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Abstract: Silica mesoporous nanocapsules are a class of “smart” engineered nanomaterials
(ENMs) applied in several fields. Recent studies have highlighted that they can exert deleterious
effects into marine organisms, attributed to the use of the toxic cationic surfactant N-hexadecyl
-N,N,N-trimethylammonium bromide (CTAB) during the synthesis of ENMs. The present study
reports the successful synthesis and characterization of novel gemini surfactant-based silica
nanocapsules. The gemini surfactant 1,4-bis-[N-(1-dodecyl)-N,N-dimethylammoniummethyl]benzene
dibromide (QSB2-12) was chosen as a more environmentally-friendly replacement of CTAB.
Nanocapsules were characterized by scanning electron microscopy (SEM), Fourier-transformed
infrared spectroscopy (FTIR), dynamic light scattering (DLS), thermogravimetric analysis (TGA) and
N2 adsorption-desorption isotherms. Short-term exposure effects of new ENMs were evaluated in
four marine species (Nannochloropsis gaditana, Tetraselmis chuii and Phaeodactylum tricornutum) and the
microcrustacean (Artemia salina). The replacement of the commercial cationic surfactant by the gemini
surfactant does not change the structure nor the environmental behaviour in seawater of the newly
synthesised silica nanocontainers. Additionally, it is demonstrated that using gemini surfactants
can reduce the toxicity of novel silica nanocapsules towards the tested marine species. As a result,
environmentally-friendly ENMs can be obtained based on a safe-by-design approach, thereby fitting
the concept of Green Chemistry.

Keywords: cationic surfactants; microemulsion; mesoporous silica; encapsulation; ecotoxicity

1. Introduction

Engineered nanomaterials (ENMs) have been proposed as new solutions for encapsulation of
active compounds, such as corrosion inhibitors, antifouling agents, pH indicators, drugs or dyes [1–7].
Nanocapsules are core–shell structures with diameter generally ranging between 100–500 nm [8],
and one of the most used nanocapsules are based on mesoporous silica, typically with a diameter
of 100–200 nm [9]. This cutting-edge immobilization technique has assumed a relevant role in the
field of smart coatings, by providing a controlled release of encapsulated molecules, reducing their
toxicity (compared to the free forms), preventing direct interaction with coating matrices, reducing
leakages and ultimately increasing the coating’s service life [3,10,11]. However, state-of-the-art
information shows that even empty silica nanocapsules show some degree of toxicity [10]. They have
been found to be more toxic towards selected marine species than other engineered nanomaterials,
namely Zn-Al layered double hydroxides (LDH) [12,13]. Recent studies have revealed that the silica
nano-form or the formation of agglomerates in artificial saltwater, over time, is not necessarily the
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source of silica nanocapsules toxicity [10–12,14]. Indeed, it is related to the presence of a cationic
surfactant, N-hexadecyl-N,N,N-trimethylammonium bromide (CTAB) which is used as a template
during nanomaterials’ synthesis. Replacing CTAB with a greener surfactant has been suggested
previously in order to reduce capsules’ toxicity [10]. There are strategies that allow the complete
removal of CTAB from capsules’ surface such as extraction with solvents solutions, washing with
a solution of ethanolic HCl or thermal treatment (calcination) [9,15,16]. Although these steps are
effective for removal of synthesis remnants from empty silica nanocapsules, they may be undesirable
if the entrapment of active molecules inside the nanomaterials is the main goal: calcination leads to
complete degradation of all organic molecules, while using other solvents may lead to leaching of the
encapsulated agents as well. Therefore, replacing CTAB with a more eco-friendly surfactant would
prevent toxicological issues and may avoid the implementation of additional steps.

Cationic gemini surfactants are a group of innovative quaternary ammonium salts that consist
of two monomeric moieties linked by a spacer. Each moiety is made of a hydrophilic part
(positively charged nitrogen atom) and a hydrophobic part (alkyl chain) [17]. Due to this dimeric
structure, gemini surfactants show unique surface properties, such as critical micelle concentrations
(CMC), which is lower comparing with conventional cationic surfactants, with higher efficacy in
lowering surface tension (for surfactants with the same number of carbon atoms in hydrophobic
parts). CMC is the concentration at which micelles start forming [18], and the ability of cationic
surfactants to form stable oil in water emulsion allows their use as a template in silica nanocapsules
synthesis [14]. For a conventional monomeric surfactant, N-dodecyl-N,N,N-trimethylammonium
bromide (DTAB), the CMC is 16 mM whereas for a dimeric surfactant, with a rigid spacer, such as
1,4-bis-[N-(1-dodecyl)-N,N-dimethylammoniummethyl]benzene dibromide (QSB2-12) the CMC is
1.21 mM [18]. For CTAB the CMC is 0.907 mM [19], lower than for QSB2-12. It has been reported that
by modifying the surfactants’ structure, aggregation behavior may be changed. Increasing the number
of hydrophilic parts decreases the CMC (when the hydrophobic part is fixed), which is also observed
when an increase in the number of carbon chains of the hydrophobic part occurs (when hydrophilic
part is fixed) [17].

Gemini surfactants are known to be less toxic to freshwater organisms [20]. As an example,
and looking at the key freshwater species Daphnia magna, CTAB was found to be 28 times more toxic
than QSB2-12: LC50 of 0.026 mg/L [21] vs. 0.73 mg/L [20], respectively. Comparing QSB2-12 with
its monomeric analogue DTAB, the gemini surfactant is also less toxic than the conventional one
(LC50 for DTAB towards Daphnia magna is 0.35 mg/L [20]). It has been already reported that elongating
an alkyl chain leads to an increase in toxicity [22,23]. As an example, for betainate cationic dimeric
surfactants, LC50 values towards Daphnia magna decreases from 50 to 7.5 mg/L [22] when the number
of carbon atoms in the hydrophobic parts increases from 8 to 10. It can be also observed for the
above-mentioned monomeric surfactants DTAB (C12) and CTAB (C16). The compound with 12 carbon
atoms is classified as very toxic toward Daphnia magna [20,24] whereas the one with 16 carbon atoms
as extremely toxic [21]. Nevertheless, when we look at marine or estuarine organisms, not many
information is available regarding gemini surfactant toxicity. This represents a serious gap in marine
hazard information available, as nanocapsules synthetized using gemini surfactants are often used in
maritime infrastructures. One of the few examples is a study where gemini surfactants were shown to
be 20-times less toxic when looking at marine microalgae than CTAB [25].

Taking into consideration the relation between surfactant structure, aggregation properties and
ecotoxicity, environmentally-friendly silica nanocapsules may be designed. This approach, named
safe-by-design (SbD), focuses on setting, at minimum, any sources of possible hazards for the
environment and humans. SbD aims at ecologically oriented design since the beginning, meaning that
all possible safety issues will be identified and replaced with non-toxic or less toxic alternatives [26,27].

Therefore, the aim of this study was to develop a safe-by-design approach to silica nanocapsules
synthesis. In order to achieve it, CTAB was replaced by the gemini surfactant QSB2-12 as a
template for the nanocapsules’ synthesis. The nanocontainers based on both cationic surfactants
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were fully characterized by scanning electron microscopy (SEM), Fourier-transformed infrared
spectroscopy (FTIR), dynamic light scattering (DLS), thermogravimetric analysis (TG/DTA) and
N2 adsorption–desorption isotherms, as well as, in terms of their ecotoxicity towards chosen marine
microalgae and crustaceans. The marine environment is the compartment where most of these ENMs
will be applied and, therefore, looking at effects to marine biota is crucial and it will help to fill in the
gap on the few available information regarding hazard assessment.

2. Materials and Methods

2.1. Materials

Ammonia solution (NH4OH) (25%) was purchased from Merck (Portugal). Hexadecyltrimethy
lammonium bromide (CTAB) (≥98%), tetraethyl orthosilicate (TEOS) (≥99%), diethyl ether and sodium
chloride (NaCl) were purchased from Sigma-Aldrich (Oeiras, Portugal).

Cationic gemini surfactant 1,4-bis-[N-(1-dodecyl)-N,N-dimethylammoniummethyl]benzene
dibromide (QSB2-12) was synthesised according to the methods described in the literature [20].

The structures of cationic surfactants are presented in Figure 1.
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Figure 1. Structure of the cationic surfactants.

2.2. Methods

2.2.1. Nanocapsules Synthesis and Characterization

Silica nanocapsules (SiNC) were synthesized in a one-step process through an oil-in-water
microemulsion (Figure 2) based on a published procedure, with minor alterations [9]. Diethyl ether
was used as a co-solvent, ammonia as a catalyst and TEOS as a silica precursor. The water phase
consisted of different amounts of cationic surfactant (Figure 2) dissolved in 35 mL water and 0.25 mL
of ammonia solution. Diethyl ether (25 mL) was then added (dropwise) to the water phase and an
oil-in-water microemulsion was obtained. Subsequently, 2 mL of TEOS was added dropwise to the
microemulsion under controlled stirring and kept in a closed vessel for 24 h. The obtained products
were filtered, washed with warm water (~40 ◦C) and dried at 60 ◦C.

Capsules morphology was characterized by scanning electron microscopy (SEM) coupled
with energy dispersive spectroscopy (EDS) (Hitachi SU-70 electron microscope) and by scanning
transmission electron microscopy (STEM) with secondary electron (SE) imagining capability (Hitachi
STEM/SEM HD-2700).

Fourier-transformed infrared spectroscopy (FTIR) was used to identify characteristic peaks of the
synthesized nanomaterials. FTIR analysis was performed on a Bruker tensor 27 spectrophotometer
coupled with an ATR device.

A Malvern Zetasizer Nano-ZS instrument was used to perform dynamic light scattering (DLS)
and zeta potential (ζ) measurements. The measurements were performed in deionized water and the
concentration of silica nanocapsules was 10 mg/L.
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Thermogravimetric analysis (TG/DTA) was conducted on a Sataram-Labsys system under air
atmosphere, with a heating rate of 10 ◦C min−1 from room temperature up to 800 ◦C. A portion of
these nanocapsules was calcined at 550 ◦C for 5 h, with a heating rate of 10 ◦C min−1.

Textural properties of nanocapsules were evaluated based on the adsorption–desorption isotherms
of N2 at 196 ◦C, performed on the equipment Quantachrome NOVA 4200e. Samples were previously
degassed at 180 ◦C for 6 h. The specific area (SBET) was calculated by the BET method (Braunauer,
Emmett and Teller), the total pore volume (VPp/p0=0.98) was obtained from the volume of N2

adsorbed at p/p0 = 0.98. The most frequent pore diameters (øpores) was calculated by the BJH
method (Barrett–Joyner–Halenda), applied to the desorption branch of the isotherm [14].

2.2.2. Ecotoxicity Tests

The short-term toxic effects of the two silica nanocapsules were evaluated on marine microalgae
species (Nannochloropsis gaditana, Phaeodactylum tricornutum, Tetraselmis chuii) and on a microcrustacean
species (Artemia salina), following the standard protocols OECD 201 (2011) [28] and ISO 10253 (2016) [29],
respectively, with some adaptations fully described by Kaczerewska et al. [25] Briefly, tests were run with
0.45 µm filtered artificial seawater (ASW) and for each compound, five concentrations plus one negative
control (ASW only) were tested (n = 4 for microalgae; n = 3 for crustaceans). Range-finding tests were
run for exposure concentrations ranging from 0.01 mg/L to 100 mg/L. Definitive exposure tests included
the following exposure concentrations: Nanochloropsis gaditana and Tetraselmis chuii: 2 mg/L, 4 mg/L,
6 mg/L, 8 mg/L, 10 mg/L; Phaeodactylum tricornutum: 2 mg/L, 4 mg/L, 6 mg/L, 8 mg/L, 10 mg/L for
SiNC_QSB2-12 and 0.5 mg/L, 1 mg/L, 2 mg/L, 4 mg/L, 6 mg/L for SiNC_CTAB; Artemia salina: 6.25 mg/L,
12.5 mg/L, 25 mg/L, 50 mg/L, 100 mg/L. Microalgae growth inhibition was monitored for 72 h through
fluorescence daily measurements whereas crustaceans mortality or immobilization was checked after
48 h of exposure. The median lethal (LC50) and median growth inhibition (IC50) concentrations
were determined by a non-linear regression model with the software Graphpad Prism v.6.0. Then,
toxicity endpoints were categorized according to the EC Directive 93/67/EEC scheme adapted by
Blaise et al. [30] for nanomaterials: non-toxic (L/IC50 > 100 mg/L), harmful (10 > L/IC50 ≥ 100 mg/L),
toxic (1 > L/IC50 ≥ 10 mg/L), very toxic (0.1 > L/IC50 ≥ 1 mg/L) and extremely toxic (L/IC50 ≤ 0.1 mg/L).

I/LC50 values estimated for both nanomaterials were statistically compared. A table containing
the logL/IC50, associated standard error and degrees of freedom (data extracted from each non-linear
regression report) for both SiNC (QSB2-12) and SiNC (CTAB) was prepared for each tested species.
Then, the null hypothesis that both best fitting datasets were similar was tested (p < 0.05) through a
t-test, followed by an F-test to compare the data variance (total of 4 independent tests).



Appl. Sci. 2020, 10, 8085 5 of 13

3. Results and Discussion

3.1. Synthesis

As mentioned in the Materials section, silica nanocapsules have been obtained in a one-step process
with minor adjustments. Both SiNC_CTAB and SiNC_QSB2-12 were obtained as white powders.
CTAB concentration used for the synthesis was 19 mM, which is definitely above its CMC (0.907 mM).
The number of moles used for QSB2-12 was reduced by half (11.6 mM) due to its dimeric structure.
Zeta potential of CTAB and QSB2-12 microemulsions were +58.3 mV and +41.9 mV, respectively.
Values of ζ for the surfactants differ slightly suggesting similar stability of the obtained microemulsions.
Micelles made of cationic surfactants were a template for silica shell formation after adding TEOS [10].

3.2. Characterization of Silica Nanocapsules

SEM and STEM pictures of synthesised silica nanocapsules are presented in Figure 3.
Obtained nanocontainers have a spherical shape with a diameter ranging between 100 nm and
200 nm. In STEM images (Figure 3c,d), a distinction (red arrow) between the wall and the core of the
nanocapsules can be noticed, which confirms that obtained nanomaterials are capsules.
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silica nanocapsules based on N-hexadecyl-N,N,N-trimethylammonium bromide (CTAB) (a,c) and
QSB2-12 (c,d).

In the FTIR spectra, presented in Figure 4a–c, some characteristic bands for silica capsules can be
observed, such as Si–O–Si stretching at 1049 cm−1, Si–OH stretching at 935 cm−1 and Si–O–Si bending
at 800 cm−1. By overlapping the spectra of SiNC_CTAB and SiNC_QSB2-12 (Figure 4c) it is possible
to observe their similarity. FTIR spectra for CTAB and QSB2-12 show characteristic wavenumbers
values of the bonds: C-H stretching absorption vibrations of long alkyl chains between 2840 cm−1 to
3000 cm−1, C-H bending vibration of the (CH3)4N+ cation at around 1490 cm−1 and rocking vibrations
of (CH2)n, when n ≥ 4, at around 720 cm−1 (present only in case of long alkyl chains) [25]. In the
silica capsules’ spectra, lower intensity of signals associated with CTAB and QSB2-12 are observed
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suggesting that traces of cationic surfactants remained on the capsules’ surface, as can be seen in the
overlapped spectra of silica nanocapsules and surfactants (Figure 4a,b). Washing silica nanocapsules
with an ethanolic solution of hydrochloric acid (1.5 mL of HCl in 150 mL of ethanol) at 60 ◦C allows
the removal of cationic surfactants completely [16]. This route can be used for empty nanomaterials
but applying it to nanocapsules loaded with active molecules may cause the unwanted release of the
active molecules during washing steps. Another possibility to remove traces of cationic surfactants
is calcination. However, this process removes all the organic compounds and cannot be applied to
nanomaterials loaded with organic molecules [9,11].
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Regarding the size distribution of the synthesised capsules in distilled water (Table 1), determined
by DLS, peaks centred at 157.1 nm and 191.6 nm were observed for SiNC_CTAB and SiNC_QSB2-12,
respectively (Figure 5). These data agree with the size determined by SEM, although polydispersion
index (PdI) shows values higher than 0.5, indicating heterogeneity of the samples and the presence of
larger aggregates. For both SiNC_CTAB and SiNC_QSB2-12 larger particles are observed probably due
to the presence of polymer residues (TEOS polymerization) [14]. DLS data also confirm this assumption
by the presence of secondary peaks, indicating the agglomeration of the nanocapsules and the polymer
residues into larger particles [14]. The zeta potential associated with SiO2 is typically −28 mV [31],
so the recorded positive values of Z-potential for the synthesised silica nanocapsules in this work
(cf. Table 1) are associated with the traces of cationic surfactants remaining in the capsules, which is
consistent with FTIR spectra. Data for SiNC_CTAB are also in agreement with the literature where the
hydrodynamic size for that conventional nanomaterial range from 80 nm to 180 nm [10,11,14].

Table 1. Dynamic Light Scattering (DLS) data for synthesized SiNC_CTAB and SiNC_QSB2-12.

Hydrodynamic Size
[nm]

ζ

[mV] PdI

SiNC_CTAB 157.1 ± 18.3
731.2 ± 134.3 32.8 ± 1.1 0.68

SiNC_QSB2-12 191.6 ± 37.1
662.1 ± 160.0 40.9 ± 6.8 0.56

ζ—Zeta potential; Pdl—Polydispersion index.
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Figure 5. Size distribution of silica nanocontainers (SiNC) synthesized with CTAB and QSB2-12.

Thermogravimetric (TG) experiments were performed in order to verify and compare the thermal
stability of synthesized nanocapsules. Tests with calcined samples (after thermal treatment) were
carried out as a reference. TG profiles are presented in Figure 6. The degradation temperature for
both SiNC_CTAB and SiNC_QSB2-12 was found to be 105 ◦C, which can be assigned to the process
of dehydration of water adsorbed in the interlayer structure [32]. As expected for inorganic silica
materials, curves for calcined nanomaterials show no variation in temperature, which suggests good
thermal stability. Comparing curves for calcined and as-synthesized nanocapsules, a mass loss of
approximately 80% can be observed for the as-synthesized ones. This may be due to the degradation
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of non-hydrolysed TEOS as well as some residues of cationic surfactants used for the synthesis [14].
These results suggest that replacing CTAB with QSB2-12 will not change the thermogravimetric profile
of silica nanocapsules.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 13 

degradation of non-hydrolysed TEOS as well as some residues of cationic surfactants used for the 
synthesis [14]. These results suggest that replacing CTAB with QSB2-12 will not change the 
thermogravimetric profile of silica nanocapsules. 

 

Figure 6. TG profile of SiNC_CTAB and SiNC_QSB2-12. 

Textural properties of silica nanocontainers (SiNC_CTAB and SiNC_QSB2-12) were evaluated 
by adsorption–desorption isotherms N2 at −196 °C. In Figure 7a it is possible to observe that both 
samples show a typical type IV adsorption–desorption, according to IUPAC classification, with 
symmetric adsorption–desorption pathway isotherm indicating the presence mesoporous materials. 
A characteristic type H3 hysteresis loop is observed. This type is typical for mesoporous materials 
with slit-shaped pores [33]. Table 2 presents the main textural parameters of the silica nanocontainers: 
specific surface area (SBET) and the most frequent diameter of pores (mode of distribution of pore 
diameter). Data obtained for SiNC_CTAB are in agreement with what is reported in the literature 
when using diethyl ether as co-solvent [9]. When CTAB is replaced with QSB2-12 a slight increase in 
pore size was observed. Additionally, changing surfactants during synthesis results in a decrease in 
surface area from 719 m2/g to 603 m2/g. 

Table 2. Textural properties of SiNC_CTAB and SiNC_QSB2-12. 

 SBET 

[m2/g] 
Pore Size 

[nm] 
SiNC_CTAB 719 4.4 

SiNC_QSB2-12 603 5.9 
 

Figure 6. TG profile of SiNC_CTAB and SiNC_QSB2-12.

Textural properties of silica nanocontainers (SiNC_CTAB and SiNC_QSB2-12) were evaluated
by adsorption–desorption isotherms N2 at −196 ◦C. In Figure 7a it is possible to observe that
both samples show a typical type IV adsorption–desorption, according to IUPAC classification,
with symmetric adsorption–desorption pathway isotherm indicating the presence mesoporous
materials. A characteristic type H3 hysteresis loop is observed. This type is typical for mesoporous
materials with slit-shaped pores [33]. Table 2 presents the main textural parameters of the silica
nanocontainers: specific surface area (SBET) and the most frequent diameter of pores (mode of
distribution of pore diameter). Data obtained for SiNC_CTAB are in agreement with what is reported
in the literature when using diethyl ether as co-solvent [9]. When CTAB is replaced with QSB2-12 a
slight increase in pore size was observed. Additionally, changing surfactants during synthesis results
in a decrease in surface area from 719 m2/g to 603 m2/g.

Table 2. Textural properties of SiNC_CTAB and SiNC_QSB2-12.

SBET
[m2/g]

Pore Size
[nm]

SiNC_CTAB 719 4.4
SiNC_QSB2-12 603 5.9

3.3. Ecotoxicity

Ecotoxicity data (I/LC50) are summarized in Table 3. Respective dose–response curves supporting
these results are presented in a Supplementary Material (Figure S1). Both nanomaterials were toxic
towards the tested microalgae and harmful towards the tested crustaceans [30]. However, SiNC_CTAB
was more toxic than the novel SiNC_QSB2-12, for all tested species, statistically significant (p < 0.05)
in the case of the diatom P. tricornutum (up to 3.5-times more toxic) and T. chuii (+25%) (Table 3).
It has been suggested that the toxicity of silica nanocapsules may be associated with traces of cationic
surfactants used during synthesis [10]. This is in accordance with FTIR data which confirm the
presence of cationic surfactant residues in both nanomaterials. Previous studies by researchers from
the University of Aveiro have shown that CTAB has 20-times higher toxicity towards P. tricornutum
than gemini surfactant QSB2-12 [25]. These results prompted the decision to replace CTAB with QBS12,
leading to the development of the work presented in this paper.
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Table 3. Toxicity of synthesized reference (SiNC_CTAB) and newly developed (SiNC_QSB2-12) silica
nanocapsules towards marine species and statistical comparison of I/LC50 through t-tests and F-tests
per tested species.

Marine
Species

I/LC50 [mg/L]
(95% CI) t-Test p-Value

F-Test to Compare
Variances
DFn, DFd

p-Value

SiNC_CTAB SiNC_QSB2-12

Nannochloropsis gaditana 8.51 9.69
1.2230 0.2282

94.91
<0.0001(6.76–10.7) (9.48–9.91) 20, 22

Tetraselmis chuii
7.41 9.26

3.3437 0.0014
17.28

<0.0001(7.37–7.45) (8.97–9.55) 19, 22

Phaeodactylum
tricornutum

2.37 8.30
2.1350 0.0386

14.84
<0.0001(1.75–3.23) (2.69–15.61) 22, 20

Artemia salina
23.0 25.4

0.6126 0.5451
8.42

0.0003(20.6–25.7) (18.4–35.0) 14, 14

Data are presented as median growth inhibition concentration (72 h-IC50) and median lethal concentration values
(48 h-LC50), and respective 95% confidence intervals (CI). DFn—degrees of freedom numerator. DFd—degrees of
freedom denominator.
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There are some ecotoxicity data available in the literature for CTAB-based silica nanocapsules.
For the diatom P. tricornutum IC50 ranges from 2.03 mg/L [10] to 3.67 mg/L [13], for microalgae N. gaditana
IC50 is 1.15 mg/L [10], while for the crustacean A. salina SiNC_CTAB are harmful (LC50 = 12.2 mg/L [34])
or non-toxic (LC50 > 100 mg/L [10]). The results obtained in the present work agree with the literature
data, particularly in the case of diatoms and crustaceans. There is a difference for the microalgae
N. gaditana, which may be associated with different amounts of the cationic surfactant still adsorbed to
the silica nanocapsules surface.

Sustainability is, nowadays, one of the main challenges in materials science. Designing
nanomaterials by a proper selection of raw materials seems to be the way to obtain environmentally-
friendly nanocontainers. Since it has been reported that the encapsulation of active molecules reduces
their toxicity due to a controlled release mechanism [10], non-toxic nanocarriers are needed. To the best
of our knowledge, there is no information published on the use of different cationic surfactants in order
to prepare silica nanocapsules. However, comparing data of the toxicity profile of SiNC_CTAB with
another nanomaterial namely, layered double hydroxides (LDHs) the silica nanocarriers have been
found as exerting some degree of toxicity towards marine species [12]. Other eco-friendly alternatives
have been reported in the literature, such as natural polymercarriers based on gelatine or chitosan
microcapsules. These materials are non-toxic, biocompatible and biodegradable [35,36]. However,
due to some limitations, such as size or swelling in aqueous solutions, their use is not always possible.
In those cases, silica nanocapsules are often a solution, however current versions are still toxic.

This study demonstrates that developing greener silica mesoporous nanocapsules by replacing
cationic surfactants used during SiNC synthesis, may lead to less toxic alternatives. In the present
study, this was not fully achieved, however, the statistical differences between the toxicity on two
ecologically relevant marine species demonstrate this approach is in the right direction to obtain less
toxic materials. Considering the potential application of such nanomaterials as coating additives for
maritime applications, improvements in their design and further ecotoxicological studies on other
marine species may confirm the present findings.

4. Conclusions

Silica nanocapsules based on gemini surfactant QSB2-12 were successfully synthesised
and characterized.

The synthesis is performed in a one-stage process where the toxic commercial cationic surfactant
CTAB is replaced by a less toxic gemini surfactant QSB2-12. Changing surfactants allows the reduction,
by 50%, of the number of moles used to obtain a stable microemulsion and does not hinder the
formation of the nanomaterials. Moreover, the present results show that replacing the surfactant does
not significantly change the structure and properties of silica nanocapsules.

Ecotoxicity tests show that nanocapsules based on CTAB are significantly more toxic than
nanocontainers prepared with gemini surfactant for two (out of four) species and slightly more toxic
for the other two. Both nanomaterials are classified as toxic (microalgae) and harmful (crustacean).
The present study shows that by choosing a template surfactant carefully, environmentally safer silica
nanocapsules can be designed. Nonetheless, further research is still needed.

To the best of our knowledge, the safe-by-design approach for silica nanocapsules synthesis
is addressed in this work for the first time. Following this approach allows us to obtain not only
environmentally friendly nanomaterials but also prevent the use of toxic surfactants and decrease the
number of used chemicals, thus being aligned with the concept of green chemistry [37].

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/22/8085/s1,
Figure S1. Dose–response curves of the microalgae Nannochloropsis gaditana and Tetraselmis chuii, the diatom
Phaeodactylum tricornutum and the crustacean Artemia salina exposed to tested cationic surfactants.
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