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ABSTRACT: This work rationalizes the scalable synthesis of ultrasmall, ligand-free
silicon nanomaterials via liquid-phase pulsed laser ablation process using picosecaond
pulses at ultraviolet wavelengths. Results showed that the irradiation time drives
hydrodynamic NP size. Isolated, monoc_iispers_e Si-NPs are obtained at highyield (72%) 59 oo
using post-treatment process. The obtained Si-NPs have an averad® sine (oiot Y
aggregated) and display photoemission in the green spectral range. We directly
characterized the ligand-free Si-NPs in a vertebrate animadt{y@nchassessed their l P—
toxicity during the developmdntvivaassay revealed that Si-NPs are found inside in a|l,.onof iid-shase s ncer ablation
the early life stages of embryos and larvae growth, showing that the biosafety @f=Si

and malformation types are independent of the Si-NP dose. Si-NPs were directly:
inside developing embryos by spinning disk-imaging technique with optical se
capability. We showed that Si-NPs can passively enter inside embryos by the péresea ——
of chorion, can diise in the circulatory system, i.e., blood vessel, and accumulate iiSide ‘™™ ™" e ceeoement
larvae midgut and yolk sac, and in the eye lens, indicating the crossing of the blood

barrier.

KEYWORDS:semiconductors, biocompatible materials, imaging agents, quantum dots, nanofabrication, laser ablation in liqu
biological materials, toxicology, translocation, blood barrier, biologicair@oagosgimaging, optical materials
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INTRODUCTION interfering RNA (siRNA) into tumor céfland quercetin

Semiconductor nanomateyichave gained attention for an\;\llchaenrzzrsdrcur]]%mical rodfesrevail in Si-NP svnthesis
biomedical applications in imaging, drug delivery, and ¥ y

regenerative medecirfieThey can also potentially be used methods, others high-throughput -and low-cost techniques
9 timodal ts i yl' i ) Ipd' hyt i including biomimetic green stratéggnd physical ap-

as muilimodal agents In clinics, Including photoSensiizey ;. dd20 o er practical alternatives. In particular, liquid

photoacoustic, ultrasound, and magnetic resonance im

\ase pulsed laser ablation (LP-PLA) permits the production

ing>>" However, a major concern limiting their medicalo anomaterigf$?® whose surface is free of any contam-
applicability is the toxicity related to the traditional heaVyrnation, under biomolecule-friendly condifidis Besides

metal nanoparticfeand the identity of the ligand itSel.,  that, LP-PLA approaches enable in one step the surface
surface chemistry. Silicon nanomaterials (Si-NRS) 0 modi cation with molecules such as DRirotein**° and
advantages of being composed elementally of nontoXgnino-silan® Brie y, a laser beam is focused onto the surface
materials, biodegradable, essential human trace elements, & bulk material placed in aqueous medium. The nanoma-
known to be metabolized by the b8y’ Si-NPs possess terials growth mechanisms include nuclei, phase and kinetic
strong absorption, size-tunableorescence emission, and transformations. The morphology of the laser-synthesized
good photostability, making them a promising nanoplatformsilicon-based nanomaterials can be adjusted by changing the
for use as uorescence imaging labeliitg, delivery initial concentratioff;*>** the laser powéf;° the irradiation
vector:®?° and theranostic agents for personalized biomedi-
cine?**? Previous works have shown that Si-NPs can be use@ceived: October 11, 2018
in cancer applications, such as tumor targeting and lymph nogdée:epted: December 5, 2018
biopsy,’ but also as self-tracking vehicles for deliveringublished: December 5, 2018
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time®%®” the laser wavelengtti® the pulse duratioti, or 300 mm lens below the target surface (10 mm). Lueseze of 3.5 J
post-treatmeri. Bagga et al. reported Si-N Ps-antibodycmsz was chosen to optimize the generation of NP target was
nanoconjugates prepared by LP-PLA that can be used rg&ted at a velocity of 1 mit éor uniform ablation. The thickness
universal secondary biomarkermfeitrobioapplications. It of the liquid layer above the Si bulk was around 13 mm. .
has been demonstrated that Si-NPs prepared by LP-PLA aryize separation of the as-synthesized Si-NPs solution was achieved
act as radiofrequency hypertheQr}nimd photodynamic y ultracentrifugation (OPTIMA centrifuge with a TLA-55 Fixed
agem%z for cancer therapy. Uncoated 40 nm Si-NPs prepar gle Rotor). In detail, the as-synthesized Si-NPs solution (1000

. S . as centrifuged by tuning the parameters (rpm, $@@000; time,
by LP-PLA are more eient as RF-radiation sensitizers than5eg min). As result of the centrifugation, large Si-NPs deposit on

those prepared by conventional mdﬁoq- o the bottom of the cuvette (pellet, 100), whereas the solution
Exposure to silicon-based nanomaterials in living tissues a&@ftaining ultrasmall Si-NPs (supernatant,[900as separated and
organism is usually performed by administration of Si colloid@nsferred into a blank glass vessel. Before analysis, supernatant and
suspension. Several studies of silica nanomaterials, also kngstist were nally taken up in 1000 of dH20.
as silicon dioxide, have shown strongeirces of size, shape, The concentration of Si-NPs, i.e., as-synthesized, supernatant, and
and concentration on the toxic behaﬂ\}i@’nly few reports pellet, was evaluated using ICP 6300 optical emission spectrometer
concerned thén vitrd"***® andin vivd**® Si-NPs studies, (Thermos scientt). For that, Si-NPs (10Q.) was placed in Aqua
including toxicity,morphological and functional criteria. Regia as described msldeta_n In prevnpuf%d’dke values were
Studies found that the toxicity depends on the NPs size afgPressed in ppmd mL>), with error signcance less than 0.5%.
surface chemistry and can lead to mitochondrial disruption awe?eroim?;zg | d&mgtezre?;‘gizﬁt?\lggéenztg' (ah;‘;E’::i ?L;Rﬁrr]sén';';s
rgactlve OXygen Species (ROS) prod_u‘tztl_Enen if Si-NPs Triplicate measurements of the samples was performed and analyzed
displays promising toxicity ges, studies in more complex

: ) X ) using Smoluchowski motfel.
biological systems such as zshr@anio Rerjare essential The morphology of Si-NPs was investigated using a transmission

to conrm toxicity Conqerﬁ >%® Zebrash possess several electron microscope, TEM (100 kV JEOL Jem1011). High-resolution
peculiarities in comparison to other vertebrate species (egansmission electron microscopy, HR-TEM (200 kV JEOL JEM
mouse). Embryos develop quickly, within 72 h posp200FS) analyses were done as described in detail in previous
fertilization (hpf), with wetlharacterized developmental report® TEM and HR-TEM samples were prepared by depositing
stages. It presents a high homology in physiology aribe solution onto a 300 mesh copper grids. Optical properties, i.e.,
molecular mechanisms to those of higher vertebrates, includifgorption and photoluminescence, were investigated using a
human$? So far, exposure to silica nanomaterials in glebra Spectrophotometer (Cary 6000) and spestrometer (Fluoroma-

has been discusS&d: Duan et al. showed that 60 nm silica 4» Jobin Yvon-Horiba). The chemistry of Si-NPs was investigated
nanoparticles in zebsh induce high mortality, drent types using a Fourier transform infrared spectrometer (FTIR, Bruker 80 V).

of malformations, and reduced locomotor aéﬁv@yhers X-ray photoelectron spectroscopy (XPS) analysis were investigated

works revealed that dye-functionalized silica nanopartic@gs'rggognzqu%uma DLD spectrometer (Kratos, CasaXPs software,

(>50 nm, green and red dye) do not internalize in B#hra ~ 7op5 sh Maintenance. Wild type zebrah were kept at

and mostly accumulated on the chorion stiffaeently, it _ standard laboratory conditiGh®rie y, embryos were obtained by
has been reported that nanomaterials surface have a role in MBtoinduced spawning, collected $6 #ipf, and rinsed several
toxicity, i.e., the ligand identity itself camiénce toxicity. times with embryo medium.

Even minimal ligand such as poly(allylamine hydrochloride) Biosafety Evaluation. Healthy eggs were selected at 4 hpf by
are demonstrated to cause sagmit toxicity when function- using a stereomicroscope (Zeiss Microscopy, Discovery.V8,) and
alized to nanoparticleThus, suitable NPs, i.e., free of toxic exposed to derent Si solutions (5, 10, 25, 50, and 100 ppmjfor 4
chemicals at the surface, are requested for translation i hpf following previous prototdrhe di erent Si concentrations
clinical setting. were prepared by diluting an initial 100 ppm Si solution and

Here, we report on the fabrication and scale-up protocol &pntrolled by ICP-OES technique. Survival, hatching and heart beat

ligand-free Si-NPs {0 nm) with photoemissive properties rates, malformations, and locomotor activities were analyzed using the

. ) . s T stereomicroscope (CCD camera) at various points time. The
fabricated by LP-LPA, for studying their bIOdlsmbwonlocomotor activity was recorded in larvae at 96 hpf, as previously

imaging and long-termeets, i.e., toxicity, in early develop- oo ed by Duan et 3

ment zebrash. Exposure to Si-NPs in zesiaduring the FEthake gnd Imaging. After treatment with Si-NPs, zebhaat
development are investigated in terms of survival and hatchig 48, and 72 hpf incubated with 25, 50, and 100 ppm of Si-NPs were
rates, heart beat rate, locomotor activity, and potentigihsed three times and anesthetized with tricaine (Sigma)s#ebra
presence of malformations. Our results indicate that Si-NRere put in a Petrilled with embryo medium. The imaging was
have negligible toxicity to the zebina embryos at the performed with a spinning-disk confocal microscope (SDCM)
concentrations tested Y500 ppm). Further, thén vivo endowed with a Yokogawa CSU-X1 confocal scanning unit (FITC
biodistribution and functionality of Si-NPs are determined inlter) and an Andor iXon EMCC (Quantumagency >90%). A
zebrash during the development by means of spinning diskiikon CFI Plan Fluor 4X/0.2 air objective was useditmescence

imaging technique with optical sectioning capability. measurements. A 488 Iaser was used to excite the nanoparticles and
the emitted light was acquired in the range G@XDnm. The

exposure time of all images was 100 ms. This technique provided
EXPERIMENTAL SECTION optical section capability, low photo damage and fast imaging speed,
Fabrication and Characterization of Ligand-Free Si-NPsSi- suitable for 3D imaging of zelsta A total of six samples for each

NPs were prepared by ultraviolet picosecond laser ablation of silice@ncentration and developmental stages were observed and imaged.
target in milli-Q water, as described previiBhe y, a Si material ~ All zebrash assays were carried out in compliance with the revised
bulk (Alpha Aesar, 99.999%, Radius 6 mm, Height 10 mm), was gaw 2010/63/EU.
on the bottom of a glass cuvetted with 2 mL of deionized water. Statistical Analysis. The values are reported as mearthe
Laser beam from Nd:YAG picosecond laser (Continuum Leopastandard deviation from three independent experiments, and the data
system, 355 nm, 20 ps, 120 mJ, 20 Hz) was focused with the use ofere analyzed as previously rep&ftted.
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RESULTS AND DISCUSSION To guarantee ective uptake, uncoated Si-NPs size below
Si-NPs suspensions were fabricated by laser ablation of Si RHK'M regime is ide&lThe removal of the residual large Si-
directly in milli-Q water using ps pulses at ultraviolef\PS (i-€., not laser-fragmented) was evaluated by centrifuga-
wavelength (355 nm)Figure ). The Si-NPs hydrodynamic 0N protocols (rpm, time)Hgure &, B andrigure SpThe
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Figure 1.(A) Si-NPs suspensions fabricated by ps UV laser ablation & 0 15 30 45 60
of Si bulk in water. (B) lllustration of timesituphotofragmentation Tz
e ect during laser ablation process. T, oz i S o OC
. . . .. . . E 70 h X>--- <
diameter was monitored by the irradiation time adjustment. As Te-l
demonstrated iRigure 2oy DLS analysis, Si-NPs suspensions \% 35 L=0 10.000 rpm o
v, =< 40.000 rpm
600 | I I ' I 1600 g ol . L . L
£ = 0 15 30 45 60
% 500 500 :_: Centrifugation time (min)
N N 3
O 400t J 400 Cé Figure 3.Hydrodynamic size of Si-NPs in the supernatant (SN) after
€ N % centrifugation at (A) 10 000 and (B) 40 000 rpm as a function of the
g 3001 | T~ 1300 & time. At 40 000 rpm, 15 min, two hydrodynamic sizes are observed, as
B Tl E shown by DLS analysiBidure S2B (C) Percentage ratio of Si
5 27 e % 120 3 concentration between the supernatapinfl>! gy and the initial
T Lol 1100 T solution (g ml>* ;) evaluated by ICP-EOS after centrifugation
A treatment (10 000 rpm, 40 000 rpm) foredéent centrifugation time.
% 20 20 50 80 100

process was completed after 30 min at 40 000 rpm leading to
Si-NPs with a hydrodynamic diameter (<10 rifigufe B).

Figure 2.Hydrodynamic size (black circle) and Si productivity (SiOf note, the process is inoperative at 10 000 r.p.m. even for
concentration,g/mL, red triangle) as a function of irradiation time long centrifugation timeSi§ure ). The Si concentration in

of Si colloidal solution prepared by UV LP-PLA aeace energy, the supernatant ¢ mL> g\) with respect to the one in the

3.5 J crf?. Error bar includes the Si colloids bimodal distributionjnitial solution (g mL>t ), i.e., 433 g mL>! (Figure 2t =

(Figure S1B Error bar is included in the symbol for Si productivity. gg min), was evaluated by ICP-EOS andligise & shows

that the percentage ratiog(ml> ¢y g.mL>! ;) reaches a
value around 72% and 45% after a centrifugation time of 30
exhibited a hydrodynamic size of (85@00) nm, (270t and 60 min, respectively. These results are supported by pellet
110) nm, and (15% 40) nm at an irradiation time of 5, 20, ICP analysisHigure SB Optimal centrifugation parameters
and 90 min, respectivelffiqure SjLThese ndings indicate (30 min, 40000 rpm)Kigure B) and ICP resultsF{gure

that the UV laser can drive formation of nanoparticles and ag€) yielded to Si-NPs (mean size 7 nm) at a high yieldg312
associated with an situphotofragmentation processes, i.e.,mL>L. The productivity eciency of Si-NPs (<10 nm), i.eg,

the fragmentation of NPs into NPs of smaller size, by LP-PLAL®! o g mL>! |, after post-treatment, i.e., centrifugation,
(Figure B).® As to be demonstrated thereafter, the here largevas evaluated a72% Eigure € andFigure SA).

DLS valuesHigure 2 resulted from the fact that the scattered Si-NPs fabricated and post-treated were characterized for
light intensity from even a small number of residual largieir physicochemical properties. As indicafédlne A by
particles (i.e., not laser-fragmented) overshadows othBL.S measurements, the post-treated Si-NPs exhibited a mean
coexisting particles, ultrasmall NPs. Of note, the masize of (7+ 3) nm. Of note, larger cluster Si-NPs (i.e., not
productivity of Si-NPs increased non linearly with thdaser-fragmented) wereaogently removed in the centrifuga-
irradiation time in accordance with the interplay betweetion step as comémmed by DLS and absorption spectroscopy
ablation and photofragmentation procéSseaching a value (Figures S4 and S¥he Si-NPs morphology under TEM

of 433 g mL>! at irradiation time of 90 mirFigure 2 Red analysis of post-treated Si-NPs moad monodispersed
triangle) nanostructures (size7 nm) (Figure 5and TEM images in

Irradiation time (min)
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Figure 4(A) Hydrodynamic diameter from DLS analysis and (B) Absorption and emission of post-treated Si-NPs obtained by UV LP-LPA, black
and red line, respectively. (C) Surface zeta potential of Si-NPs colloidal solution by UV LP-PLA after post-treatment 8ot 400
cnrl) of post-treated Si-NPs obtained by UV LP-LPA.

Post-treated Si-NPs showed an absorbance sta6iifyy (
nm) with a dened shoulder around 350 nm that is in
accordance with the formation of ultrasmall S¥RPs.
(Figure B, black line) Of note, before post-treatment, the
absorption features of Si-NPs suspensions displayed a broad
band in the visible region indicating the presence of large Si-
NPs (i.e., not fragmentetf)(Figure Sy} Moreover, Si-NPs
(<10 nm) emission revealed a PL feature at 450-iguaré
4B, red line), and at 515 nrRigure SBunder excitation at
350 and 488 nm, respectively. The Si-NPs emission feature is
similar to those obtained previously usingreint multistep
approache$>° The excitation wavelength dependent photo-
luminescence is in line with those of surface-oxidized Si-NPs
features! which are attributed to the SiBefects statés.

Other reports attributed the PL origin to radiative centers from
quantum comement eects” or from the oxide, i.e.,. 5%
bonds, on the Si-NP surfate.

XPS analysis of Si-NPs indicatedS® Sionding surface
Figure 5.TEM observation of post-treated Si-NPs prepared by u\poverage \.Nlthom other Surfac_e _contamn?&ﬁ%(ﬁgqre Sp .
LP-PLA at various maggations. Scale bars (A) 100, (B) 50, (C) 20, FTIR studies commed 'the oxidized surfa_ce of SI.-NPS'WIth
and (D) 10 nm. features that are similar to those obtained usiegenli
approache$°°* (Figure D) The main band (1070 &) is
due to S$OSSi optical mode covering the partitles.

di erent grid areas Figure Sp The surface zeta potential of Numerous sharp peaks located at 808, @80 and 960
Si-NPs (<10 nm) displayed a valueSsfi(+ 4) mV (Figure ~ cn® corresponding to various SiOx bending ribde,
4C). The negative value results from the oxide-terminateﬁbnbridging SO bonds, SIOSSi bonds, and SOH
group on NPssurface, i.e., oxide layer less than IFiguré bending” were observed. Moreover, transitions were seen
S7, which helps the stabilization of the Si-NPs. As to baround 1630, 2260, and in the range 82660 cm’,
explained thereafter, the water solubility of Si colloids resutitributed to Si@H bendind,®> OxSi-H vibrations mod&s,
from the S$OSSi coating the particfes. and the GH vibrational modés, respectivelyRjgure S10
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Zebra sh Biological Screening.Exposure to Si-NPs ( behavior. Others reports on nanomaterials being either
10 nm) in zebrash was examined by treating embryos anontoxi€’ or toxi€¢® in nature induced a decrease in the
di erent concentration of Si-NPs (5, 10, 25, 50, and 100 ppni)eart beat number and swimming distince a ected
(Experimental Sect)oiThe di erent toxicological end points swimming parameters (velocity and activity fével).
were evaluated between 4 and 120Figfie S1)1 Figure 6 Abnormal activity induced by Si-NPs exposure was
displays the survival and the hatching rates (chorion aperturéiﬂamlned by embryos/larvae imaging test, at the late gastrula
(12 hpf), hatching (48 hpf), and completed developed larvae

stage (96 hpf).Kigure § Exposed embryos grew regularly
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B : : i i i Figure 7.(A) Bright- eld images of zebsh at 48 and 96 hpf treated
4 24 48 72 96 120 with 100 ppm of Si-NPs. Scale bars = 00T, tail. Ch, chorion; E,

eye; Ys, yolk sac. (B) Histograms of the percentage of abnormalities
with each type of malformations versus Si-NPs concentrations at 96
Figure 6.(A) Survival and (B) hatching rates of zedirafter Si-NPs hpf. HM, head'malformations; PCE, pericardial edema; YSE, yolk sac
treatment at various concentrativp ( 0.1 in comparison to the ~€dema; TF, tailexure; and FFn fold exure.

control).

Hours post fertilization (Hpf)

The survival rate showed a low decrease in a time amdesenting a low malformation incidence. Si-NPs indieced
concentration manner, with a sigant di erence respect to di erent types developmental defects, including pericardial
the control, between 48 and 72 Hpf(re ). The chorion edema (PCE), head malformation (HMjfold exure (FF),
aperture presented a behavior time and concentratiand yolk sac edema (YSE¥yiqure B). As Si-NPs
dependence, with no delay of the hatching rate of embryasncentration increased up to 100 ppm, the developmental
(Figure 8). The treated larvae hatched normally between 48efects percent reached 6% in the case of the pericardial edema
and 72 hpf. Of note, above 72 hpf a signt di erence f (red column), indicating a low toxicityeet of the Si-NPs
0.1) at 100 ppm was present in the hatching rate imprepared by our protocol. Comparabkres were observed
comparison to the control. These values indicated nontoxior polymer grafted Si-NPayhile others heavy-metal binary
e ects according to the normative law (OECD guidelines)compount® displayed up to 60% of PCE.

These toxicological end points, i.e., survival and hatching rateQptical Sectioning and Si-NPs Localization.The Si-
suggested the biosafety of ligand-free Si-NPs prepared by Nis biodistribution in zebsh was observed using SDCM
protocol with respect to chemically synthesized polymenicroscopy with optical sectioning capability, at thexeol
grafted Si-NPS. stages of zebsh growth: 24, 48, and 72 Hpifjures BSC

Furthermore, we examined the heart beat rate ofstebra show the maximum intensity projection of zebrambryos
larvae treated with Si-NPs at 72 hpf. The average value aif24 hpf treated with 25, 50, and 100 ppm of Si-NPs. Of note,
heartbeats decreased in a dose-dependent manner, withthhe embryos at this stage (24 hpf) were surrounded until 48
relevant dierence compared to the samples of coftimlie hpf by the chorion, a protective barrier. We can observe that
S12A. Also, the total swimming distance covered showed n8i-NPs in part accumulate on the chorion surface ofskebra
reduction whether compared to contrdisgure S12B embryos (green emissidigure § As shown irFigure ®,
Although silica NPs (>50 nm) presented sgarit the intensity emission pte becomes higher in agreement
bradycardid and altered larval locomotor actitfityur with Si-NPs concentrations (25, 50, 100 ppm). As to be

ndings indicated that Si-NPs have necteon the larval discussed thereafter, the Si-NPs emission enables localization
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Figure 8 Maximum intensity projections of embryos at 24 hpf treatedFigure 10.(A) Maximum intensity projection of the superior part of
with (A) 25, (B) 50, and (C) 100 ppm Si-NPs. Scale barsfi00  exposed larvae (100 ppm) at 72 hpf. Scale banb@8) Zoom of

(D) Curve of Si-NPsuorescence intensity vs concentration. the blood vessels, (C) zoom of the heart region, (D) zoom of the eye.
Scale bars ford® = 100 m.

studies during the zebsh development from 24 hpf until the
completed developed larvae. they enter in the eye crossing the blood ocular b&idgeard
Si-NPs translocation inside zetfi@mbryos and larvae was 10D). Additionally, Si-NPs photoemission observed in the
examined.Figure @& shows the uorescence intensity blood vessels and in the hedfig(re 1B, C) clearly
maximum projection of an embryo at 48 hpf treated wittlemonstrated that Si-NPs entered in the circulatory system
100 ppm of Si-NPs, wheréagure BSD represents three (seeVideo S), and by this way they could reachedint
single z-planes with a distance of 200, 400, andn§00 tissues and organs of the zedftaZebrash treated with only
respectively. We can observe that Si-NPs were successkilipryo medium as a control showed no sigté
internalized Figure 8, white arrows), and mostly accumu- uorescence at the threeaitent stages of growth investigated
lated in embryos yolk saddure €, white arrows). Although  (data not shown).
the zebrash embryo (at 48 hpf) was still protected by the
chorion, the presence of pore canals00 m in diameter), CONCLUSION
allowed the 10 nm Si-NPs prepared by our protocol tdn conclusion, we have reported on the fabrication and scale-
passively enter in the embty@n the contrary, others works up protocol of uorescent, ligand-free Si-NPs (individual Si
reported that dye-functionalized silica NPs (>50 nm, green aménoparticles,10 nm) via ultraviolet liquid-phase pulsed laser
red dye), i.e., no intrinsic NP emission, exposed tostebra ablation and their 3D biodistribution imaging and adverse
absorbed on the surface of the embryos chorion without beiegects studies, during early development sébembryos.
taken up and translocated in the embiyos. We showed that the Si-NPs hydrodynamic size was controlled
After the hatching at 72 hpf, in absence of chorion, thby the adjustment of laser irradiation time. Post-treatment
zebrash larvae were able to internalize the Si-NPs bprocess demonstrated the feasibility to obtain high yield, i.e.,
swallowing and absorption thorough the®SIGitNPs were 72%, and monodisperse 10 nm Si-NPs exhibiting photo-
deposited in the yolk sac and gut and appear to bemission in the blue-green spectral range. Furthermore, we
accumulated in the trunk of the larvagure 1D Other reported the nontoxicity, biosafety, and 3D imaging of ligand-
works showed that polymeric grafted Si-NPs were mainfsee Si-NPs in zebsh embryos and larvae by assessing
observed in the yolk s&Moreover, Si-NPs prepared by our multiple biological parameters: no toxicity of ligand-free Si-
protocol accumulated in the lens of the eye, suggesting thdlPs was found at the drent developmental stages even at

Z=600 um

Figure 9.(A) Maximum intensity projections of 48 hpf embryos treated with 100 ppm Si-NPs. Scalmbé&DPImages at derent depths
(step size = 200m). YS, yolk sac; E, eye; Ch, chorion.
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