in the thermal curves, the DTA thermograms of MSiNP-DTC show
an intensive endothermic reaction in the range of 20-100 °C. This peak was correlated to

the loss of physically adsorbed water from the surface and chemically adsorbed water
bonded to Si-OH through the hydrogen bond.
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Figure 5. Thermal analysis of DTC (a) and MSiNP-DTC (b): thermogravimetry (TG) (%) (black line),
differential thermal analysis (DTA) (red line), and differential scanning calorimetry (DSC) (blue line).

Inorganic carriers, such as MSiNPs, tend to have a high loading capacity but low
loading efficiency, unlike organic carriers, such as micelles, liposomes, and polymeric
nanoparticles [44]. However, in this study, the MSiNP-DTC maintained an efficient drug
load (4.79 £ 0.04%) and a high loading capacity (95.77 £ 0.08%), which may have resulted
from strong electrostatic and hydrogen bonding interactions between the DTC and the
silica matrix [45].

Figure 6a,b shows the adsorption-desorption isotherms of the MSiNPs and MSiNP-
DTC, respectively, which correspond to type IV adsorption-desorption isotherms with
an H1 hysteresis loop according to the IUPAC, typical for materials containing meso-
porous structures with cylindrical pores [46,47]. The MSiNPs exhibited a high BET sur-
face area of 1021 + 15 m? g~ !, a pore volume of 1.61 & 0.04 cm® g~!, and a mean
pore size of 24.3 £ 0.2 nm—all characteristics favorable for loading. For the MSiNP-
DTC, the measured surface area and pore volume were estimated to be 618 + 15m? g~!
and 1.01 + 0.01 cm? g~!, respectively, while the mean pore size calculated from the N,
adsorption—desorption isotherm was 15.2 & 0.2 nm. Although such a change in the textural
properties occurred after the DTC incorporation, the MSiNP-DTC still maintained the typi-
cal mesoporous structure during the immobilization process. The reductions in the surface
area, volume, and mean pore size suggest that the DTC was present in the MSiNP matrix
in various ways, such as adsorbed /adhered to the surface and inside the pore [41,48,49].
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Figure 6. Nitrogen isotherms from MSiNPs (a) and MSiNP-DTC (b) and plots of the normalized
differential volume as a function of pore diameter, as inset.

It is essential to understand how the different physicochemical characteristics of
NPs may influence their toxicity, stability, and transformation in different environmental
matrices. The Microtox® assay is a sensitive test that is widely used to evaluate the toxic
effects of chemical compounds or environmental samples [50]. The underlying principle of
the A. fischeri bioluminescent assay is the correlation of changes in the kinetic attributes
of the bioluminescent reaction after a brief contact of the bacteria with the NPs with
their toxicity [51]. The decrease in the bioluminescence reflects the inhibition of bacterial
metabolism and is proportional to the toxicity of the test sample [52]. A. fischeri is a Gram-
negative bacterium, and the test is considerably fast, reproducible, and sensitive to a wide

variety of toxic compounds [53]. Table 2 shows the % of the highest effect and ECy values
for A. fischeri after 5, 15, and 30 min of exposure. The concentration of the suspensions

tested for the DTC, MSiNPs, and MSiNP-DTC was 150 mg L1, which was then tested
for different dilutions separated by a factor of two, according to the protocol of the basic
test [31].

Table 2. A. fischeri toxicity results obtained from bioluminescence test (in mg L™!) after exposure to
DTC, MSiNPs, and MSiNP-DTC at 5, 15, and 30 min of exposure (95% confidence interval, inside
parentheses). Data are highest effect (%) expressed as bioluminescence inhibition percentages and
EC5(/ECyq values.

EC50/(mg L_l) ECZ()/(mg L_l)
Samples
5 min 15 min 30 min 5 min 15 min 30 min
DTC NC (h.e. 6.2%) NC (h.e. 6.5%) NC (h.e. 2.6%) NC (h.e. 6.2%) NC (h.e. 6.5%) NC (h.e. 2.6%)
MSiNPs NC (h.e. 17.4%) NT NC (h.e. 8.5%) NC (h.e. 17.4%) NC (h.e. 13.4%) NC (h.e. 8.5%)
MSINP-DTC NC (h.e. 11.5%) NC (h.e. 8.7%) NC (h.e. 13.9%) NC (h.e. 6.2%) NC (h.e. 8.7%) NC (h.e. 46.4%)

Note. DTC: 3-methyl-5-phenyl-pyrazoline-1-(S-benzyldithiocarbazate); MSiNPs: mesoporous silica nanoparticles;
MSiNP-DTC: DTC-loaded silica nanoparticles; ECsy/ECyg: effect concentrations causing 50 or 20% of biolumines-
cence inhibition, respectively; NC: could not be calculated; NT: not toxic; h.e.: highest effect. The concentrations
of MSiNP-DTC are based on MSiNPs. The amount of DTC in 150 mg L~! of MSiNPs was 7.18 mg L.

DTC is poorly soluble in aqueous media. In addition, it can undergo degradation,
releasing by-products such as CS,, which was also reported as hazardous [23]. However,
the DTC dissolved in 0.5% (v/v) DMSO in water was not toxic to A. fischeri (Table 1). This
result indicates that there was no degradation of the DTC in the suspension, not even in the
NaCl 2% medium used to dilute the bacteria. DTC in PBC buffer (300 mmol L~!) was not
cytotoxic to mammalian cells by the blue thiazolyl tetrazolium bromide (MTT) assay, and it
induced the production of nitric oxide (NO), a short-lived gas radical that is considered a
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molecule with important functions, such as regulating vascular tone, neurotransmission,
acute and chronic inflammation, host defense mechanisms, cell viability modulator, and
oxidative stress agents [3].

The toxicity of the MSiNP-DTC increased when compared to the non-loaded MSiNPs.
However, the effect recorded was slightly above the 20% of bioluminescence inhibition
after 30 min of exposure. According to the DLS data (Table 1), MSiNPs and MSiNP-DTC
showed similar Z-Ave values (168 £ 4 and 176 + 1 nm, respectively) and negatively charged
particles. Thus, only the synergic interaction between the DTC and the MSiNPs could have
accounted for a higher interaction of the NPs with the biological membranes, at least for
the bacteria A. fischeri.

Microalgae are important model species to assess the toxicity of NPs, as they play
a role in the aquatic ecosystem as primary producers that are vulnerable to alterations
by contaminants [34]. Toxicity in algae is influenced by the inherent properties of NPs,
such as their size, shape, concentration, and their coating layers, and these properties can
lead to defensive behaviors of algae through the stimulation of the antioxidant system
to remove reactive oxygen species (ROS) induced by NPs [54]. Previous authors pro-
posed a classification of the toxicity of substances to microalgae based on the ECsg values
recorded. This classification is called the Passino and Smith Classification (PSC), according
to which the test substances are very toxic (ECs < 1 mg L), toxic (1-10 mg L), harmful
(10-100 mg L), or not harmful (>100 mg L) [55]. According to this classification, the
MSiNPs proved to be non-toxic to R. subcapitata (Figure 7b), with only a 3.2% inhibition
of the algae growth rate at the highest concentration tested. A study showed that the
hydrophilicity /number of silanol groups on the particle surface was associated with SiNP
toxicity, as proton-donating silanol groups denatured cell membrane proteins, leading to
membrane damage [19]. However, at least for the concentrations tested in this study, such
an effect was not recorded. As illustrated in Figure 7a, for the DTC (ECpp = 119.9 mg L1,
significant growth inhibition was recorded for almost all the concentrations tested up to
a maximum of 29.6% of inhibition in the algae growth rate at the highest concentration
(150 mg L~!) when compared to the control. Once it was an organic compound with an
intense yellow color, the high concentration of DTC in the suspension probably indirectly
caused the unavailability of light crucial for the growth of algae. The MSiNP-DTC was
slightly toxic at the concentrations tested. The MSiNPs prevented the degradation of
the DTC, and it was large enough to not cross the algal cell membrane or to agglomer-
ate/aggregate in the aqueous medium, reducing the exposure of the R. subcapitata [56].
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Figure 7. Average R. subcapitata growth rate after 72 h of exposure to DTC (a), MSiNPs, and MSiNP-
DTC (b). Error bars represent the standard deviation, and * corresponds to significant differences
between the respective control and the treatments (Dunnett’s test: p < 0.05). DTC: 3-methyl-5-phenyl-
pyrazoline-1-(S-benzyldithiocarbazate); MSiNP: mesoporous silica nanoparticles; MSiNP-DTC: DTC-
loaded silica nanoparticle. The concentrations of MSiNP-DTC are based on MSiNPs. The amount of
DTC in 150 mg L~! of MSiNPs is 7.18 mg L.



Nanomaterials 2023, 13, 370

13 0f 18

Currently, there are only a limited amount of data on the effect concentrations observed
for L. minor regarding SiNPs [16,61], and none are related to DTC or analogous compounds.
The effects of DTC, MSiNPs, and MSiNP-DTC on L. minor growth assessed by the number
of fronds and dry weight after 7 days of exposure are shown in Figure 8 and Table 3. We can
see that at the highest concentrations for both the DTC and SiNPs, there were significant
effects on L. minor. For the DTC, the effect was greater for the dry weight, with 32.1%
inhibition, whereas for the number of fronds, the effect was 17.5%, which is considered
a non-toxic effect. DMSO 0.5% (v/v) in water also had a significant effect. Although we
may consider that DMSO may have contributed to the inhibitory effect caused by the DTC,
it is important to highlight that it was diluted in all the concentrations of DTC tested. In
addition to the growth-inhibiting effect, some morphological differences in the fronds were
noted. The inhibition effect at 150 mg L~! was greater on the dry weight (24.4%) for the
MSiNPs than on the number of fronds (18.6%), while for the MSiNP-DTC, the opposite
was observed, with 22% and 35.2%, respectively. Although this change in toxicity is not
remarkable, this once again may have been associated with the agglomeration/aggregation
of the nanoparticles in the Steinberg medium, at least for the loaded NPs. As can be seen in
Table 1, there was a considerable reduction in the ZP values compared to water, followed
by an increase in the Z-Ave values mainly for the MSiNP-DTC. The aggregation may have
caused the superficial attachment of the particles to the walls of the plant cells with strong
adhesion, preventing the L. minor from having enough food and nutrition [63].

Table 3. Effective concentrations (ECs5p/ECyp), LOEC, and NOEC in mg L~ of DTC, MSiNPs, and
MSiNP-DTC for the microalgae R. subcapitata after 72 h of exposure and for L. minor after 7 days of
exposure (CI means the lower and upper 95% confidence interval, inside parentheses).

BIOTA ENDPOINT SAMPLES EC50MG L-1  EC200MGL-! LOEC/MG L-1 NOE?{MG
119.9
R. Crowth DTC 1500 (106.4-133.4) 88 19.8
SUBCAPITATA rowth rate MSiNPs >150. >150.0 19.8 8.8
MSiNP-DTC >150.0 66.7 44.4
Crowth rat DTC >150.0 66.7 444
L. MINOR (i fg"n rrrfber) MSiNPs >150.0 >150.0 66.7 444
ond numbe MSiNP-DTC 81.3 (65.7-96.9) 444 29.6
114.6
DTC (95.0-134.2) 66.7 444
Growth rate . 137.8
L. MINOR (dry weight MSiNPs >150.0 (119.0.156.5) 29.6 19.8
MSiNP-DTC 147.9 100 66.7

(132.6-163.1)

Note. DTC: 3-methyl-5-phenyl-pyrazoline-1-(S-benzyldithiocarbazate); MSiNPs: mesoporous silica nanoparticles;
MSiNP-DTC: DTC-loaded silica nanoparticles. ECsy/ECy values: effect concentrations causing 50 or 20% of
growth inhibition, respectively; LOEC: low observed effect concentration; NOEC: no observed effect concentration.
The concentrations of MSiNP-DTC are based on MSiNPs. The amount of DTC in 150 mg L~! of MSiNPs
is7.18 mg L1
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Figure 8. Average growth rate (day_l) calculated based on frond number (black bars) and on frond
dry weight (grey bars) of L. minor exposed to DTC and DMSO 0.5% (v/v) (a), MSiNPs (b), and MSiNP-
DTC (c). Error bars represent the standard deviation, and * corresponds to significant differences
from the control (Dunnett’s test: p < 0.05). The concentrations of MSiNP-DTC are based on MSiNPs.
The amount of DTC in 150 mg L~! of MSiNPs is 7.18 mg L.
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6. Conclusions

In conclusion, the DTC compound was successfully synthesized and loaded in MSiNPs
by means of a simple and efficient synthesis. The characterization of the obtained MSiNPs
shows that the synthesized nanoparticles had homogeneous sizes suitable for drug delivery
systems. Concerning the loading efficiency of the MSiNPs, the DTC was successfully
adsorbed to the MSiNPs, and these results suggest that MSiNPs have potential for the
delivery of DTC in particular, and possibly for wider use in drug delivery applications,
improving the stability and overcoming the low water solubility of Schiff’s dithiocarbazate
bases. Paired with the development of MSiNP-DTC, it is also essential to clearly understand
the potential risks of these systems to the environment. Based on the results obtained, it can
be considered that the DTC, MSiNPs, and MSiNP-DTC did not show remarkable toxicity
to aquatic organisms at the range of concentrations tested. Future work should include the
testing of DTC, MSiNPs, and MSiNPs with other species, including terrestrial ones, and
with human cell lines to better assure their safety. Afterwards, the activity/efficacy of these
MSINPs loaded with DTC can be tested for different applications already suggested for
Schiff bases.
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