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Abstract

This work evaluated the cytotoxic effect of different EOCs-functionalised silica particle
types. The in vitro toxicity of eugenol and vanillin-immobilised SAS, MCM-41
microparticles and MCM-41 nanoparticles was evaluated on HepG2 cells, and
compared to free EOCs and pristine materials. The results revealed that free essential oil
components and bare silica had a mild cytotoxic effect on HepG2 cells. However, the
comparative study showed that free eugenol and vanillin had a milder cytotoxic effect
than the equivalent concentrations of immobilised components on the different silica
particles, while differences in cell viability between the bare and functionalised particles
relied on the type of analysed material. The most cytotoxic materials were eugenol and
vanillin-functionalised MCM-41 micro with ICso values of 0.19 and 0.17 mg/mL,
respectively, at 48 h exposure. Differences in cytotoxicity between functionalised
particles may be attributed to the density of the functional components on their surface
as a result of the functionalisation reaction performance for different materials. The
study of the physico-chemical properties of particles demonstrated that cationic nature
and increased hydrophobicity could be responsible for promoting -cell-particle
interactions for the eugenol and vanillin functionalised silica particles, enhancing their

cytotoxic behaviour.
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1. Introduction

Synthetic amorphous silica (SAS), in its fumed and hydrated forms, is a food
additive (E551) authorised to be directly used in dry-powered food formulations and
tablets as anticaking and antifoaming agents, or as a carrier in the preparation of food
additives and nutrients (EU Commission, 2011a). For decades, SAS has been used with
no clear evidence for adverse health effects. In fact a recent re-evaluation of the safety
of SAS by the EFSA Panel on Food Additives concluded that, based on available
evidence, there was no indication of adverse effects for the reported uses and usage
levels (Younes et al., 2018). However, the EFSA Panel emphasised the importance of
considering the physico-chemical characteristics of the tested materials in their risk
assessment as they may affect their biological behaviour. For this reason, any new SAS
product that does not comply with specifications for bulk forms, or is designed for new
technological functions in food, will require specific safety and risk assessments
(Fruijtier-polloth, 2016). Several authors have demonstrated that different types of
surface chemical modifications induce distinct toxicological responses in vitro. Santos
et al. (2010) studied the cytotoxicity of SAS microparticles on Caco-2 cells and found
that the two main factors to affect cell viability were particle size and surface chemistry
treatment. Thermally oxidised, thermally carbonised and thermally hydrocarbonised
mesoporous silicon microparticles induce different toxic responses, and these effects are
attributed to cell-particle surface interactions, which cause mitochondrial disruption as a
result of ATP depletion and reactive oxygen species (ROS) production. Other processes,
such as cellular uptake and localisation, are also regulated by different surface
modifications (Slowing et al., 2006). Puerari et al. (2019) have demonstrated that
primary and tri-amine functionalised SAS nanoparticles are more cytotoxic than pristine

material to Vero cells due to increased ROS production and lipid peroxidation. These



authors have hypothesised that functionalisation promotes a Trojan horse effect, by
means of which cells recognise molecules on the material’s surface as nutrients, which
facilitates entry in the cytosol. Conversely to this study, Yoshida et al. (2012) have
found that functionalisation of nanosilica with amine or carboxyl groups results in lower
cytotoxicity, ROS production and DNA damage in different cell lines, suggesting the
surface functionalisation of silica nanoparticles to be a useful tool for developing safer
materials.

The development of antimicrobial agents based on the immobilisation of essential oil
components (EOCs) on the surface of different silica particles has emerged as a new
tool to improve EOCs’ antimicrobial activity and to reduce their sensorial impact on
foods. These materials have proven effective against different bacteria, moulds and
yeast in vitro (Ruiz-Rico et al., 2017), as part of different food matrices (Ribes et al.,
2017), or as filtering aids for beverages (Pefia-Gomez et al., 2020). At this point, the
potential application of these emerging materials in the food industry requires
toxicological studies to identify any possible hazards for human health associated with
their use. In this context, the present work aimed to compare the cytotoxic effect of
three different types of functionalised silica particles, designed as antimicrobial
systems, to be applied in the food industry. In particular, the in vitro toxicity of eugenol
and vanillin-immobilised SAS microparticles, MCM-41 microparticles and MCM-41
nanoparticles was evaluated on HepG2 cells and compared to the effect of free EOCs

and pristine materials.



2. Material and methods
2.1. Reagents

All the reagents and cell culture components were of standard laboratory grade.
Synthetic amorphous silica (SAS) microparticles (SYLYSIA® SY350/FCP) were
provided by Silysiamont (Italy). Acetonitrile, KOH, MgSO4, HCI, CHCI3, n-butanone,
H2SO4 and dimethyl sulfoxide (DMSO) were obtained from Scharlab (Spain). Vanillin
(MW: 152.2 g/mol, purity > 99%) was supplied by Vent6s (Spain). Thiazolyl blue
tetrazolium bromide (MTT), glycine, eugenol (MW: 164.2 g/mol, purity > 98%), (3-
aminopropyl)triethoxysilane (APTES), triethanolamine (TEAH?3), tetraethylorthosilicate
(TEOS), hexadecyltrimethylammonium bromide (CTAB), NaOH, and all other reagents
used in the synthesis and functionalisation of silica particles, were purchased from
Sigma-Aldrich (Spain). Alamar Blue® (AB) reagent was acquired from Invitrogen
(USA). Trypsin-EDTA 0.5%, antibiotics, newborn calf serum (NBCS), phosphate
buffered saline (PBS) and Dulbecco's Modified Eagle Medium (DMEM-Glutamax™)
with high glucose (4.5 g/L) and sodium pyruvate were supplied by Gibco
(LifeTechnologies, USA).

Stock solutions of eugenol and vanillin (2.5 M) were prepared in DMSO and were
left frozen until used. The final tested eugenol and vanillin concentrations were
achieved by adding them to the culture medium at a final DMSO concentration < 0.5%

(VIv).

2.2. Cell culture
Human hepatocarcinoma (HepG2) cells (ATCC: HB-8065) were cultured in DMEM-
Glutamax medium supplemented with 10% NBCS, 100 U/mL penicillin and 100 pg/mL

streptomycin. The incubation conditions were pH 7.4, 5% CO; at 37°C and 95% air



atmosphere at constant humidity. Cells were subcultured routinely twice weekly with
only a few subpassages (< 40 subcultures) to maintain genetic homogeneity. HepG2
cells were subcultured after trypsinisation at the 1:3 split ratio. The medium was
changed every 2-3 days. Absence of mycoplasma was checked routinely with the

MycoAlert™ PLUS Mycoplasma kit (Lonza Rockland, USA).

2.3. Silica particles
2.3.1. Synthesis of MCM-41 particles

The synthesis of both types of MCM-41 mesoporous silica particles was performed
using TEOS as the hydrolytic inorganic precursor and CTAB as the cationic surfactant
agent. MCM-41 microparticles (MCM-41 micro) were synthesised by the “atrane route”
using a molar ratio solution of 7 TEAH3: 2 TEOS: 0.52 CTAB: 0.5 NaOH: 180 H-0.
Briefly, TEAH3 and NaOH were heated to 120 °C with stirring, the temperature was
lowered to 70 °C and TEOS was slowly added. After heating the mixture to 118 °C, the
temperature was lowered to 70 °C, water was added and the white suspension that
formed was stirred for 1 h without heating before being aged at 100 °C for 24 h. For the
synthesis of MCM-41 nanoparticles (MCM-41 nano), 1 g of CTAB was dissolved in
480 mL of deionised water with stirring. Then a solution of 7 mM of NaOH was added
and the mixture was heated to 80 °C. Stirring was increased and 22.4 mM of TEOS
solution was added dropwise. The reaction was left stirring for 30 min and neutralised
with 4 mL of HCI 1 M. For both materials, particles were recovered by centrifugation,
washed repeatedly with deionised water and ethanol, and oven-dried at 70 °C. Then

dried solids were calcined at 550 °C for 5 h to remove the template.



2.3.2.Silica particles functionalised with EOCs

The functionalisation of SAS, MCM-41 micro and MCM-41 nano with eugenol and
vanillin was carried out by the method developed by Garcia-Rios et al. (2018). This
method consists in a three- and two-stage protocol for eugenol and vanillin,
respectively, as the presence of an aldehyde group in the vanillin structure avoids the
first stage. Firstly, eugenol was transformed into its aldehyde derivative by a Reimer-
Tiemann reaction. For this purpose, 22 mM of eugenol were dissolved in 150 mL of
water at 80 °C. The mixture was cooled at 60 °C, and 400 mM of KOH and 88 mM of
CHCI3 were slowly added, the latter at a rate of 1 mL/h. The solution was stirred at 60
°C overnight. Next it was cooled and acidified with 50 mL of 10% H>SOs4. The
purification of the eugenol aldehyde was carried out by extraction with n-butanone and
rotary evaporation. In a second stage, the alkoxysilane derivatives of eugenol and
vanillin were formed via the reaction of the eugenol aldehyde or pure vanillin dissolved
in dichloromethane, with 20 mM of APTES for 1 h at 38 °C under reflux. Then
solutions were rotary evaporated at 30 °C. In a third stage, the alkoxysilane derivatives
were immobilised on the surface of the different silica particles. For this purpose, 5 g of
SAS, 5 g of MCM-41 micro or 1.5 g of MCM-41 nano were added to 120 mL of
acetonitrile and the reaction was stirred for 55 h at room temperature. After
centrifugation, the reduction of the imine bond of the vanillin functionalised materials
was performed by adding an excess of sodium borohydride in 150 mL of methanol and
stirring overnight. Finally, particles were washed with acetonitrile and distilled water
(eugenol-functionalised materials), or with pH 4 distilled water (vanillin-functionalised

materials), and dried in a vacuum for 12 h at room temperature.



2.3.3. Physico-chemical characterisation of silica particles

The bare and EOCs-functionalised silica materials were characterised by standard
instrumental techniques. The morphological analysis of the silica materials was
performed by transmission electron microscopy (TEM) with a Philips CM 10
microscope (Koninklijke Philips Electronics N.V, The Netherlands) operating at 80 kV.
A Zetasizer Nano ZS (Malvern Instruments, UK) was used to determine the zeta
potential of particles. This parameter was calculated from the particle mobility values
using the Smoluchowski model. Particle size distribution was determined by a Malvern
Mastersizer 2000 (Malvern Instruments, UK) and by applying the Mie theory (refractive
index of 1.45, absorption index of 0.01 for SAS and 0.1 for the MCM-41 materials). For
the zeta potential and particle size distribution measurements, samples were dispersed in
distilled water and sonicated for 2 min.

Thermogravimetric analysis (TGA) and elemental analyses were performed to
quantify the concentration of the EOCs immobilised on the surface of the functionalised
particles. The TGA was carried out on a TGA/SDTA 85le Mettler Toledo scale
(Mettler Toledo Inc., Switzerland) in an oxidising atmosphere (air, 80 mL/min) with a
heating programme (heating ramp of 10 °C/min from 25 °C to 1,000 °C) and a heating
stage. The elemental analysis for C, H and N was carried out by a combustion analysis

in a CHNOS Vario EL 111 model (Elemental Analyses System GMHB, Germany).

2.4. Invitro cytotoxicity

Cytotoxic effects were determined in HepG2 cells by the MTT and AB assays. They
have been extensively used in in vitro toxicological studies to measure cell proliferation
and survival. In the MTT assay, the soluble yellow tetrazolium salt is reduced to

insoluble purple formazan by the mitochondrial NADH dehydrogenases present in



viable cells (Holst & Oredsson, 2005) . The AB assay determines cells’ viability by
reducing non-fluorescent blue resazurin, but only in the metabolically active cells, to a
fluorescent pink resorufin. Due to the oxidation-reduction potential of resazurin, it can
be reduced by all the components of the cellular respiration metabolic reactions
(NADPH, FADH, FMNH, NADH as well as cytochromes), but also by the other
enzymes located in the cytoplasm and mitochondria, such as reductases and diaphorases
(Rampersad, 2012). Both redox assays determine cell viability by quantifying the
metabolic activity of cells. However, while AB reduction is the result of multiple
metabolic reactions within the cell, the MTT assay indicates a mitochondrial
dysfunction (Davoren et al., 2007).

The MTT assay was performed according to Ruiz et al. (2006). Briefly, the HepG2
cells were grown in 96-well culture plates at a density of 1 x 10° and 3 x 10* cells/mL
for 24-hour and 48-hour experiments, respectively. After cells reached 80% confluence,
the culture medium was replaced with fresh medium containing serial dilutions of the
tested compounds: from 0.3 to 5 mM (eugenol), from 0.9 to 15 mM (vanillin), from
0.11 to 28.5 mg/mL (bare SAS) and from 0.14 to 18.3 mg/mL (bare MCM-41 micro and
MCM-41 nano). After 24 h or 48 h of exposure, the medium was removed and 200 pL
of fresh medium were added to each well. Then 50 pL of MTT were added per well,
and plates were returned to the incubator in the dark at 37 °C, 5% CO> for 3 h. Next the
MTT solution was discarded and 200 uL of DMSO were added, followed by 25 pL of
Sorensen’s glycine buffer (glycine 0.1M, NaCl 0.1M, pH: 10.5 with 0.1 M NaOH).
Plates were gently shaken for 10 min to achieve complete dissolution. Absorbance was
measured at 570 nm by an automatic ELISA plate reader (Victor 3TM 1420,

PerkinElmer, USA).



The cytotoxic effect of the functionalised materials was simultaneously determined
by the AB and the MTT assays. When both methods were used, they were performed
consecutively in the same plate, as described by Efeoglu et al. (2017). After growing
cells on 96-well culture plates for 24 h, wells were washed with 100 puL of PBS and 100
pL of the test solution were added. Different ranges of the concentrations of the eugenol
and vanillin functionalised SAS (0.02-10 mg/mL), eugenol functionalised MCM-41
micro and nano (0.005-2.5 mg/mL) and vanillin functionalised MCM-41 micro and
nano (0.004-2 mg/mL) were assayed. Plates were incubated for 24 h or 48 h. During
this time, neither the medium was, nor the tested compounds were, replenished. After
incubation, the medium was removed and wells were washed with 100 pL of PBS. Then
100 pL of non-supplemented DMEM medium with 10% MTT stock solution (5 mg/mL
in PBS) and 5% AB solution (v/v) were added. Plates were incubated (37°C, 5% CO3, 3
h) and AB fluorescence was measured (Aexcitation=540, Aemission=595 nm) by a microplate
reader fluorometer (Fluoroskan Ascent, Fisher Scientific, Spain). Subsequently for the
MTT assay, wells were washed with PBS and 100 pL. of DMSO were added. Then
plates were shaken at 240 rpm for 10 min and absorbance was quantified at 570 nm.

For all the experiments, the control samples of each particle type were prepared by
incubating the medium with particles in a non-cellular environment at all the tested
concentrations (cell-free controls). All the solutions were prepared immediately prior to
use and particles’ suspensions were sonicated for 5 min before the experiments.

The final absorbance of the treated and unexposed cell wells was corrected for
particle interference by subtracting the absorbance of the cell-free controls from the
absorbance of the test wells.

For both the MTT and AB assays, cell viability was expressed as a percentage in

relation to the control solvent (0.5% DMSO). Data were presented as the mean (SEM)



of three independent experiments. The mean inhibition concentration (1Cso) values were
calculated whenever possible by a non-linear regression test using version 8.0.1 of the

GraphPad Prism software (GraphPad Software, USA).

2.5. Comparative evaluation of the toxic effects of EOCs, bare and functionalised
silica particles

The MTT assay was used to determine and compare the toxic effects of eugenol,
vanillin and the bare and EOCs-functionalised SAS, MCM-41 micro and MCM-41
nano. In the comparative studies, concentration ranges were selected by considering the
ICso values of eugenol and vanillin previously determined. The equivalent
concentrations of particles were established based on the EOCs content in the
functionalised materials determined by the TGA and elemental analyses. The grams of
EOCs per gram of particle were calculated according to Ruiz-Rico et al. (2017). The

assayed concentrations of the different components are shown in Table 1.



Table 1. Concentrations assayed in the comparative study of the eugenol (Eu), vanillin

(Va), and bare and functionalised SAS, MCM-41 micro and MCM-41 nano.

Concentrations

A B C D

Eugenol (mM) 0.5 1 2 4
Bare SAS (mg/mL) 14.07 | 28.16 | 56.3 | 112.6
Bare MCM-41 micro (mg/mL) | 1.86 | 3.73 | 7.45 | 14.94
Bare MCM-41 nano (mg/mL) | 1.45 | 2.90 | 5.18 | 11.62

Eu SAS (mg/mL) 14.16 | 28.3 | 56.6 | 113.3

Eu MCM-41 micro (mg/mL) | 1.95 | 3.90 | 7.80 | 15.60

Eu MCM-41 nano (mg/mL) | 1.53 | 3.07 |6.14 | 12.28

Vanillin (mM) 125 | 25 5 10
Bare SAS (mg/mL) 6.65 | 13.3 | 26.6 | 53.18
Bare MCM-41 micro (mg/mL) | 1.52 | 3.04 | 6.08 | 12.16
Bare MCM-41 nano (mg/mL) | 1.88 | 3.76 | 7.54 | 15.07

Va SAS (mg/mL) 6.84 | 13.7 | 27.4 | 54.70

Va MCM-41 micro (mg/mL) | 1.71 | 3.42 | 6.84 | 13.68

Va MCM-41 nano (mg/mL) | 2.09 | 4.14 | 8.29 | 16.57

2.6. Statistical analysis
The statistical data analysis was carried out using Statgraphics Centurion XVI
(Statpoint Technologies, Inc., Warrenton, VA, USA). The differences observed

between the cells exposed to test solutions and the control were analysed by the



Student's t-test for paired samples. The differences between functionalised silica
particles’ components were analysed by a one-way analysis of variance (ANOVA),
followed by the LSD (least significant difference) post hoc test for multiple

comparisons. Statistical significance was considered at p < 0.05.

3. Results

3.1. Physico-chemical characterisation of silica particles

Figure 1 shows the morphological characterisation of the bare and EOCs-functionalised
silica materials. An irregular globular shape for SAS, but irregular and elongated for the
MCM-41 micro, and homogeneous and round-shape for the MCM-41 nano, was
evidenced. The individual particle size measured by TEM was 2.24 (0.80) um, 1.22
(0.93) um and 73.70 (12.80) nm for the bare SAS, MCM-41 micro and MCM-41 nano,
respectively. No differences in either morphology or size were observed between the
bare and functionalised silica particles. Additionally, the TEM images showed the well-
defined hexagonal pore structure of the mesoporous MCM-41 materials in the form of
parallel lines, which created channels in the bare and modified particles and confirmed

that the mesoporous structure was preserved after functionalisation.



Bare Eugenol-functionalised Vanillin-functionalised

Figure 1. TEM images of the bare and EOCs-functionalised silica particles: a) SAS, b)

MCM-41 micro and ¢c) MCM-41 nano.

All the bare particles had negative zeta potential values due to the presence of silanol
groups, while the functionalised materials presented positive values given the eugenol
and vanillin alkoxysilane derivatives anchored to their surface (Table 2). This change in
the zeta potential values confirmed the efficiency of the functionalisation method.
Moreover, as all the particles analysed in this study were within or close to the
instability range (+30 to -30 mV), formation of agglomerates and sedimentation of

particles were expected.



The analysis of particle size distribution (dos) showed that all the materials used in
this study fell within the microscale size range (Table 2). The bare particles with the
largest hydrodynamic particle size were the MCM-41 nano, followed by SAS and the
MCM-41 micro. As the TEM analysis of the MCM-41 nano found a primary particle
size within the range from 60 to 87 nm, these results denote the marked tendency of this

type of material to form large agglomerates.

Table 2. Zeta potential (ZP) values and particle size distribution (dos) of the different

bare and EOCs-functionalised particles. Values are expressed as mean (SD) (n=3).

Particle type Functionalisation ZP (mV) dos (Lm)
Bare -19.36 (2.15) 3.02 (0.05)
SAS Eugenol 9.39 (0.40) 3.13 (0.00)
Vanillin 28.96 (1.15) 2.33 (0.00)
Bare -42.07 (0.56) 0.67 (0.00)
MCM-41 micro Eugenol 8.07 (2.21) 0.64 (0.00)
Vanillin 43.22 (3.45) 0.61 (0.00)
Bare -43.10 (0.25) 4.79 (0.00)
MCM-41 nano Eugenol 19.10 (0.32) 2.99 (0.01)
Vanillin 23.00 (0.35) 0.70 (0.00)

The amount of functionalised particles needed to obtain the equivalent
concentrations of free EOCs during the cell viability assays was determined by the TGA
and the elemental analysis. As shown in Table 3, SAS presented the least

functionalisation performance from the three studied types of silica particles. In



addition, vanillin anchoring achieved higher functionalisation yields than eugenol, with

differences of up to 5-fold bigger for SAS.

Table 3. Eugenol or vanillin content (o) in the functionalised SAS, MCM-41 micro and

MCM-41 nano.
Particle type deugenol (9/g Si02) awvanillin (g/g Si02)
SAS 0.0062 0.0318
MCM-41 micro 0.0479 0.1550
MCM-41 nano 0.0642 0.1130

3.2. Cell viability assays
3.2.1.1Csp determination of EOCs, bare and functionalised materials

The cytotoxic effect of the eugenol, vanillin and bare silica particles on HepG2 cells
was evaluated by the MTT assay for 24 h and 48 h to determine the molar concentration
that reached 50% inhibition of cellular proliferation (ICsp). The concentration-response
curves for the different components after 24 h and 48 h of exposure are shown in

Figures 2 and 3.
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Figure 2. Concentration-effect curves of eugenol (a) and vanillin (b) in HepG2 cells
after 24 h and 48 h of exposure by the MTT assay. The results are expressed as a
percentage of cell viability in relation to the untreated controls and are represented as
the mean (SEM) of three independent experiments, each carried out 6-fold. (*) p<'0.05

indicates significant differences compared to the control.

Cells exposed to eugenol and vanillin revealed diminished cell viability in a
concentration-dependent manner (Fig. 2), with eugenol being the most cytotoxic
essential oil in HepG2 cells. The ICsp values for eugenol were 1.29 (0.10) mM and 1.27
(0.10) mM at 24 and 48 h, respectively, while the ICso values obtained by vanillin for
both exposure times were 2.87 (0.13) mM and 2.53 (0.10) mM.

The cells exposed to bare silica particles presented reduced cell viability in a
concentration-dependent manner by the MTT assay (Fig. 3). The bare SAS were the
most cytotoxic in HepG2 cells, followed by the bare MCM-41 micro, and finally by the
bare MCM-41 nano. The ICs values for the bare SAS were 11.03 (3.52) mg/mL and
6.91 (1.78) mg/mL at 24 h and 48 h, respectively. Exposing HepG2 cells to the bare
MCM-41 micro for 24 h and 48 h gave ICso values of 18.90 (2.89) mg/mL and 15.82

(0.90) mg/mL, respectively. No ICso value was obtained for the bare MCM-41 nano at



any tested time within the range of evaluated concentrations. Moreover, the
concentration-effect curves of the bare silica particles showed that low SAS and MCM-
41 micro concentrations brought about a stimulatory response of the mitochondrial

function in HepG2 cells (Fig. 3a and 3b).
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Figure 3. Concentration-effect curves of the bare SAS (a), bare MCM-41 micro (b) and
bare MCM-41 nano (c) in HepG2 cells after 24 and 48 h of exposure by the MTT assay.
The results are expressed as a percentage of cell viability in relation to the untreated
controls, and are represented as the mean (SEM) of three independent experiments, each

carried out 6-fold. (*) p<'0.05 indicates significant differences compared to the control.



The comparative effect related to cell viability between functionalised silica particles
was evaluated in HepG2 cells by the MTT and AB assays at 24 h and 48 h of exposure.

The concentration-response curves are shown in Figure 4.
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Figure 4. Concentration-effect curves of eugenol and vanillin funtionalised SAS (a and
b), MCM-41 micro (c and d) and MCM-41 nano (e and f) in HepG2 cells after 24 h and
48 h of exposure by the MTT and AB assays. The results are expressed as a percentage
of cell viability in relation to the untreated controls, represented as the mean (SEM) of
three independent experiments, each carried out 6-fold. (*) p<0.05 indicates significant

differences compared to the control.



The ICso values for the functionalised silica particles are shown in Table 4. The
functionalised SAS particles displayed the least cytotoxic effect from the three types of
silica materials, while functionalised MCM-41 micro were the most cytotoxic against
HepG2 cells. In the case of MCM-41 nano the strongest cytotoxic effect was for the
vanillin-functionalised particles after 48 h exposure. For the different functionalised
materials, the strongest cytotoxic effect was observed by the MTT than by the AB assay

according to the obtained ICso values.

Table 4. ICso (SEM, n=3) values of the eugenol and vanillin-functionalised silica in

HepG2 cells by the MTT and AB assays at 24 h and 48 h of exposure.

I1Cso (Mg/mL)
EOCs-functionalised silica  Assay Exposure time (h)
24 48

Eugenol SAS MTT 5.45 (3.70) 3.18 (1.01)

AB >10 >10
Eugenol MCM-41 micro MTT 0.24 (0.05) 0.19 (0.03)

AB 2.47 (0.69) 0.27 (0.03)
Eugenol MCM-41 nano MTT 0.58 (0.19) 0.68 (0.27)

AB 2.32 (0.79) 1.93 (0.56)
Vanillin SAS MTT 5.00 (3.00) 2.29 (0.69)

AB 10.18 (2.91) 4.57 (1.36)
Vanillin MCM-41 micro MTT 0.23 (0.09) 0.17 (0.03)

AB 0.41 (0.10) 0.33 (0.06)
Vanillin MCM-41 nano MTT 0.50 (0.10) 0.25 (0.03)

AB 1.79 (0.74) 0.37 (0.07)

3.2.2.Comparative evaluation of the toxic effects of the EOCs, bare and

functionalised silica particles



The concentration-response plots for the equivalent concentrations of the eugenol,
eugenol-functionalised silica particles and bare silica particles in HepG2 cells after 24 h
and 48 h of exposure are shown in Figure 5 (assayed concentrations are offered in detail
in Table 1). Free eugenol exhibited a milder cytotoxic effect than eugenol-immobilised
on silica particles’ surface at concentrations below the 1Cso value (concentrations A and
B). When considering both exposure times, differences in cell viability between free
eugenol and eugenol-functionalised materials ranged from 47% to 26% for SAS, and
from 55% to 17% for the MCM-41 micro. Significant differences were also observed
after 24 h of exposure to the lowest concentration of the eugenol functionalised MCM-
41 nano (A). At the highest tested concentration (D), less than 94% of HepG2 cells
survived after treatment with free eugenol or eugenol immobilised on SAS and MCM-
41 nano at both exposure times.

Differences in cell viability between the bare and eugenol-functionalised particles
depended on the analysed type of material. These differences ranged from 50% to 80%
for the MCM-41 micro and from 43% to 57% for concentrations exceeding 6.14 mg/mL
of the MCM-41 nano (C), whereas no significant differences in cell viability were
observed for the lowest concentration (D) of the MCM-41 nano or SAS particles at any
tested time. The eugenol-functionalised MCM-41 micro was significantly more

cytotoxic than the bare MCM-41 micro at all the tested concentrations.
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Figure 5. Concentration-cell viability plots of eugenol, bare and eugenol-functionalised
SAS (a), MCM-41 micro (b) and MCM-41 nano (c) in HepG2 cells after 24 h and 48h
of exposure by the MTT assay. The results are expressed as a percentage of cell
viability in relation to the untreated controls, represented as the mean (SEM) of three
independent experiments, each carried out 6-fold. The bars with different letters (a-c)
indicate significant differences (** p<0.01, * p<0.05). The bars with no letters

correspond to non-significant differences (p>0.05).



The comparative study of the vanillin-functionalised particles and their components
gave similar results to those obtained for eugenol (Fig. 6). Free vanillin was less
cytotoxic than the equivalent vanillin concentrations anchored to the different silica
particles at the two highest studied concentrations (concentrations A and B in Table 1).
Differences between free vanillin and vanillin-functionalised materials ranged from
40% to 37% for SAS, from 78% to 4% for MCM-41 micro and from 76% to 3 % for
MCM-41 nano after 24 h of exposure.

Both the bare and vanillin-functionalised silica particles presented a concentration-
dependent effect on cell viability, but differences appeared depending on the type of
material. No significant differences in cell viability were observed between the bare and
vanillin functionalised SAS, but the vanillin-functionalised MCM-41 particles were
significantly more cytotoxic than the bare MCM-41 at all the tested concentrations. The
cell viability percentages ranged from 17% to 26% for 24 h exposure for the vanillin
functionalised MCM-41 micro, while the bare MCM-41 micro only reduced cell
viability to 57% at the maximum tested concentration. After exposure to the vanillin
functionalised MCM-41 nano for 24 h and 48 h, cell viability ranged from 11% to 25%
and from 8% to 22%, respectively. In contrast, bare MCM-41 nano did not present a
concentration-dependent cytotoxic effect, and displayed a cell viability range from 45%

to 59% after 24 h of exposure, and from 40% to 56% after 48 h.
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Figure 6. Concentration-cell viability plots of the vanillin functionalised SAS (a),
MCM-41 micro (b) and MCM-41 nano (c) in HepG2 cells after 24 h and 48h of
exposure by the MTT assay. The results are expressed as a percentage of cell viability in
relation to the untreated controls, represented as the mean (SEM) of three independent
experiments, each carried out 6-fold. The bars with different letters (a-c) indicate
significant differences (*** p<0.001, ** p<0.01, * p<0.05), while the bars with no

letters correspond to non-significant differences (p>0.05).



4. Discussion

The presence of silanol groups on the surface of silica particles enables a wide
variety of surface modifications by the covalent attachment of specific functional
groups and organic molecules (Diab et al.,, 2017). This fact, along with their
biocompatibility and low toxicity, make silica particles very interesting for designing
hybrid materials in a number of oral applications (Bagheri et al., 2018; Ros-Lis et al.,
2018). As surface properties are key factors for determining toxicological responses to
particles (Vicentini et al., 2017), the study of the cytotoxicity aspects of modified silica
structures will be crucial for successful applications.

Previously, the functionalisation of silica particles with EOCs has been demonstrated
to prevent the degradation of materials under physiological conditions (Fuentes et al.,
2020). However, lack of information about the toxicological behaviour of these
materials indicates the need for specific toxicological evaluations. This paper describes
the in vitro cytotoxicity assessment of different types of eugenol and vanillin-
functionalised silica particles designed as antimicrobial systems to be applied in the
food industry. This effect was compared with the cytotoxic behaviour of free EOCs and
bare silica particles using HepG2 cells as an in vitro model system.

Eugenol and vanillin are both listed as “Generally Recognized as Safe” (GRAS) by
the US Food and Drug Administration (FDA, 2020) and are included on the EU list of
flavouring substances approved for use in foods without any specific restriction (EU
Commission, 2011a). In this study, both EOCs reduced cell viability in a concentration-
dependent manner. The cytotoxic effect on HepG2 cells was stronger with eugenol as
vanillin presented an 1Csg value, which increased by roughly 2-fold. A wide range of
eugenol ICsg values can be found in the literature depending on the employed cell type.

The ICso values for eugenol ranged from approximately 0.75 mM in osteoblastic cells



(U20S) (Ho et al., 2006) to 400 pg/mL (2.4 mM) in mesenchymal stem cells (MSCs)
(Sisakhtnezhad et al., 2018) after 24 h of exposure, while an ICs value as high as 285
mM has been found for human submandibular gland carcinoma (HSG) after 48 h of
exposure (Fujisawa et al., 2002). With vanillin, the ICso values after 72 h of exposure
ranged from 200 pg/mL (1.31 mM) in HepG2 cells (Al-Nageb et al., 2010) to 574.33
pug/mL (3.77 mM) in colorectal human cancer cells (HT-29) (Shakeel et al., 2016).

Bare silica materials also had a mild effect on HepG2 cell viability, as measured by
the MTT assay. Some studies have suggested that the MTT method could fail to
accurately predict the toxicity of mesoporous silica due to spontaneous redox reactions
between particles and MTT (Braun et al., 2018). So cell-free controls were included in
each experiment to avoid the potential influence of materials on cytotoxicity assays. The
results evidenced no reaction between the MTT reagent and the bare MCM-41 particles,
which could be explained by the completely oxidised SiO> surface of particles
(Laaksonen et al., 2007).

Of the three different studied pristine particles, SAS was the most cytotoxic material,
followed by MCM-41 micro and MCM-41 nano in that order. A mild cytotoxic effect
was expected for the commercial SAS herein used as this hydrated silica form has been
declared to meet the requirements for use in plastic, inks and other articles that are
intended to come into contact with food according to EU regulations (EU Commission,
2011b). Despite the low SAS toxicity observed, our results were higher than those
reported by Sakai-Kato et al. (2014), who studied the cytotoxicity of different sized
SAS in Caco-2 cells by the WST-8 assay. These authors did not observe any cytotoxic
effect for particles larger than 100 nm, not even at the 10 mg/mL concentration. In
contrast, Reus et al. (2020) evaluated cytotoxic effects at high concentrations (0.192-

7.750 mg/mL) of 100 nm of silica nanoparticles on a skin fibroblast cell line (BALB/c



3T3) by the neutral red uptake assay, which gave an 1Csq value of 1.99(0.24) mg/mL
after 48 h of exposure. However, the results obtained in both studies are not completely
comparable because of the physico-chemical differences in silica particles that may
consequently affect their behaviour (Younes et al., 2018).

One of the most versatile classes of amorphous silica particles is mesostructured
silica materials, such as MCM-41. Due to their biocompatibility, ordered pore structure,
large surface area and high-density surface silanol groups, these materials show a high
ability to be chemically modified, and are particularly useful tools for designing hybrid
materials (Jaganathan & Godin, 2012). Several studies have evaluated cell viability after
exposure to low concentrations of MCM-41 materials on different cell lines, and
observed no cytotoxic effects (Giménez et al., 2015; Pérez-Esteve et al., 2016).
However, very few studies have investigated the effect of high concentrations on cell
viability. This is the case of Heikkild et al. (2010), who studied the cytotoxicity of
MCM-41 microparticles on Caco-2 cells as a model for oral drug delivery to be
administered at frequent intervals. The MCM-41 particles induced cell membrane
integrity damage, diminished cell metabolism and increased apoptotic signalling after a
24-hour treatment at concentrations of 1 mg/mL. The cytotoxic mechanisms of MCM-
41 included an increase in ROS, especially superoxide radical (O ) formation, a drop in
cell antioxidant defences, and increases in both mitochondrial dysfunction and apoptotic
signalling.

MCM-41 nano had the least effect on cell viability of the three bare silica particles
studied. Literature data report higher cytotoxicity associated with silica nanomaterials
compared to their microsized counterparts for non-phagocytic cells (Li et al., 2011).
However, this effect has been described only for particles with a diameter below 100

nm (Sakai-Kato et al., 2014). The high surface area to volume ratio provides silica



nanoparticles with high surface energy, which is minimised by the formation of
aggregates and agglomerates (Bantz et al., 2014; Seipenbusch et al., 2010). As
previously mentioned, the bare MCM-41 nano presented an individual particle size
range from 60 to 87 nm, but the largest hydrodynamic size of the three silica particles.
Therefore, the lesser cytotoxic effect evidenced in MCM-41 nano could be related to
their trend to form large agglomerates, which has been explained by reduced absorption

by cells (Li et al., 2011).

Interestingly, the bare SAS and bare MCM-41 micro had an hormetic effect at the
low tested concentrations. The biphasic concentration-response or hormetic effect,
characterised by low concentration stimulation and a high concentration toxic effect, has
been attributed to defensive and adaptive responses of cells to stress (Calabrese, 2008),
and this effect has been previously reported for silica nanoparticles (Mytych et al.,
2016; Reus et al., 2020).

The comparative analysis of EOCs, bare silica and EOCs-functionalised particles
allowed us to observe the effect of equivalent concentrations of each compound on
HepG?2 cells’ viability. Eugenol and vanillin presented a lesser cytotoxic effect in their
free form than when immobilised on silica particles’ surfaces. Chen et al. (2009) studied
the cytotoxic effect of chitosan nanoparticles functionalised with eugenol and carvacrol.
Unlike the results reported herein, cytotoxicity assays using 3T3 mouse fibroblast
showed that both the eugenol and carvacrol functionalised particles were significantly
less cytotoxic than free EOCs. Other than the characteristics of the starting material
could be responsible for these differences. As previously mentioned, major differences
have been found in the 1Cso values of eugenol in different works depending on the
employed cell type. These authors reported that eugenol caused cell death only at a

concentration above 0.31 pg/mL (1.89 uM), while the cytotoxic effects in our study fell



within the milimolar range. Moreover, the degree of grafting achieved for eugenol on
chitosan nanoparticles was higher (26.7%) than on MCM-41 nano (6.4%), which was
the most efficient eugenol functionalisation reaction in our study. So the substantially
lower concentrations of functionalised particles analysed by these authors might also be
responsible for the differences that lie in both studies.

The immobilisation of eugenol and vanillin on silica particles has been demonstrated
to increase their antimicrobial activity against different microorganisms compared to
free components (Garcia-Rios et al., 2018; Ribes et al., 2019; Ruiz-Rico et al., 2017).
Indeed using immobilised compounds lowers the concentration of EOCs required to
inhibit microorganism growth and, therefore, the expected differences in the cytotoxic
effect between the free EOCs and EOCs-functionalised silica at effective antimicrobial
concentrations should also reduce.

The improved antimicrobial effectiveness of immobilised molecules has been
attributed to an increased interaction of EOCs with cell membranes, either for the high
density of molecules on silica particles’ surfaces or the reduced volatility of
immobilised compounds (Ribes et al., 2017). These phenomena might also be
responsible for the increased cytotoxic response to immobilised compounds because, as
with bacteria, the cytotoxicity of EOCs in eukaryotic cells appears to include damage to
cell membranes (Bakkali et al., 2008).

By comparing the bare and EOCs-functionalised materials, the obtained results
differed depending on particle type. SAS functionalisation did not increase cytotoxicity
in HepG2 cells, but cells were more sensitive to the functionalised than the bare MCM-
41 particles. Moreover, the SAS functionalised particles had the mildest cytotoxic
effect, while the eugenol and vanillin-functionalised MCM-41 micro were the most

cytotoxic materials. Similarly to this work, Chen et al. (2009) found increased



cytotoxicity in association with the eugenol and carvacrol functionalised chitosan
compared to bare chitosan. The ICsp value found for functionalised chitosan was around
1 mg/mL after 72 h of exposure, while cell viability was over 80% for the higher tested
concentration (2 mg/mL) of bare chitosan nanoparticles. Other researchers have also
observed increased cytotoxic behaviour of silica materials after different surface
chemical treatments (Santos et al., 2010) or by anchoring functional groups, such as
amine molecules (Bhattacharjee et al., 2010; Puerari et al., 2019; Ruizendaal et al.,
2009; Vicentini et al., 2017) or carboxylic acid groups (Petushkov et al., 2009).

The physico-chemical characteristics of particles are main factors that determine
their interaction with biological systems and are, therefore, crucial when assessing
toxicity (Bouwmeester et al., 2011). In this study, shape, particle size, zeta potential and
degree of functionalisation were analysed to correlate the specific physico-chemical
properties of materials with their cytotoxic profiles. As expected, no differences were
found in the shape and individual mean diameter size of materials before and after the
functionalisation process. However, changes in the surface properties and particle size
distribution of materials were observed by introducing new functional groups. In
particular, the functionalisation of silica particles with both EOCs led to a shift in the
zeta potential values from negative to positive. The change in the charge observed after
functionalisation could be interesting because, as cell membranes are negatively
charged, a more marked interaction is expected for cationic compared to negatively
charged particles (Cho et al., 2012). Indeed different studies have demonstrated that
positively charged particles are more cytotoxic than negative or neutral variants of
similar sizes in non-phagocytic cells (Bhattacharjee et al., 2010; Ruizendaal et al.,
2009). It has been described that while anionic particles may cause intracellular damage,

positively charged materials are more prone to produce membrane damage either



directly or by detachment of adsorbed polymers (Frohlich, 2012). Kurtz-Chalot et al.
(2014) compared cellular uptake and toxicity against RAW 264.7 murine macrophages
of different degrees of positive, neutral and negatively charged silica nanoparticles
coated with amino groups, polyethylene glycol and carboxylic acid groups, respectively.
These authors found that the highly positively charged nanoparticles were the most
adsorbed on cell surfaces and were the most cytotoxic of different nanoparticle types,
while no cellular uptake took place. Moreover, these particles caused the most severe
membrane integrity loss and the highest pro-inflammatory signal. These results suggest
that adsorption on the cell membrane plays a more important role than nanoparticle
uptake in the cytotoxicity of cationic particles. In our study, as all the functionalised
materials presented a positive surface charge, but SAS functionalisation did not increase
their cytotoxicity behaviour, not only the cationic nature of particles, but also other
factors of particles’ surface chemistry, may also have an effect. Together with surface
charge, the hydrophobicity levels and nature of surface modifications are considered
essential for determining different biological effects (Sun et al., 2019). As described for
cationic particles, hydrophobic surfaces promote cell-particle interactions and react
more cytotoxically than hydrophilic surfaces (Frohlich, 2012). The hydrophilicity of
silica materials is related to the number of silanol groups available to form hydrogen
bonds with water molecules (Napierska et al., 2010). The hydrophobicity of EOCs-
functionalised materials is no doubt expected to be due to both a decrease in silanol
groups on their surface and the hydrophobicity provided by the presence of the
alkoxysilane derivatives of eugenol and vanillin anchored to particles. The differences
in cytotoxic behaviour observed between the functionalised SAS and MCM-41
materials could, therefore, be explained by the functionalisation yield. This parameter

was lower for SAS than mesoporous particles, but no significant differences appeared in



the performance of the functionalisation reaction for both MCM-41 material types. Both
the porosity and ordered structure of mesoporous materials provide a suitable platform
for the covalent anchoring of organic groups (Moritz & Geszke-Moritz, 2015). Indeed
the larger amount of EOCs found in the immobilisation reaction on MCM-41 particles
could be attributed to the higher density of silanol groups on their inner and outer
surfaces compared to SAS.

The analysis of the particle size distribution of the silica materials showed smaller
hydrodynamic size values for the functionalised particles. Certain conditions, such as
pH, temperature or ion strength, applied to prepare functionalised materials can change
the surface properties of the particles and modify their agglomeration state (Halamoda-
Kenzaoui et al., 2017; Schneider & Jensen, 2009), which are responsible for the
differences between the bare and functionalised particles. Internalisation of individual
silica microparticles has been found in the cytoplasm of different cell lines (Yu et al.,
2009), but the cellular uptake of silica has been found in an inverse proportion to their
size for non-phagocytic cells, and to depend on the degree of particle aggregation and
agglomeration (Rancan et al., 2012; Sakai-Kato et al., 2014). Indeed the highest cellular
uptake rate in non-phagocytic cells has been found for nanoparticles between 20 and 50
nm (Frohlich, 2012). The big hydrodynamic particle size found for the different bare
and functionalised materials suggests that the adsorption of particles by HepG2 cells
would be negligible, even for MCM-41 nano, given their high agglomeration state in
solution.

All this information suggests that the cytotoxicity of modified materials for HepG2
cell is probably due to the physical interaction of particles with cell membranes. The
good adhesion of cationic particles has been related to occur by either direct

electrostatic interactions with cell membranes (Su et al., 2012) or indirectly through the



protein corona formed on the surfaces of charged particles (Kurtz-Chalot et al., 2014).
After adhesion, particles may have different biological effects on cell surfaces,
including physical damage of the membrane by focal dissolution or hole formation,
interaction with membrane-bound proteins (Fréhlich, 2012) and extracellular ROS
generation (Santos et al., 2010). Therefore, these biological effects may be related to the
strong cytotoxic effect found for the EOCs-functionalised MCM-41 compared to
pristine materials.

In order to quantify and compare the cytotoxic effect of the different functionalised
silica particles, the MTT and AB methods were assayed. Concentration- and time-
dependent effects on HepG2 viability were observed after exposure to all the tested
functionalised materials using both metabolic endpoints. Both methods provided useful
information for identifying the in vitro cytotoxity of these materials and it is noteworthy
that no interference took place between particles and the AB assay, although subtracting
the absorbance of the functionalised particles was necessary in the MTT test. However,
MTT was a more sensitive endpoint than AB. This effect was more pronounced for the
functionalised SAS, eugenol-functionalised MCM-41 nano and for 24 h exposure to the
eugenol-functionalised MCM-41 micro and vanillin-functionalised MCM-41 nano,
when no accurate estimation of the 1Cso values was possible by the AB method. As
observed in the comparative study, and independently of the EOCs, the functionalised
SAS exerted the least cytotoxic effect against HepG2 cells, while the functionalised
MCM-41 micro was the most cytotoxic material. Indeed when comparing the bare and
functionalised ICso values, the modified MCM-41 micro had a cytotoxic effect that was
around 40-fold stronger than for pristine materials.

By comparing the ICso values of the different silica particles obtained by the MTT

assay, no significant differences were found between the cytotoxic behaviour of the



eugenol and vanillin-functionalised materials. As previously explained, the cytotoxic
effect of free eugenol was 2-fold higher than the effect found for free vanillin. However
in the modified silica particles, these differences may be offset by the functionalisation
yield for both EOCs. Vanillin anchoring achieved better results than eugenol anchoring,
with differences of up to 5-fold bigger for SAS or 3-fold for MCM-41 micro. Different
degrees of steric hindrance have been responsible for differences in the functionalisation
yield between EOCs (Chen et al., 2009). In this study, these differences could be due to
the lesser efficiency of the formylation process to obtain the aldehyde derivative
eugenol as the presence of an aldehyde group in the vanillin structure avoids this first
synthesis stage. These results suggest that the number of molecules from the EOCs
anchored to silica surfaces is an important factor for determining their cytotoxic
behaviour.

This study provides information that clarifies the possible risk which derives from
using these new materials in food applications. The obtained results indicate that the
eugenol and vanillin-functionalised silica particles exhibited a stronger cytotoxic effect
on HepG2 cells than the free EOCs and pristine silica materials. The milder cytotoxic
effect found for the functionalised SAS than the functionalised MCM-41 materials
seemed to be related to the functionalisation yield. The relation between the physico-
chemical properties and cytotoxicity found for the different particle types herein
analysed suggest that the mechanism responsible for enhanced cytotoxicity could
depend on increased cell-particle interactions to some extent. In fact the properties of
the functionalised particles’ surface, such as cationic nature and hydrophobicity, seemed
the most important factors to determine their interactions with cells and, hence, their
cytotoxic behaviour. Basal cytotoxicity data may help to predict the acute toxicological

effects of materials for food applications, but further studies are necessary to elucidate



the mechanism of toxicity induced by exposure to these new particles. All this

information will help to develop new effective and safer materials for food applications.
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