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Abstract 23 

Here we report the toxicological evaluation of mesoporous silica particles (MSPs) in the nematode C. 24 

elegans. Specifically, we have investigated the effect of bare micro- (M0) and nano-sized (N0) MSPs, 25 

and their corresponding functionalized particles with a starch derivative (Glu-N) (M1 and N1, 26 

respectively) on C. elegans ageing parameters. The toxicity of MSPs, their impact on C. elegans lifespan, 27 

movement capacity, progeny and ability to survive upon exposure to acute oxidative stress were assessed. 28 

This study demonstrated that both size particles assayed (M0 and N0), labeled with rhodamine and 29 

monitored through fluorescence microscopy, are ingested by the nematode. Moreover, toxicity assays 30 

indicated that bare nano-sized particles (N0) have a negative impact on the C. elegans lifespan, reducing 31 

mobility and progeny production. By contrast, micro-sized particles (M0) proved innocuous for the 32 

nematodes. Furthermore, functionalization of nanoparticles with starch derivative reduced their toxicity in 33 

C. elegans. Thus, oral intake of N1 comparatively increased the mean lifespan and activity rates as well 34 

as resistance to oxidative stress. The overall findings presented here demonstrate the influence of MSP 35 

size and surface on their potential toxicity in vivo and indicate the silica-based mesoporous particles to be 36 

a potential support for encapsulation in oral delivery applications. Furthermore, the good correlation 37 

obtained between healthy aging variables and viability (mean lifespan) validates the use of C. elegans as a 38 

multicellular organism for nanotoxicology studies of MSPs. 39 

 40 

Keywords: Oral intake; Surface Functionalization; Mesoporous Silica; Nematodes; Lifespan; 41 

Healthspan. 42 

1 Introduction 43 

In recent years, inorganic nanomaterials have gained appeal as suitable supports for delivery applications 44 

[1]. Among inorganic supports for encapsulation and controlled release, mesoporous silica particles 45 

(MSPs) have received great interest [2–5]. MSPs have tunable and homogeneous pore size distribution (in 46 

the 2–10 nm diameter range), and high specific surface area and volume, which provide a large loading 47 

capacity [6-7]. Apart from being a porous structure, MSPs stand out for exhibiting a high concentration of 48 

structural defects on their surface in the form of silanol (Si-OH) groups, which can easily react with 49 

trialkoxysilane derivatives ((R’O)3-Si-R), enabling the generation of organic−inorganic hybrid supports 50 

[8-9]. This strategy offers a wide range of new perspectives in the design of on-command release particles 51 
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to control the delivery of a previously entrapped guest [5, 10-12]. In accordance with this concept, the 52 

literature reports examples of MSPs functionalized with a number of different molecules and 53 

biomolecules able to deliver the cargo upon the application of various stimuli, such as physical (light, 54 

temperature, magnetic fields, ultrasounds) [13-17], chemical (anions, cations, neutral molecules, redox-55 

active species and pH) [18-20] and biochemical (enzymes, DNA and antibodies) [21-24]. However, in 56 

spite of the promising applicability of MSPs, their toxic effect after oral administration is still poorly 57 

understood. 58 

Among the biological models available, the nematode Caenorhabditis elegans has emerged as a well-59 

suited in vivo system for toxicological studies due to its established biology and readily scorable life 60 

traits. C. elegans is a multicellular organism with a short lifespan (21 days). Experiments with C. elegans 61 

are less expensive than those carried out with vertebrate models and allow for a wide set of tests under 62 

different conditions in a short time span [25]. Moreover, results obtained with C. elegans can be 63 

predictive of those in higher eukaryotes because many physiological processes, signal transduction 64 

pathways and genes are conserved [26]. In addition, quantitative parameters of toxic effects on C. elegans 65 

can be easily determined through progeny production, mortality (lifespan), sensitivity to oxidative stress 66 

and changes in movement capacity (healthy aging evaluation). These features have led to an increase in 67 

the use of C. elegans as a suitable model in toxicological studies. Thus, recent toxicological studies with 68 

nanomaterials have been carried out in C. elegans [27-29]. Nonetheless, very few studies have been 69 

reported with C. elegans and silica-based particles. In particular, amorphous (non-porous) silica 70 

nanoparticles have been evaluated [30-31]. Our results suggest that non-porous silica nanoparticles 71 

(smaller than 50 nm) induce premature aging, causing progeny reduction and alterations in phenotypes 72 

related to aging. However, studies with C. elegans and MSPs are lacking, and there is an absence of 73 

correlation studies of lifespan and healthspan of nematodes fed with MSPs. 74 

Taking into account the increasing interest in the design and use of mesoporous silica particles for 75 

delivery applications, we report herein the evaluation of toxicity of nano- and micro-sized MSPs based on 76 

C. elegans lifespan and healthspan analysis (movement capacity, resistance to acute oxidative stress and 77 

offspring production). Moreover, we studied the impact of functionalization of particles. The results show 78 

that surface functionalization of MSPs is a suitable procedure to significantly reduce the toxicity of nano-79 

sized particles. 80 
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2 Materials and methods 81 

2.1 Chemicals 82 

All the chemicals were purchased at the highest possible grade available and were directly used with no 83 

further purification. Chemicals tetraethylorthosilicate (TEOS), cetyltrimethylammonium bromide 84 

(CTABr), sodium hydroxide, triethanolamine (TEAH), (3-aminopropyl)triethoxysilane (APTES) were 85 

provided by Aldrich. Hydrolyzed starch Glucidex® 47 (5% glucose, 50% maltose, 45% oligosaccharides 86 

and polysaccharides) was provided by Roquette. 87 

2.2 C. elegans strain and maintenance  88 

C. elegans strain Bristol (wild-type) N2 was obtained from the Caenorhabditis Genetics Center at the 89 

University of Minnesota and was maintained at 20°C on nematode growth medium (NGM). Also the 90 

Escherichia coli OP50 strain used as a normal diet for nematodes was obtained from the same culture 91 

collection. 92 

2.3 Synthesis of micro-sized mesoporous silica particles (M0) 93 

Micro-sized mesoporous silica particles were synthesized by the “atrane route” [32] in which 4.68 g of 94 

CTABr were added at 118 °C to a TEAH solution (25.79 g) that contained 0.045 mol of a silatrane 95 

derivative (TEOS, 11 mL). Next 80 mL of water were slowly added with vigorous stirring at 70 °C. After 96 

a few minutes, a white suspension was formed. This mixture was aged at room temperature overnight. 97 

The resulting powder (as- synthesized material) was collected by filtration and washed. The solid was 98 

dried at 70°C and was finally calcined at 550 °C for 5 h in an oxidant atmosphere in order to remove the 99 

template phase. 100 

2.4 Synthesis of nano-sized mesoporous silica-based particles (N0) 101 

Nano-sized mesoporous silica particles were synthesized by a well-known procedure [23]. 102 

Cetyltrimethylammoniumbromide (CTABr, 1.00 g, 2.74 mmol) was first dissolved in 480 mL of 103 

deionized water. Then 3.5 mL of a NaOH 2.00 mol L-1 solution were added, followed by an adjustment of 104 

temperature to 80 °C. TEOS (5.00 mL, 22.4 mmol) was then added dropwise to the surfactant solution. 105 

The mixture was stirred for 2 h to give a white precipitate. Finally, the solid was collected by 106 

centrifugation, washed with deionized water and dried at 70°C overnight (as-synthesized material). To 107 

prepare the final mesoporous nanoparticles (N0), the as-synthesized solid was calcined at 550 °C in an 108 

oxidant atmosphere for 5 h to remove the template phase. 109 
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2.5 Synthesis of the starch derivative (Glu-N) 110 

According to Bernardos et al., a solution of APTES (5.85 mL, 25 mmol) was added to a suspension of 111 

hydrolyzed starch (Glucidex@ 47) in ethanol [23]. The reaction mixture was stirred for 24 h at room 112 

temperature and heated at 60°C for 30 min. The solvent was evaporated under reduced pressure [23]. 113 

2.6 Synthesis of starch-functionalized mesoporous silica particles (M1 114 

and N1)  115 

The starch-functionalized mesoporous silica particles M1 and N1, was based on the protocol developed 116 

by Bernardos et al., [23].  Glu-N was added to M0 and N0 in a 1:1 w/w ratio at aqueous solution. The 117 

final mixture was stirred for 5.5 h at room temperature under argon. The solid was filtered, washed with 118 

abundant deionized water and dried for 12 h at 35 °C. 119 

2.7 Synthesis of labeled particles (M0-rhd and N0-rhd)  120 

Particles M0 and N0 were labeled with rhodamine B using a similar procedure to that reported by Xu and 121 

coworkers [33]. First the solid surface was modified with APTES. For this purpose, M0 or N0 122 

nanoparticles were suspended in toluene (30 mL) and 0.19 mL of APTES (0.8 mmol) were added. The 123 

final suspension was refluxed at 110 °C for 20 h. Afterwards, 50 mg of the corresponding solid was 124 

suspended in ethanol with 50 mg B rhodamine isothiocyanate (RITC) for 20 h to obtain M0-rhd and N0-125 

rhd.  126 

Finally, ethanol suspensions were filtered and solids were washed with abundant deionized water, and 127 

dried for 12 h at 35 °C. 128 

2.8 Material characterization  129 

PXRD measurements were taken on a Seifert 3000TT diffractometer using CuKα radiation. TEM images 130 

were obtained under a 100 kV Philips CM10 microscope. Thermogravimetric analyses were carried out 131 

on a TGA/SDTA 851e Mettler Toledo balance in an oxidant atmosphere (air, 80 mLmin-1) with a heating 132 

program that consisted of a heating ramp of 10 °C per minute from 120 to 1000 °C, and an isothermal 133 

heating step at this temperature for 30 min. 134 

N2 adsorption-desorption isotherms were recorded in a Micromeritics ASAP2010 automated sorption 135 

analyzer. Samples were degassed at 120 °C in vacuum overnight. The specific surface areas were 136 

calculated from the adsorption data within the low pressure range using the BET model [34]. 137 

Dynamic light scattering (DLS) studies for size distribution were conducted at 25 °C using a Malvern 138 

Zetasizer Nano ZS and Malvern Mastersizer 2000 (Malvern, U.K.). Data analysis was based on the Mie 139 
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theory using refractive indices of 1.33 and 1.45 for the dispersant and MSP, respectively. To determine 140 

the zeta potential (ζ) of bare and functionalized MSP, a Zetasizer Nano ZS (Malvern Instruments, U.K.) 141 

was used. Zeta potential was calculated from the particle mobility values by applying the Smoluchowski 142 

model. The average of five recordings was reported as the zeta potential. All the measurements in 143 

Malvern Zetasizer Nano ZS and Malvern Mastersizer 2000 were performed at 20 °C in triplicate and 144 

samples were dispersed in M9 buffer at concentration of 1 mg·L-1. Before each measurement, samples 145 

were sonicated for 10 min to preclude potential aggregation. 146 

2.9 Particle suspension  147 

Particles M0, M1, N0 and N1 were UV-sterilized for 30 min. Then particles were dispersed at a known 148 

volume fraction of M9 buffer (KHPO4 3 g L-1, Na2HPO4 6 g L-1, NaCl 5 g L-1, MgSO4 1 mmol), and 149 

disposed in an ultrasound bath with 2 pulses of 15 min to reduce particle aggregates. For better handling, 150 

dispersions were aliquoted and stored at -20 °C until used. 151 

2.10 Lifespan assays in C. elegans 152 

Synchronized young adult worms of the wild-type strain were cultured at 20 ºC for 21 days. For standard 153 

fed conditions (control population), worms were cultured in NGM plates seeded with E. coli OP50. 154 

Worms fed with MSPs were transferred to NGM plates supplemented with the corresponding particles 155 

solution (doses assayed: 0.5; 5.0; and 50 µg mL-1 of M0, N0, M1 and N1). Ten nematodes per plate  were 156 

moved periodically to fresh plates (ten plates per condition, 100 individuals per assay) and their viability 157 

was scored every 2 days. Nematodes were considered to be dead if they failed to respond to a platinum 158 

wire, and viability was evaluated as percentage of alive population. Three independent assays were 159 

carried out for each particle type. 160 

2.11 Sensibility to oxidative stress of C. elegans fed with MSPs  161 

To measure the survival rates of C. elegans after exposure to an acute oxidative stress, a method 162 

previously developed was used [35]. Synchronized young adult nematodes; which had hatched in NGM 163 

on the agar plates with E. coli OP50, and in the absence (control population) or presence of the 164 

corresponding particles (i.e. M0, N0, M1 or N1) were used. After 5 days of growth at 20 °C, nematodes 165 

were transferred to MB medium plates (Basal medium: agar 17 g L-1, sodium chloride 5.85 g L-1, 166 

cholesterol 0.005 g L-1) containing 2 mM H2O2, and were incubated for 5 h. In addition, a positive 167 

population was included, nematodes were seeded on NGM plates with the well-known antioxidant, 168 
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ascorbic acid (vitamin C) at 10 µg mL-1 [35]. Then survival was measured. Each experiment was done 169 

with 70 individuals and evaluations were carried out in triplicate. 170 

2.12 Healthspan parameters  171 

Recent authors suggest that evaluating the quality of life of nematodes (healthspan) gives more 172 

information than lifespan extension alone. Parameters such as movement, pharyngeal pumping (feeding), 173 

and lipofuscin accumulation have been measured as healthspan parameters [36]. In this particular, two 174 

different physiological parameters over the life of the worms fed with MSPs were testing (movement 175 

capacity and offspring).  176 

For all the studies, synchronized young adult (0-day adults) were selected and transferred to plates for 177 

each condition (three doses: 0.5, 5.0, 50 µg mL-1 of M0, N0, M1 and N1). A control population (NGM) 178 

was also included.  179 

Movement capacity was monitored as the total right bends achieved in 35 seconds. Synchronized 180 

nematodes (70 individuals) were incubated in each condition until the 2-day adult and 9-day adult and 181 

then transferred to NGM plates for movement determination. Mobility mean was defined as number of 182 

curves per worm. Evaluations were made in triplicate.  183 

To quantify the offspring, synchronized nematodes were selected (25 per condition) and individually 184 

transferred to NGM plates daily for 5 days. The number of progeny (L1 larvae) laid in each plate was 185 

counted to determine the offspring. Experiments were performed in triplicate. 186 

2.13 Fluorescence Microscopy 187 

Suspensions of both M0-rhd and N0-rhd particles were prepared in M9 buffer, and added to the surface 188 

of NGM agar plates, already seeded with the E. coli OP50, to reach a concentration of 5 µg mL-1 of 189 

particles per plate. Synchronized nematodes (Ten nematodes per plate) were transferred to the plates (five 190 

plates per condition) and after 5 days of incubation, nematodes were placed in a sample-holder with 2 % 191 

agarose pads, and anesthetized with levamisol solution. One sample-holder per each plate was prepared 192 

(The total population, 50 nematodes were analyzed). Finally, DIC (Nomarsky) and epi-fluorescence 193 

digital images were acquired with an Eclipse 90i Nikon microscope (Nikon Corporation, Japan) with a 194 

20x objective equipped with a digital camera (Nikon DS-5Mc) and a fluorescence filter TRITC (G-2E/C). 195 

Images (between 10 to 20 images per each sample-holder) were processed and analyzed by the Nis 196 

Elements BR 2.32 software (Nikon Corporation, Japan). Evaluation was done in triplicate. 197 
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2.14 Statistical analysis 198 

Statistical analyses were carried out by means of one-way analysis of variance (ANOVA) using 199 

Statgraphics software. Survival curves were analyzed by Kaplan Meier model and compared using the log 200 

rank survival significance test with SPSS statistical software package. 201 

3 Results and discussion 202 

3.1 Synthesis and characterization of MSPs  203 

Bare micro- (M0) and nano-sized (N0) MSPs were synthesized using reported procedures (vide supra). 204 

Moreover, both M0 and N0 particles were functionalized with hydrolyzed starch to obtain the 205 

corresponding micro- (M1) and nano-sized (N1) starch-functionalized particles. Functionalization was 206 

carried out by reaction of M0 and N0 with Glu-N. The derivative Glu-N was prepared by reaction of 207 

APTES (3-aminopropyl-triethoxysilane) with hydrolyzed starch (Glucidex@ 47) in ethanol (see Fig.1). 208 

The solids were thoroughly washed with water and dried before use. 1H NMR spectrum of Glu-N was 209 

consistent with that described in the literature (See supplementary information Fig S1) [23]. Moreover, 210 

particles M0 and N0 were labeled with a red fluorescent dye (i.e. rhodamine B isothiocyanate, RITC) [33] 211 

to obtain M0-rhd and N0-rhd, respectively. 212 

 213 

Figure 1. Synthesis of mesoporous silica particles capped with Glu-N. 214 

The synthesized materials were characterized by standard techniques as described above. Powder X-ray 215 

diffraction (PXRD) patterns of bare M0 and N0 (as-synthesized and calcined) and starch-functionalized 216 

M1 and N1 particles are shown in Fig 2A. PXRD patterns of bare particles show the typical four low-217 

angle reflections of mesoporous silica solids, which can be indexed as (100), (110), (200) and (210) 218 

Glu-N1

Bare particle

OH

OH

OH

OH

OH

Functionalised-particle

b. Surface functionalisation

a. Derivatisation of hydrolised starch

Glucidex Glu-N1: trialkoxysilane hydrolyzed starch derivativeEthanol

OH

OH
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Bragg peaks. From the PXRD data, a0 cell parameters of 47.89 and 49.73 Å (d100 spacing of 41.48 and 219 

43.07 Å) were calculated for as-synthesized M0 and N0, respectively. A significant shift of the (100) 220 

reflection in the PXRD in the calcined samples was clearly observed which corresponds to an 221 

approximate cell contraction of ca. 4.8 and 4.5 Å for calcined M0 and N0, respectively (see Fig 2A). This 222 

is related to the condensation of silanols in the calcination step when CTABr was removed. For the 223 

starch-functionalized M1 and N1 particles, PXRD patterns showed only the characteristic (100) 224 

reflection. However, the presence of this peak clearly indicated that the mesoporous structure was 225 

preserved after anchoring of the Glu-N derivative. TEM images are also shown. For all particles, the 226 

typical porosity associated with this type of inorganic support is a pseudo hexagonal array of pore voids. 227 

Images provide evidence that M0 and M1 are irregular micrometric particles, whereas N0 and N1 are 228 

spherical nano-sized particles (see Fig 2B for typical TEM images of M0 and N0). 229 
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 230 

Figure 2. Materials characterization (a) Powder X-ray patterns (b) TEM images of micro-sized 231 
particles, M0 and nano-sized particles, N0 and (c) Nitrogen adsorption-desorption isotherms: 232 
Calcined material M0 [], and Solid M1 []. Calcined material N0 [▲], and solid N1 []. 233 

N2 adsorption–desorption isotherms of M0 and N0 showed typical curves consisting of one single 234 

adsorption step at intermediate P/P0 values (0.1-0.4), which is related to nitrogen condensation inside 235 

mesopores by capillarity (Fig 2C). Absence of a hysteresis loop in this interval and a narrow pore 236 

distribution suggested the existence of uniform cylindrical mesopores with pore diameter and specific 237 

volume of, respectively, 3.19 nm and 0.78 cm3 g-1 for M0, and 3.51 nm and 0.74 cm3 g-1 for N0 238 

(calculated by the BJH model on the adsorption branch of the isotherm). The application of the BET 239 
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model to calcined materials gave a total specific surface value of 979.6 m2 g-1 and 843.9 m2 g-1 for M0 240 

and N0, respectively. In contrast, N2 adsorption–desorption isotherms of functionalized solids showed 241 

nearly flat curves when compared with un-functionalized starting materials. Due to the grafting of Glu-N, 242 

an appreciable reduction of porosity was observed. A specific surface area of 509.6 and 220.1 m2 g-1 and 243 

pore volumes of 0.34 and 0.24 cm3 g-1 were calculated for M1 and N1, respectively. Table 1 lists BET 244 

specific surface values and pore volumes calculated from the N2 adsorption-desorption isotherms. 245 

Thermogravimetric analyses (TGA), zeta potential and size distribution studies were also performed. 246 

TGA curves of M1 and N1 showed a weight loss at 100-600°C due to the organic matter combustion that 247 

corresponded to the anchored starch derivative (see supplementary information Fig S2). From TGA 248 

analyses organic matter contents of 0.10 and 0.13 g per g SiO2 for solids M1 and N1, respectively, were 249 

calculated. 250 

As particles were administered to worms in a buffered aqueous dispersion (M9 buffer for C. elegans, vide 251 

infra), zeta potential (ζ) and particle distribution sizes were determined in M9 buffer (Table 1). M0 and 252 

N0 treatment indicated a negative zeta potential due to the presence of anionic silanol groups on their 253 

surface. Upon functionalization, the surface potential changed from negative to positive, which was 254 

ascribed to the effective grafting of starch derivative Glu-N onto the surface of both materials. Dynamic 255 

light scattering (DLS) studies gave a mean size of 1930 nm for M0 and of 1114 nm for M1, whereas 256 

mean sizes of 338 and 141 nm were found for N0 and N1, respectively (see supplementary information 257 

Fig S3). When comparing size distribution and single-particle size, as determined by TEM (Table 1), 258 

mean particle size increased in the M9 buffer most likely as a result of partial particle aggregation, which 259 

agreed with previous studies [37]. 260 

Table 1. Characterization of the synthesized materials 261 

 262 
*Single-particle size determined by TEM. § Mean size determined by Light Diffraction (dispersed in M9-buffer).  263 

The same letters indicate significant differences between group memberships (p < 0.05). 264 

Finally, as stated above, bare M0 and N0 were both labeled with rhodamine B isothiocyanate (RITC) 265 

using post-synthesis grafting procedure to obtain M0-rhd and N0-rhd, respectively [33]. A 266 

SBET

(m2g-1)

pore volume

(cm3g-1)
Single-particle size 

(nm)*
Mean size (nm)§

Z potential (ζ)

(mV)

M0 979.619a 0.784b 1566 ± 42c 1930 ± 284 d -18.60 ± 0.89 e

M1 509.591a 0.343b 1189 ± 81c 1114 ± 133 d 11.06 ± 0.40 e

N0 843.899f 0.741g 97 ± 13 338 ± 11.82 h -15.35 ± 2.14i

N1 220.089f 0.247g 90 ± 13 141 ± 5.89 h 9.06 ± 0.28 i
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thermogravimetric evaluation indicated a rhodamine content of 4.8 % and 5.2 % in M0-Rhd and N0-267 

Rhd, respectively. 268 

3.2 Validation of oral intake of MSPs by C. elegans 269 

Recent studies on C. elegans have confirmed the ability of nematodes to directly ingest inorganic 270 

nanomaterials [26-29]. In order to validate the ability of nematodes to ingest the different size of the 271 

synthetized MSPs, a monitoring study of the administered particles M0-rhd and N0-rhd was performed 272 

by means of fluorescent microscopy. 273 

After particle suspension was seeded on plates, we hypothesized that particles would become available 274 

and could be swallowed by nematodes. After 5 days of M0-rhd and N0-rhd administration, nematodes 275 

were prepared for fluorescent microscopy and the oral intake of particles was monitored. Results showed 276 

that both M0-rhd and N0-rhd were ingested by nematodes and both particles were clearly located along 277 

the gastrointestinal tract (GIT) (Fig 3a and 3b). Both micro and nano-sized particles were located mainly 278 

in the lumen and pharynx. In addition, an uptake-gradient with a major concentration in the anterior 279 

intestine region was noticed, in agreement with results obtained in previous studies for other inorganic 280 

nanoparticles [30-31]. In order to evaluate the permanence of particles in the GIT and the ability of 281 

nematodes to excrete the ingested particles, 5-day old nematodes fed with M0-rhd and N0-rhd were 282 

divided into two groups. Group one (1) was prepared for fluorescence analyses as described above. To 283 

purge particles from nematodes, group two (2) was collected with M9-buffer and transferred to NGM 284 

plates without MSPs for 2 days. After this time, nematodes from group two (2) were prepared for 285 

fluorescent microscopy. Results strongly indicated the ability of C. elegans to ingest and excrete MSPs 286 

(Fig 3c and 3d). This was especially remarkable in nematodes fed with N0-rhd (Fig 2d), as nano-sized 287 

MSPs showed a higher trend to remain in the GIT, especially in the pharynx, when compared with micro-288 

sized MSPs. 289 

Although the resolution and sensitivity of the microscope limit the identification of endocytosis of 290 

particles, the lack of fluorescence outside the GIT of worms from group (2) suggested neither 291 

translocation nor accumulation of MSPs in secondary organs. 292 

Finally, the progeny of nematodes fed with M0-rhd and N0-rhd was studied and no fluorescence was 293 

detected (see supplementary information Fig S4), suggesting that translocation of MSPs to the germ line 294 

did not occur. 295 
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 296 

Figure 3. Particles monitored by fluorescence microscopy. (a) Nematodes fed with micro-sized 297 
MSPs, M0-rhd (b) Nematodes fed with nano-sized MSPs N0-rhd. To evaluate permanence of 298 
particles, worms were divided in group (1) and group (2). Group (1) remain with particles and 299 
group (2) were collected with M9-buffer for purging particles   (c) Comparison from group (1) to 300 
group (2) of nematodes fed with micro-sized, M0-rhd and (d) Comparison from group (1) to group 301 
(2) of nematodes fed with nano-sized, N0-rhd. 302 

3.3 Influence of MSPs size on their toxicity to C. elegans 303 

The effect of M0 and N0 MSPs on C. elegans lifespan was analyzed. By using the above mentioned 304 

procedure to seed MSPs on agar plates, nematodes were fed throughout their life expectancy with three 305 

doses (0.5, 5 and 50 g ml-1) of M0 and N0. In parallel, nematodes fed only on bacterial feed were 306 

evaluated as the control population. Survival curves and mean lifespan (defined as the time when 50 % of 307 

worms were dead) were obtained. 308 

Results showed that both control population and nematodes fed with M0 displayed a similar lifespan at 309 

the three doses assayed, obtaining very similar survival curves (see Supplementary information Fig S5). 310 

Thus, mean lifespan of M0-fed nematodes was similar to control-fed nematodes (Fig 4a). Only a slight 311 

but non-significant reduction was observed in mean lifespan with the higher dose (50 µg·mL-1), probably 312 

due to a reduction in the comfort of nematodes due to the high density of microparticles in the agar. 313 

In contrast, mean lifespan was significantly reduced at the three N0 doses compared to the control 314 

population (p-values: 0.001; 0.007 and 0.002, for 0.5; 5.0; and 50 μg∙ml-1, respectively) (Fig 4a). 315 

Moreover, survival curves showed a shortened lifespan for worms fed with N0 at the three doses assayed 316 

(see supplementary information Fig 6S). These results clearly indicate that smaller particles are harmful 317 

for C. elegans, because a significant reduction in nematode survival was observed (Fig 4b).  318 

(1) (2) (1) (2)

(a) (b)

(c) (d)

micro-sized MSP nano-sized MSP
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In order to further analyze the impact of feeding nano and micro-sized MSPs by nematodes, the 319 

movement capacity of C. elegans exposed to MSPs was evaluated. Previous research draws a connection 320 

between declining body movement and premature aging [30-31].  321 

Therefore, movement capacity (quantified as the total right bends per minute) of 2-day adult worms (Fig 322 

4c) and 9-day adults (Fig 4d) was evaluated in C. elegans fed with 0.5, 5 and 50 μg ml-1 of M0 and N0 323 

respectively, and compared with the control population. 324 

 325 

Figure 4. Evaluation of C. elegans orally administered with bare micro- (M0) and nano- (N0) sized 326 
MSPs. (a) Mean lifespan of three MSPs doses, (X axis  0.5; 5 and 50 µg·mL-1). (b) Survival curves of 327 
nematodes fed with dose of 0.5 µg·mL-1. (c) Movement capacity at 2-day adult stage and (d) at 9-328 
day adult stage. (Significant differences for * p< 0.05 and **p<0.01)  329 

In 2-day adult, the movement capacity of nematodes fed with low M0 doses did not differ from that of the 330 

control population (Fig 4c). Slightly reduced movement rates were noticed in worms fed with 50 μg ml-1 331 

of M0, but this was not statistically significant. In contrast, the effect of N0 on depletion of movement 332 

was already evident and was significant in a dose-response manner (p-value: 0.08 and 0.01 for the 5 and 333 

50 g∙ml-1, respectively) (Fig. 4c). 334 
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On the assumption that as worms age, their motility begins to progressively slow down, the movement of 335 

9-day adults was quantified. The movement capacity of nematodes fed with M0 showed a similar number 336 

of curves per minute compared to the control population (Fig 4d). However, a significant reduction in 337 

movement capacity was also clearly evident in nematodes fed with N0 (p-values for 9-day adults: 0.05, 338 

0.01 and 0.002 for 0.5; 5.0; and 50 μg∙ml-1, respectively). 339 

The changes noted in movement capacity of N0-fed nematodes suggested that bare mesoporous silica 340 

nano-sized particles have a toxic-impact on C. elegans, which is also in agreement with the observed 341 

reduction in lifespan. Taking into account that movement depletion can be associated with neuronal 342 

damage [38, 39], our results could indicate a negative effect of nanoparticles on cognitive status. This 343 

clearly contrasts with micro-sized MSPs, which have no significant effect on nematodes’ movement or 344 

lifespan. 345 

3.4 Effect of surface functionalization on MSPs toxicity 346 

The hypothesis of improving biocompatibility of inorganic nanomaterials through surface 347 

functionalization has been previously evaluated [40-43]. Evidence from studies in human cell cultures has 348 

revealed that surface modification by anchoring organic groups in silica-based particles may modulate 349 

toxicity and may mitigate undesirable biological effects [44]. Thus, we evaluated M1 and N1-fed C. 350 

elegans in terms of lifespan and movement capacity. 351 

There was no appreciable reduction in the lifespan of M1-fed worms compared with the control 352 

population (without particles); nor were there significant differences between M0 and M1 (Fig 5A). 353 

However, remarkable differences were found between nematodes fed with N0 and N1 (p-value: 0.017), 354 

(see Fig 5B). As stated above, mean lifespan of N0-fed nematodes was significantly reduced compared to 355 

the control population, whereas mean lifespan of N1-fed C. elegans was comparatively higher than N0 356 

(see supplementary information Table S1) being similar to that of the control population. This indicates a 357 

remarkable positive effect of coating nano-sized MSPs with the starch derivative. 358 
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 359 

Figure 5. Influence of MSP surface functionalization on C. elegans toxicity. (a) Lifespan assays were 360 
carried out with 5 µg mL-1 of particles M0 and M1, and (b) N0 and N1 (Lifespan with other 361 
concentrations, in Supporting information, Figures S7 and S8). Movement capacity analysed as the 362 
mean speed (ner curves/min) of worms fed with different concentrations of (c) M0 and M1 and (d) 363 
N0 and N1. Significant differences p < 0.01. 364 

Regarding movement capacity of C. elegans, no significant differences were found between nematodes 365 

fed with M0 and M1 (Fig 5c), whereas a significant increase in mobility was determined in N1-fed 366 

nematodes compared with N0-fed worms (see Fig 5d). This observation was specifically significant in 2-367 

day-old adult nematodes fed with 0.5; 5 and 50 μg ml-1 of N1 (p-value: 0.002) and also in 9-day-old adult 368 

nematodes fed with 0.5 and 5 g ml-1 (p-value: 0.015). In contrast, the 9-day-old adult nematodes fed with 369 

50 μg ml-1 N0 or N1 displayed a similar movement capacity, which suggests that the positive starch 370 

functionalization effect observed in young adult nematodes became less effective as they aged, especially 371 

when using a large concentration of the nanoparticles. 372 

The above lifespan and movement capacity data are well correlated. Results demonstrate that toxicity of 373 

mesoporous silica particles is related to particle size and doses, and may be reduced by surface 374 

functionalization. Regarding nematode body movement, some authors have pointed out that depletion in 375 

movement is associated with a reduction in motor function, muscle structure and cellular deterioration 376 

[38-39]. Therefore, it could be hypothesized that functionalization with starch modifies the way nano-377 

sized particles interact and influence functions in nematodes resulting in less toxicity. When compared to 378 
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bare nanoparticles, the functionalization of the mesoporous silica nanoparticles with (Glu-N) improved 379 

biocompatibility and induced a recovery in lifespan and movement capacity of C. elegans. 380 

Taking into account that nano-sized particles can produce toxicity in C. elegans, we further studied other 381 

health-related variables, such resistance to oxidative stress and offspring. In C. elegans, a positive 382 

connection between lifespan and stress-resistance has been demonstrated for a variety of studies [45-46]. 383 

Nematode survival rate after H2O2-induced oxidative stress was determined in a population fed with bare 384 

and functionalized nano- (N0 and N1) particles. The control population was seeded on NGM plates with 385 

only bacterial food, and as state above (section 2.11), the positive population was placed on NGM plates 386 

with antioxidant ascorbic acid (10 µg mL-1) added along with bacterial food. In accordance with previous 387 

results, C. elegans fed with N1 showed better resistance to oxidative stress than those fed with N0 (p-388 

value: 0.009 and 0.029 to 0.5 and 5 μg∙ml-1, respectively), see Fig 6a. 389 

 390 

Figure 6. a) Resistance to oxidative stress in the worms fed with nano-size MSPs (Bare and 391 
functionalized N0 and N1, respectively). Three doses were evaluated (X axis) 0.5; 5 and 50 μg∙ml-1.  392 
b) Progeny distribution decreased on day 2 in worms fed at 5 µg.ml-1 with bare nano-sized (N0) and 393 
functionalised (N1) MSPs. 394 

We hypothesized two mechanisms by which MSPs may affect nematodes’ sensitivity to acute oxidative 395 

stress. On the one hand, the presence of small particles could influence the nematode’s ability to respond 396 

to acute stress due to the fact that nano-sized particles may affect the metabolism related with reactive 397 

oxygen species (ROS) formation. Moreover, bare particles have more exposed silanols groups, which 398 

could affect nematode functions. On the other hand, membrane receptors could change their response 399 

(activate or suppress signal cascades) according to the stress factors present in the agar plate, which does 400 

not always behave as a linear response. This could explain why higher doses of smaller particles (N0) did 401 
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not affect stress resistance. Hence, it is worth highlighting the positive effect on the nematodes fed with 402 

N1, which reached the response of nematodes fed with the antioxidant compound (Vitamin C).  403 

Apart from a reduction in resistance to oxidative stress, previous studies on C. elegans have shown that 404 

particles smaller than 50 nm, directly affect ovoposition. This is due to the translocation of the 405 

nanoparticles from primary organs, such as epithelial cells of the intestine, to secondary organs that 406 

belong to the reproductive tract. Findings showed that mainly amorphous (non-porous) silica particles 407 

accumulate and block certain organs, such as the vulva, inducing egg hatching inside the parent’s body 408 

[30]. By contrast, the present study evaluated mesoporous-silica and relatively larger particles (nano-sized 409 

MSPs are in a size range of 80-100 nm), and MSP accumulation was not observed in the vulva or in the 410 

germ line (vide ante); however, an additional progeny analysis was performed on worms fed with bare 411 

and functionalized nano-sized MSPs. 412 

Laid eggs and the subsequent progeny of nematodes fed with three different doses of N0 and N1 particles 413 

were measured. Progeny distribution of nematodes fed with doses of 5 μg∙ml-1 is shown in Fig 6b (to see 414 

the effect of additional dose see supplementary information Fig. S9). 415 

Progeny evaluation indicated that control population adults laid the most progeny on day 1 and that the 416 

offspring rate decreased on days 2 and 3 (Fig 6b). Results suggest that nanoparticles generate acute stress 417 

on fertility because ovoposition was significantly affected from day 1 to adult day 2. In particular, 418 

nematodes fed with N0 showed a significantly lower oviposition rate on adult day 2 compared to the 419 

control population (p-value: 0.01). In contrast, nematodes fed with N1 showed a minor depletion, which 420 

was not significant compared with the control population (p-value: 0.6). This indicates that functionalized 421 

particles slightly improve the reproductive status of nematodes. 422 

Since there was no reason to associate progeny depletion with accumulation of MSPs in the vulva, we 423 

suggested that the functions associated with fertility could be more sensitive to external stress due to 424 

exposure to nano-sized MSPs. It could somehow be related to the depletion of healthspan variables, 425 

which agrees with previous reports, where nervous parameters were related with movement and egg-426 

laying phenotypes [31]. In any case, the healthspan evaluation performed in C. elegans provides an 427 

interesting methodology for evaluating the influence of the MSP surface modification on nanotoxicity. 428 

Nonetheless, more extensive studies into phenotype expressions and stress biomarkers would be of 429 

interest and will be carried out. 430 
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4 Conclusions 431 

Here we show the feasibility of using C. elegans as in vivo model to evaluate the toxicity of MSPs. The 432 

intake of micro and nano-sized MSPs has been demonstrated, with accumulation occurring mainly in the 433 

gastrointestinal tract and the pharynx. Evaluation of lifespan and other age-related parameters in 434 

nematodes exposed to micro and nanoparticles has demonstrated the safety of micro-sized MSPs. By 435 

contrast, the toxicity of nano-sized MSPs has been shown through the decrease in lifespan, reduction of 436 

movement, depletion of reproductive status and an increase in sensitivity to oxidative stress. Furthermore, 437 

our study shows that starch-functionalized mesoporous silica nanoparticles (N1) have no significant effect 438 

on the lifespan and healthspan of C. elegans. These results strongly suggest that surface functionalization 439 

of MSPs is a suitable strategy to reduce toxicity and enhance biocompatibility of the smallest particles.  440 
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