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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 picosecond
pulses at ultraviolet wavelengths. Results showed that the irradiation time drives
hydrodynamic NP size. Isolated, monodisperse Si-NPs are obtained at high yield (72%)
using post-treatment process. The obtained Si-NPs have an average size of� 10 nm (not
aggregated) and display photoemission in the green spectral range. We directly
characterized the ligand-free Si-NPs in a vertebrate animal (zebra� sh) and assessed their
toxicity during the development.In vivoassay revealed that Si-NPs are found inside in all
the early life stages of embryos and larvae growth, showing that the biosafety of Si-NPs
and malformation types are independent of the Si-NP dose. Si-NPs were directly imaged
inside developing embryos by spinning disk-imaging technique with optical sectioning
capability. We showed that Si-NPs can passively enter inside embryos by the pore canals
of chorion, can di� use in the circulatory system, i.e., blood vessel, and accumulate inside
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 liquid,
biological materials, toxicology, translocation, blood barrier, biological imaging,� uorecence imaging, optical materials

� INTRODUCTION

Semiconductor nanomaterials have gained attention for
biomedical applications in imaging, drug delivery, and
regenerative medecine.1,2 They can also potentially be used
as multimodal agents in clinics, including photosensitizer,
photoacoustic, ultrasound, and magnetic resonance imag-
ing.3Š7 However, a major concern limiting their medical
applicability is the toxicity related to the traditional heavy-
metal nanoparticle,8 and the identity of the ligand itself,9 i.e.,
surface chemistry. Silicon nanomaterials (Si-NPs) o� er
advantages of being composed elementally of nontoxic
materials, biodegradable, essential human trace elements, and
known to be metabolized by the body.10Š14 Si-NPs possess
strong absorption, size-tunable� uorescence emission, and
good photostability, making them a promising nanoplatform
for use as� uorescence imaging labeling,15Š17 delivery
vector,18Š20 and theranostic agents for personalized biomedi-
cine.21,22 Previous works have shown that Si-NPs can be used
in cancer applications, such as tumor targeting and lymph node
biopsy,17 but also as self-tracking vehicles for delivering

interfering RNA (siRNA) into tumor cells18 and quercetin
anticancer drug.19

Whereas chemical routes23 prevail in Si-NP synthesis
methods, others high-throughput and low-cost techniques
including biomimetic green strategy24 and physical ap-
proaches11,20 o� er practical alternatives. In particular, liquid
phase pulsed laser ablation (LP-PLA) permits the production
of nanomaterials25Š28 whose surface is free of any contam-
ination, under biomolecule-friendly conditions.29,30 Besides
that, LP-PLA approaches enable in one step the surface
modi� cation with molecules such as DNA,29 protein,15,30 and
amino-silane.25 Brie� y, a laser beam is focused onto the surface
of a bulk material placed in aqueous medium. The nanoma-
terials growth mechanisms include nuclei, phase and kinetic
transformations.31 The morphology of the laser-synthesized
silicon-based nanomaterials can be adjusted by changing the
initial concentration,21,32,33 the laser power,34,35 the irradiation
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time,36,37 the laser wavelength,36,38 the pulse duration,39 or
post-treatment.40 Bagga et al. reported Si-NPs-antibody
nanoconjugates prepared by LP-PLA that can be used as
universal secondary biomarkers forin vitrobioapplications.15 It
has been demonstrated that Si-NPs prepared by LP-PLA can
act as radiofrequency hyperthermia21 and photodynamic
agents22 for cancer therapy. Uncoated 40 nm Si-NPs prepared
by LP-PLA are more e� cient as RF-radiation sensitizers than
those prepared by conventional method.21

Exposure to silicon-based nanomaterials in living tissues and
organism is usually performed by administration of Si colloidal
suspension. Several studies of silica nanomaterials, also known
as silicon dioxide, have shown strong in� uences of size, shape,
and concentration on the toxic behavior.41 Only few reports
concerned thein vitro17,42,43 and in vivo44,45 Si-NPs studies,
including toxicity,morphological and functional criteria.
Studies found that the toxicity depends on the NPs size and
surface chemistry and can lead to mitochondrial disruption and
reactive oxygen species (ROS) production.42 Even if Si-NPs
displays promising toxicity pro� les, studies in more complex
biological systems such as zebra� sh (Danio Rerio) are essential
to con� rm toxicity concerns.46Š48 Zebra� sh possess several
peculiarities in comparison to other vertebrate species (e.g.,
mouse). Embryos develop quickly, within 72 h post
fertilization (hpf), with well-characterized developmental
stages. It presents a high homology in physiology and
molecular mechanisms to those of higher vertebrates, including
humans.49 So far, exposure to silica nanomaterials in zebra� sh
has been discussed.50,51 Duan et al. showed that 60 nm silica
nanoparticles in zebra� sh induce high mortality, di� erent types
of malformations, and reduced locomotor activity.50 Others
works revealed that dye-functionalized silica nanoparticles
(>50 nm, green and red dye) do not internalize in zebra� sh,
and mostly accumulated on the chorion surface.51 Recently, it
has been reported that nanomaterials surface have a role in NP
toxicity, i.e., the ligand identity itself can in� uence toxicity.9

Even minimal ligand such as poly(allylamine hydrochloride)
are demonstrated to cause signi� cant toxicity when function-
alized to nanoparticle.9 Thus, suitable NPs, i.e., free of toxic
chemicals at the surface, are requested for translation into
clinical setting.

Here, we report on the fabrication and scale-up protocol of
ligand-free Si-NPs (� 10 nm) with photoemissive properties
fabricated by LP-LPA, for studying their biodistribution
imaging and long-term e� ects, i.e., toxicity, in early develop-
ment zebra� sh. Exposure to Si-NPs in zebra� sh during the
development are investigated in terms of survival and hatching
rates, heart beat rate, locomotor activity, and potential
presence of malformations. Our results indicate that Si-NPs
have negligible toxicity to the zebra� sh embryos at the
concentrations tested (5Š100 ppm). Further, thein vivo
biodistribution and functionality of Si-NPs are determined in
zebra� sh during the development by means of spinning disk-
imaging technique with optical sectioning capability.

� EXPERIMENTAL SECTION
Fabrication and Characterization of Ligand-Free Si-NPs.Si-

NPs were prepared by ultraviolet picosecond laser ablation of silicon
target in milli-Q water, as described previously.36 Brie� y, a Si material
bulk (Alpha Aesar, 99.999%, Radius 6 mm, Height 10 mm), was put
on the bottom of a glass cuvette� lled with 2 mL of deionized water.
Laser beam from Nd:YAG picosecond laser (Continuum Leopard
system, 355 nm, 20 ps, 120 mJ, 20 Hz) was focused with the use of a

300 mm lens below the target surface (10 mm). Laser� uence of 3.5 J
cmŠ2 was chosen to optimize the generation of NPs.36 The target was
rotated at a velocity of 1 mm sŠ1 for uniform ablation. The thickness
of the liquid layer above the Si bulk was around 13 mm.

Size separation of the as-synthesized Si-NPs solution was achieved
by ultracentrifugation (OPTIMA centrifuge with a TLA-55 Fixed
Angle Rotor). In detail, the as-synthesized Si-NPs solution (1000� L)
was centrifuged by tuning the parameters (rpm, 10 000Š40 000; time,
10Š60 min). As result of the centrifugation, large Si-NPs deposit on
the bottom of the cuvette (pellet, 100� L), whereas the solution
containing ultrasmall Si-NPs (supernatant, 900� L) was separated and
transferred into a blank glass vessel. Before analysis, supernatant and
pellet were� nally taken up in 1000� L of dH2O.

The concentration of Si-NPs, i.e., as-synthesized, supernatant, and
pellet, was evaluated using ICP 6300 optical emission spectrometer
(Thermos scienti� c). For that, Si-NPs (100� L) was placed in Aqua
Regia as described in detail in previous work.30 The values were
expressed in ppm (� g mLŠ1), with error signi� cance less than 0.5%.
Hydrodynamic diameter and zeta potential analysis of the Si-NPs
were analyzed by a Zetasizer Nano ZS (Malvern Instruments).
Triplicate measurements of the samples was performed and analyzed
using Smoluchowski model.30

The morphology of Si-NPs was investigated using a transmission
electron microscope, TEM (100 kV JEOL Jem1011). High-resolution
transmission electron microscopy, HR-TEM (200 kV JEOL JEM
2200FS) analyses were done as described in detail in previous
report.30 TEM and HR-TEM samples were prepared by depositing
the solution onto a 300 mesh copper grids. Optical properties, i.e.,
absorption and photoluminescence, were investigated using a
spectrophotometer (Cary 6000) and spectro� uorometer (Fluoroma-
4, Jobin Yvon-Horiba). The chemistry of Si-NPs was investigated
using a Fourier transform infrared spectrometer (FTIR, Bruker 80 V).
X-ray photoelectron spectroscopy (XPS) analysis were investigated
using an AXIS Ultra DLD spectrometer (Kratos, CasaXPS software,
version 2.3.16).27

Zebra� sh Maintenance. Wild type zebra� sh were kept at
standard laboratory conditions.52 Brie� y, embryos were obtained by
photoinduced spawning, collected at 4Š5 hpf, and rinsed several
times with embryo medium.

Biosafety Evaluation. Healthy eggs were selected at 4 hpf by
using a stereomicroscope (Zeiss Microscopy, Discovery.V8,) and
exposed to di� erent Si solutions (5, 10, 25, 50, and 100 ppm) for 4Š
120 hpf following previous protocol.52 The di� erent Si concentrations
were prepared by diluting an initial 100 ppm Si solution and
controlled by ICP-OES technique. Survival, hatching and heart beat
rates, malformations, and locomotor activities were analyzed using the
stereomicroscope (CCD camera) at various points time. The
locomotor activity was recorded in larvae at 96 hpf, as previously
reported by Duan et al.50

Uptake and Imaging. After treatment with Si-NPs, zebra� sh at
24, 48, and 72 hpf incubated with 25, 50, and 100 ppm of Si-NPs were
rinsed three times and anesthetized with tricaine (Sigma). Zebra� sh
were put in a Petri� lled with embryo medium. The imaging was
performed with a spinning-disk confocal microscope (SDCM)
endowed with a Yokogawa CSU-X1 confocal scanning unit (FITC
� lter) and an Andor iXon EMCC (Quantum e� ciency >90%). A
Nikon CFI Plan Fluor 4X/0.2 air objective was used for� uorescence
measurements. A 488 laser was used to excite the nanoparticles and
the emitted light was acquired in the range of 520Š600 nm. The
exposure time of all images was 100 ms. This technique provided
optical section capability, low photo damage and fast imaging speed,
suitable for 3D imaging of zebra� sh. A total of six samples for each
concentration and developmental stages were observed and imaged.
All zebra� sh assays were carried out in compliance with the revised
law 2010/63/EU.

Statistical Analysis. The values are reported as means± the
standard deviation from three independent experiments, and the data
were analyzed as previously reported.48
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� RESULTS AND DISCUSSION
Si-NPs suspensions were fabricated by laser ablation of Si bulk
directly in milli-Q water using ps pulses at ultraviolet
wavelength (355 nm). (Figure 1) The Si-NPs hydrodynamic

diameter was monitored by the irradiation time adjustment. As
demonstrated inFigure 2by DLS analysis, Si-NPs suspensions

exhibited a hydrodynamic size of (350± 200) nm, (270±
110) nm, and (155± 40) nm at an irradiation time of 5, 20,
and 90 min, respectively. (Figure S1) These� ndings indicate
that the UV laser can drive formation of nanoparticles and are
associated with anin situphotofragmentation processes, i.e.,
the fragmentation of NPs into NPs of smaller size, by LP-PLA
(Figure 1B).36 As to be demonstrated thereafter, the here large
DLS values (Figure 2) resulted from the fact that the scattered
light intensity from even a small number of residual large
particles (i.e., not laser-fragmented) overshadows other
coexisting particles, ultrasmall NPs. Of note, the mass
productivity of Si-NPs increased non linearly with the
irradiation time in accordance with the interplay between
ablation and photofragmentation processes,36 reaching a value
of 433� g mLŠ1 at irradiation time of 90 min. (Figure 2, Red
triangle)

To guarantee e� ective uptake, uncoated Si-NPs size below
20 nm regime is ideal.53 The removal of the residual large Si-
NPs (i.e., not laser-fragmented) was evaluated by centrifuga-
tion protocols (rpm, time). (Figure 3A, B andFigure S2) The

process was completed after 30 min at 40 000 rpm leading to
Si-NPs with a hydrodynamic diameter (<10 nm) (Figure 3B).
Of note, the process is inoperative at 10 000 r.p.m. even for
long centrifugation times (Figure 3A). The Si concentration in
the supernatant (� g mLŠ1

SN) with respect to the one in the
initial solution (� g mLŠ1

Init), i.e., 433� g mLŠ1 (Figure 2, t =
90 min), was evaluated by ICP-EOS analysis.Figure 3C shows
that the percentage ratio (� g.mLŠ1

SN/ � g.mLŠ1
Init) reaches a

value around 72% and 45% after a centrifugation time of 30
and 60 min, respectively. These results are supported by pellet
ICP analysis (Figure S3). Optimal centrifugation parameters
(30 min, 40 000 rpm) (Figure 3B) and ICP results (Figure
3C) yielded to Si-NPs (mean size 7 nm) at a high yield, 312� g
mLŠ1. The productivity e� ciency of Si-NPs (<10 nm), i.e.,� g
mLŠ1

SN/ � g mLŠ1
Init, after post-treatment, i.e., centrifugation,

was evaluated at� 72% (Figure 3C andFigure S3A).
Si-NPs fabricated and post-treated were characterized for

their physicochemical properties. As indicated inFigure 4A by
DLS measurements, the post-treated Si-NPs exhibited a mean
size of (7± 3) nm. Of note, larger cluster Si-NPs (i.e., not
laser-fragmented) were e� ciently removed in the centrifuga-
tion step as con� rmed by DLS and absorption spectroscopy
(Figures S4 and S5) The Si-NPs morphology under TEM
analysis of post-treated Si-NPs con� rmed monodispersed
nanostructures (size� 7 nm) (Figure 5and TEM images in

Figure 1.(A) Si-NPs suspensions fabricated by ps UV laser ablation
of Si bulk in water. (B) Illustration of thein situphotofragmentation
e� ect during laser ablation process.

Figure 2.Hydrodynamic size (black circle) and Si productivity (Si
concentration,� g/mL, red triangle) as a function of irradiation time
of Si colloidal solution prepared by UV LP-PLA at a� uence energy,
3.5 J cmŠ2. Error bar includes the Si colloids bimodal distribution
(Figure S1B). Error bar is included in the symbol for Si productivity.

Figure 3.Hydrodynamic size of Si-NPs in the supernatant (SN) after
centrifugation at (A) 10 000 and (B) 40 000 rpm as a function of the
time. At 40 000 rpm, 15 min, two hydrodynamic sizes are observed, as
shown by DLS analysis (Figure S2B). (C) Percentage ratio of Si
concentration between the supernatant (� g mLŠ1

SN) and the initial
solution (� g mLŠ1

Init) evaluated by ICP-EOS after centrifugation
treatment (10 000 rpm, 40 000 rpm) for di� erent centrifugation time.
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di� erent grid areas inFigure S6). The surface zeta potential of
Si-NPs (<10 nm) displayed a value of (Š41 ± 4) mV (Figure
4C). The negative value results from the oxide-terminated
group on NPs’ surface, i.e., oxide layer less than 1 nm (Figure
S7), which helps the stabilization of the Si-NPs. As to be
explained thereafter, the water solubility of Si colloids results
from the SiŠOŠSi coating the particles.25

Post-treated Si-NPs showed an absorbance starting (� 600
nm) with a de� ned shoulder around 350 nm that is in
accordance with the formation of ultrasmall Si-NPs.34,54

(Figure 4B, 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 fragmented).34 (Figure S4). Moreover, Si-NPs
(<10 nm) emission revealed a PL feature at 450 nm (Figure
4B, red line), and at 515 nm (Figure S8) under excitation at
350 and 488 nm, respectively. The Si-NPs emission feature is
similar to those obtained previously using di� erent multistep
approaches.54,55 The excitation wavelength dependent photo-
luminescence is in line with those of surface-oxidized Si-NPs
features,54 which are attributed to the SiOx defects states.56

Other reports attributed the PL origin to radiative centers from
quantum con� nement e� ects54 or from the oxide, i.e., SiŠO
bonds, on the Si-NP surface.57

XPS analysis of Si-NPs indicated a SiŠO bonding surface
coverage without other surface contamination.58,59 (Figure S9)
FTIR studies con� rmed the oxidized surface of Si-NPs with
features that are similar to those obtained using di� erent
approaches.54,60,61 (Figure 4D) The main band (1070 cmŠ1) is
due to SiŠOŠSi optical mode covering the particles.60

Numerous sharp peaks located at 800 cmŠ1, 880 and 960
cmŠ1 corresponding to various SiOx bending mode,61

nonbridging SiŠO bonds, SiŠOŠSi bonds, and SiŠOH
bending62 were observed. Moreover, transitions were seen
around 1630, 2260, and in the range 3200Š3650 cmŠ1,
attributed to SiOŠH bending,63 OxSi-H vibrations modes,64

and the OŠH vibrational modes,65 respectively (Figure S10).

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 D) FTIR pro� le (800Š1400
cmŠ1) of post-treated Si-NPs obtained by UV LP-LPA.

Figure 5.TEM observation of post-treated Si-NPs prepared by UV
LP-PLA at various magni� cations. Scale bars (A) 100, (B) 50, (C) 20,
and (D) 10 nm.
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Zebra� sh Biological Screening.Exposure to Si-NPs (�
10 nm) in zebra� sh was examined by treating embryos at
di� erent concentration of Si-NPs (5, 10, 25, 50, and 100 ppm)
(Experimental Section). The di� erent toxicological end points
were evaluated between 4 and 120 hpf (Figure S11). Figure 6
displays the survival and the hatching rates (chorion aperture).

The survival rate showed a low decrease in a time and
concentration manner, with a signi� cant di� erence respect to
the control, between 48 and 72 hpf (Figure 6A). The chorion
aperture presented a behavior time and concentration
dependence, with no delay of the hatching rate of embryos
(Figure 6B). The treated larvae hatched normally between 48
and 72 hpf. Of note, above 72 hpf a signi� cant di� erence (p �
0.1) at 100 ppm was present in the hatching rate in
comparison to the control. These values indicated nontoxic
e� ects according to the normative law (OECD guidelines).
These toxicological end points, i.e., survival and hatching rates,
suggested the biosafety of ligand-free Si-NPs prepared by our
protocol with respect to chemically synthesized polymer
grafted Si-NPs.66

Furthermore, we examined the heart beat rate of zebra� sh
larvae treated with Si-NPs at 72 hpf. The average value of
heartbeats decreased in a dose-dependent manner, with no
relevant di� erence compared to the samples of control (Figure
S12A). Also, the total swimming distance covered showed no
reduction whether compared to controls (Figure S12B).
Although silica NPs (>50 nm) presented signi� cant
bradycardia50 and altered larval locomotor activity,50 our
� ndings indicated that Si-NPs have no e� ect on the larval

behavior. Others reports on nanomaterials being either
nontoxic67 or toxic68 in nature induced a decrease in the
heart beat number and swimming distance68 or a� ected
swimming parameters (velocity and activity level).67

Abnormal activity induced by Si-NPs exposure was
examined by embryos/larvae imaging test, at the late gastrula
(12 hpf), hatching (48 hpf), and completed developed larvae
stage (96 hpf). (Figure 7) Exposed embryos grew regularly

presenting a low malformation incidence. Si-NPs induced� ve
di� erent types developmental defects, including pericardial
edema (PCE), head malformation (HM),� nfold � exure (FF),
and yolk sac edema (YSE) (Figure 7B). As Si-NPs
concentration increased up to 100 ppm, the developmental
defects percent reached 6% in the case of the pericardial edema
(red column), indicating a low toxicity e� ect of the Si-NPs
prepared by our protocol. Comparable e� ects were observed
for polymer grafted Si-NPs,66 while others heavy-metal binary
compound68 displayed up to 60% of PCE.

Optical Sectioning and Si-NPs Localization.The Si-
NPs biodistribution in zebra� sh was observed using SDCM
microscopy with optical sectioning capability, at three di� erent
stages of zebra� sh growth: 24, 48, and 72 hpf.Figures 8AŠC
show the maximum intensity projection of zebra� sh embryos
at 24 hpf treated with 25, 50, and 100 ppm of Si-NPs. Of note,
the embryos at this stage (24 hpf) were surrounded until 48
hpf by the chorion, a protective barrier. We can observe that
Si-NPs in part accumulate on the chorion surface of zebra� sh
embryos (green emission,Figure 8). As shown inFigure 8D,
the intensity emission pro� le becomes higher in agreement
with Si-NPs concentrations (25, 50, 100 ppm). As to be
discussed thereafter, the Si-NPs emission enables localization

Figure 6.(A) Survival and (B) hatching rates of zebra� sh after Si-NPs
treatment at various concentration (*p � 0.1 in comparison to the
control).

Figure 7.(A) Bright-� eld images of zebra� sh at 48 and 96 hpf treated
with 100 ppm of Si-NPs. Scale bars = 500� m. T, 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
hpf. HM, head malformations; PCE, pericardial edema; YSE, yolk sac
edema; TF, tail� exure; and FF,� n fold � exure.
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studies during the zebra� sh development from 24 hpf until the
completed developed larvae.

Si-NPs translocation inside zebra� sh embryos and larvae was
examined.Figure 9A shows the� uorescence intensity
maximum projection of an embryo at 48 hpf treated with
100 ppm of Si-NPs, whereasFigure 9BŠD represents three
single z-planes with a distance of 200, 400, and 600� m,
respectively. We can observe that Si-NPs were successfully
internalized (Figure 9B, white arrows), and mostly accumu-
lated in embryos yolk sac (Figure 9C, white arrows). Although
the zebra� sh embryo (at 48 hpf) was still protected by the
chorion, the presence of pore canals (� 500� m in diameter),
allowed the 10 nm Si-NPs prepared by our protocol to
passively enter in the embryo.69 On the contrary, others works
reported that dye-functionalized silica NPs (>50 nm, green and
red dye), i.e., no intrinsic NP emission, exposed to zebra� sh
absorbed on the surface of the embryos chorion without being
taken up and translocated in the embryos.51

After the hatching at 72 hpf, in absence of chorion, the
zebra� sh larvae were able to internalize the Si-NPs by
swallowing and absorption thorough the skin.69 Si-NPs were
deposited in the yolk sac and gut and appear to be
accumulated in the trunk of the larvae (Figure 10). Other
works showed that polymeric grafted Si-NPs were mainly
observed in the yolk sac.66 Moreover, Si-NPs prepared by our
protocol accumulated in the lens of the eye, suggesting that

they enter in the eye crossing the blood ocular barrier (Figure
10D). Additionally, Si-NPs photoemission observed in the
blood vessels and in the heart (Figure 10B, C) clearly
demonstrated that Si-NPs entered in the circulatory system
(seeVideo S1), and by this way they could reach di� erent
tissues and organs of the zebra� sh. Zebra� sh treated with only
embryo medium as a control showed no signi� cate
� uorescence at the three di� erent stages of growth investigated
(data not shown).

� CONCLUSION
In conclusion, we have reported on the fabrication and scale-
up protocol of� uorescent, ligand-free Si-NPs (individual Si
nanoparticles,� 10 nm) via ultraviolet liquid-phase pulsed laser
ablation and their 3D biodistribution imaging and adverse
e� ects studies, during early development zebra� sh embryos.
We showed that the Si-NPs hydrodynamic size was controlled
by the adjustment of laser irradiation time. Post-treatment
process demonstrated the feasibility to obtain high yield, i.e.,
� 72%, and monodisperse 10 nm Si-NPs exhibiting photo-
emission in the blue-green spectral range. Furthermore, we
reported the nontoxicity, biosafety, and 3D imaging of ligand-
free Si-NPs in zebra� sh embryos and larvae by assessing
multiple biological parameters: no toxicity of ligand-free Si-
NPs was found at the di� erent developmental stages even at

Figure 8.Maximum intensity projections of embryos at 24 hpf treated
with (A) 25, (B) 50, and (C) 100 ppm Si-NPs. Scale bars 500� m.
(D) Curve of Si-NPs� uorescence intensity vs concentration.

Figure 9.(A) Maximum intensity projections of 48 hpf embryos treated with 100 ppm Si-NPs. Scale bar 500� m. (BŠD) Images at di� erent depths
(step size = 200� m). YS, yolk sac; E, eye; Ch, chorion.

Figure 10.(A) Maximum intensity projection of the superior part of
exposed larvae (100 ppm) at 72 hpf. Scale bar 500� m. (B) Zoom of
the blood vessels, (C) zoom of the heart region, (D) zoom of the eye.
Scale bars for BŠD = 100� m.
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the higher concentration evaluated (100� g mLŠ1). The 3D
imaging capability analysis permitted us to observe that the 10
nm Si-NPs can passively enter inside embryos by pore canals
on the chorion, can di� use in the circulatory system, i.e., blood
vessel, and mostly accumulated in the zebra� sh yolk sac and
gut. Additionally, the accumulation of Si-NPs in the lens of the
eye indicated that they were able to enter in the eye, crossing
the blood ocular barrier. Our results evidently reported that
ligand-free Si-NPs (� 10 nm) possess high biosafety making
these nanoparticles appropriate for nanomedicine applications
and are promising as a versatile biocompatible nanotools for
� uorescence imaging and probing of biological systems.
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