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ABSTRACT: We demonstrate phototoxicity generated by silicon
quantum dot nanoparticles (SiQDNPs) using zebrafish as an
animal model. Having long exciton lifetime, the SiQDNPs can
function as photosensitizers which absorb incident optical light
and transfer the energy to oxygen molecules in close proximity,
generating cytotoxic singlet oxygens. First, the zebrafish embryos
were soaked in the SiQDNP suspension in E3 medium, while
being illuminated under blue light or kept in the dark for 6 h.
Through neutral red staining immediately afterward, the
illuminated embryos showed more prominent injuries at their
head, yolk sac and tail parts than those in the dark. Furthermore,
prolonged observation after the treatment revealed that the
illuminated embryos had mortality rates significantly higher than
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those without illumination, clearly showing the phototoxicity effect generated by the SiQDNPs. However, adverse effect due to
the immersion of whole embryos in the SIQDNP suspension was also observed. To alleviate this issue, minute amounts of the
SiQDNPs were microinjected to the embryos, followed by blue light illumination. By acridine orange staining subsequently, cell
apoptosis localized near the microinjection site was revealed, whereas no apoptosis was found for those also microinjected with
the SiQDNPs but without illumination. The phototoxicity effect demonstrated on zebrafish embryos in this work manifests the
potential of using the SIQDNPs as a photosensitizer for photodynamic therapy.
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B INTRODUCTION

Photodynamic therapy (PDT) is an emerging treatment
strategy for dermatological diseases and certain types of
cancers, owing to its low invasiveness and cytotoxicity.”* Upon
photoexcitation, a photosensitizer is excited into a singlet state,
followed by relaxation to a relatively long-lived triplet state
which further undergoes triplet energy transfer to a nearby
oxygen molecule, causing the oxygen molecule to be excited
from its ground triplet state (*0,) to excited singlet state
(*0,). As a form of reactive oxygen species (ROS), the singlet
oxygens, although not radicals, are highly reactive with
biomolecules and destructive to cell organelles. However,
due to their short diffusion length, which is estimated to be less
than 0.1 um,’ the phototoxicity of singlet oxygens is only
effective in localized regions where both the photosensitizer
and photoexcitation are present. In other words, in the absence
of light, a photosensitizer is generally considered benign. To
date, the U.S. Food and Drug Administration (FDA) has
approved the photosensitizer, porfimer sodium or Photofrin,
for PDT treatment of some skin and organ cancers. Besides,
several other PDT agents and their applications are being
evaluated in clinical trials.”’
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Organic dye molecules with tetrapyrrole backbones, mainly
porphyrins or porphyrinic derivatives, have been used as PDT
photosensitizers for decades. Nevertheless, extensive research
is still undergoing to further improve their chemical stability,
enable targeted delivery, and to reduce the side effect of
prolonged photosensitization, especially at the skin and eyes, as
a result of long elimination half-life.*® Meanwhile, some
organic photosensitizers, such as phthalocyanines, although
capable of generating singlet oxygens efficiently, are relatively
hydrophobic due to their inherent planar conjugated 7 bond
structures. Therefore, various nanovehicles, consisting of
liposomes, micelles and nanoemulsions,™® and inorganic
nanostructured hosts, such as silica nanorods and gold
nanoparticles,” "' have been used for improving their water
solubility. Besides, the photosensitizers loaded in the nano-
vehicles have a higher tendency of accumulation in tumors, due
to the enhanced permeability and retention (EPR) effect
resulting from the nanoscale particle size.''
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Figure 1. (A) Particle size distribution of the SIQDNPs dispersed in water, obtained by a dynamic light scattering method. (B) Transmission
electron microscope (TEM) image of one SiQDNP, which has irregular shape and mesoporous surface. The inset shows the electron diffraction
pattern of the entire SIQDNP. (C) High resolution transmission electron microscope (HRTEM) image taken at the SiQDNP surface. Clusters of
crystalline silicon quantum dots of diameters about S nm are clearly visible in the image. (D) Photographs of the SIQDNP suspensions in E3
medium with different concentrations (0, 25, 50, and 100 pg/mL, denoted as 1, 2, 3, and 4, respectively) under room light or 365 nm UV light. (E)
Absorbance spectra of the SIQDNP suspensions in E3 medium with different concentrations (0, 25, 50, and 100 yg/mL, from bottom to top). (F)
Photoluminescence (PL, red line) and photoluminescence excitation (PLE, blue line) spectra of the SiQDNP suspension in water (100 yg/mL).
(G) Time-resolved photoluminescence decay of the SIQDNP suspension in water (100 yg/mL, excited by 375 nm).

On the other hand, some nanostructures themselves can
function as photosensitizers, such as fullerenes, titanium oxide
nanoparticles, and semiconductor quantum dots."*”'* Com-
pared to organic counterparts, inorganic semiconductor
quantum dots as photosensitizers absorb excitation light
more efficiently due to their larger transition dipole mo-
ments.'”” More importantly, because they are much less
susceptible to photobleaching,16 the photosensitization process
can last longer under continuous illumination. However, the
photoexcited excitons in direct bandgap semiconductors, such
as CdSe and InP, tend to recombine rapidly, usually in tens of
nanoseconds, which is unfavorable to the triplet energy
transfer."”'” Furthermore, the heavy-metal elements of these
compound semiconductor quantum dots are cytotoxic,
arousing the concern of dark toxicity. The aforementioned
issues can be resolved by using silicon quantum dots. Owing to
the indirect bandgap nature of silicon and the long-lived
surface defect states of silicon quantum dots,"”™*' the exciton
lifetimes of silicon quantum dots, as measured by their time-
resolved photoluminescence decay, are relatively long, typically
from 10 to 30 us,”>*" which is more beneficial to the triplet
energy transfer. Moreover, silicon nanomaterials in general
have shown exceptional biocompatibility.”*>* With the help of
large surface areas, various silicon quantum dots and porous
silicon surfaces have demonstrated high efficiency of singlet
oxygen generation.17’24_26

The in vitro cell viability assay, which generally measures a
metabolic enzyme or an enzyme associated with the viable cell
number, is one of the most widely used methods to evaluate
the cytotoxicity effects of a drug”” However, a cellular
response cannot reflect the whole spectrum of biological
activities of a drug in a living animal. For example, the majority
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of intravenously injected quantum dots tend to end up being
accumulated in the mononuclear phagocyte system organs,
such as liver and spleen,”® and such observation cannot be
revealed merely by a cellular assay. Besides, due to the lack of
biokinetics, results obtained from in vitro studies cannot be
used directly to predict the responses of organisms to a drug
exposure. Therefore, in vivo studies using animal models are
the critical next step toward clinical trials.”” In recent years,
zebrafish has become a popular vertebrate animal model for
preclinical or toxicological studies, owing to its unique
characteristics, such as rapid embryonic development, optical
transparency, inexpensive husbandry, high fecundity rates,
short breeding cycles, and ease of genetic modifications.*’
Furthermore, zebrafish have genomes 70% analogous to
human ones, and possess key physiological structures, such
as digestive, nervous, and cardiovascular systems.”" Lastly, drug
efficacy and toxicity studies using a large population of
zebrafish embryos can be easily achieved, involving much less
cost and ethical concern than using other mammal models,
such as mice or rats.”” In addition, recent studies supported a
strong correlation of lethality in zebrafish embryos to toxicity
in adult fish,**~*° hence zebrafish embryos have also been used
as an alternative system to predict toxicity in adults.

In this work, we used zebrafish embryos as an animal model
to study the phototoxicity of singlet oxygens generated by
photosensitizing silicon quantum dot nanoparticles
(SiQDNPs). The zebrafish embryos were either soaked in
the SiQDNP suspension under photoexcitation or micro-
injected with the SiQDNP suspension followed by photo-
excitation. Through histological staining or morphological
observation, phenotypic abnormalities, such as skin wounds
and swollen hearts, of the treated zebrafish embryos were
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Figure 2. (A) Mortality rate of zebrafish embryos versus incubation time for different SiQDNP concentrations (0, 10, 20, 30, 40, and S0 pg/mL).
(B) Representative malformed zebrafish embryos treated with different SiQDNP concentrations. The malformed embryos are mainly characterized
by pericardial edema. All photographs were taken at the completion of 72 h of incubation. (C) Mortality rate at the completion of 120 h of

incubation versus the SIQDNP concentration.

observed, clearly showing the phototoxicity effect generated by
the SiQDNPs. Meanwhile, the general toxicity of the SIQDNPs
in the absence of light illumination was also evaluated.
Through restricted application, such as microinjection, the
general toxicity of the SiQDNPs was minimized. Although
phototoxicity against cancer cells has been demonstrated in
vitro by using similar porous silicon nanoparticles as
photosensitizers,”® the present work provides more insights
into how and where the SiQDNPs exerts their photosensitizing
effect on a vertebrate animal model, further manifesting the
potential of using the SIQDNPs as a photosensitizer for the
PDT application.

B EXPERIMENTAL RESULTS

The SiQDNPs were synthesized by using an electrochemical etching
method developed previously (Supporting Information (SI) Figure
$1).%° The SiQDNPs with irregular shapes had an overall particle size
distribution centered at around 200 nm (Figure 1A). Besides, the
SiQDNPs were featured with mesoporous surfaces (Figure 1B), on
which clusters of crystalline silicon quantum dots of diameters about $
nm can be clearly observed (Figure 1C). Noteworthily, rather than
the whole SiQDNP, only the silicon quantum dots on the SiQDNP
surface with sizes close to the exciton Bohr radius of silicon (4.9 nm)
are capable of emitting photoluminescence.”” All SIQDNPs used in
this work were functionalized with highly hydrophilic sulfonate groups
(SI Figure S2), such that the SiQDNPs were able to form uniform
and stable suspension in E3 medium, which the zebrafish embryos
were either soaked in or microinjected with. While E3 medium is
colorless, the SIQDNP suspension in E3 medium carried a pale yellow
tint (Figure 1D), as a result of the suspension’s relatively high
absorption in the blue and ultraviolet (UV) wavelengths (Figure 1E).
When under the illumination of 365 nm UV light, the SiQDNP
suspension emitted bright orangish photoluminescence (PL) with a
peak wavelength located at 630 nm (Figure 1F). After being stored at
4 °C for 10 days, the SIQDNP suspension maintained about 60% of
its initial PL intensity (SI Figure S3). Furthermore, after 6 h of high
intensity (34 mW/cm*) 450 nm blue light illumination, which was the
light treatment dosage used for the phototoxicity assay in this work,
the SiQDNPs were still photoluminescent, retaining about 14% of its
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initial PL intensity (SI Figure S4). The PL mechanism of the
SiQDNPs is briefly described as follows: the photoexcited electron—
hole-pairs are first fast (in picoseconds) trapped to the oxide-related
defect states located on the silicon quantum dot surface, and then
recombined slowly (in microseconds) via the defect states to emit PL
photons.”® Consequently, the SiQDNPs have a long PL lifetime,
about 13.56 us (Figure 1G and SI Figure SS), which is more than 2
orders of magnitude longer than that of commonly used CdSe
quantum dots which emit PL mainly through direct band-to-band
recombination. The oxide-related defect states on the silicon quantum
dot surface likely result from the formation Si—O—Si bonds,"” ™'
their presence can be indicated by the strong infrared absorption in
the wavenumber range from 950 to 1300 cm™" (SI Figure S2).

By taking advantage of the slow decaying PL of the SiQDNPs,
time-gated fluorescence imaging, which removes nearly all back-
ground autofluorescence, has been achieved.’® On the other hand, in
this work we employed the SiQDNPs as photosensitizers to generate
singlet oxygens, in view of the SiQDNPs’ long exciton lifetime which
favors the triplet energy transfer. The singlet oxygen generation
quantum efficiency of the SiQDNPs was measured to be about 2.2%
in ethanol, by using a white light emitting diode (LED) lamp as the
excitation light source, 1,3-diphenylisobenzofuran (DPBF) as the
singlet oxygen probe and Rose Bengal (RB) with a known quantum
efficiency (86% in ethanol) as the reference (SI Figure S6). The white
LED lamp was used because of its wide spectral range which covers
the absorption spectra of both the SiQDNPs and RB. Furthermore,
during the quantum efficiency measurement the white LED lamp was
covered with a 455 nm long-pass filter for minimizing the absorption
and photobleaching of DPBF. Recently, quantum efficiencies of 5—
10% for similar porous silicon nanoparticles dispersed in ethanol have
been reported.”® Considering that the SiQDNPs can only be
efficiently excited at wavelengths shorter than 500 nm, as revealed
by the photoluminescence excitation (PLE) spectrum (blue curve in
Figure 1F), the excitation light emitted from the white LED lamp at
wavelengths longer than 500 nm, although being absorbed by the
SiQDNPs, does not contribute to the generation of singlet oxygens
effectively. Therefore, for the following animal studies, we used a 450
nm blue LED lamp as the photoexcitation source, with which the
SiQDNPs can generate singlet oxygens more efficiently than under
optical excitation at longer wavelengths (SI Figure S7). In addition,
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compared to UV light, the blue light is less harmful to the zebrafish
embryos.

Prior to the phototoxicity studies, we first investigated the general
toxicity of the SiQDNPs to zebrafish embryos. To do this, embryos at
the age of 26 h post fertilization (hpf) were dechorionated and soaked
in the SiQDNP suspensions in E3 medium with six different
concentrations (0, 10, 20, 30, 40, and 50 ug/mL) for up to 120 h,
during which the mortality and malformation rates were recorded
every 24 h under a stereomicroscope. The embryos were kept in the
dark constantly, and the SiQDNP suspensions were renewed every 24
h. For each dose, the experiment was repeated three times, with 40
embryos used each time. After the first 24 h of incubation, the
mortality rate was from 2% to 12% as the concentration increased
from 10 to SO pg/mL (Figure 2A), and no obvious malformation of
embryos was observed. When the incubation time was extended to
more than 24 h, the mortality rates went up, and the appearance of
malformed embryos, which are mostly manifested with pericardial
edema, became apparent (Figure 2B). At the completion of 120 h, the
mortality rate increased to 47% for the SIQDNP concentrations equal
to 40 ug/mL (Figure 2C), which can be approximated as the 120 h
LCy, for the SiQDNPs. Previous studies have shown that carbon-
based nanomaterials, such as carbon nanotubes (CNT) and fullerene,
which are generally considered biocompatible, have 48 h LC, higher
than 200 Mg/mL.40 When the SiQDNPs were incubated with E3
medium alone for 24 h at 28 °C, owing to the nanoparticles’ highly
hydrophilic surface passivation, the suspension was stable and no
aggregation of the SiQDNPs occurred. In contrast, after the SIQDNPs
were incubated with zebrafish embryos for 24 h at 28 °C, some
SiQDNPs were found agglomerated and precipitated (SI Figure S8).
Since during the incubation, the majority of the embryos tended to
stay at the bottom of the plates where the agglomerated SiQDNPs
were deposited, the actual SiQDNP concentrations experienced by
the embryos could be higher than the concentrations originally
prepared. This can be a major cause for the relatively low LCsj for the
SiQDNPs.

To study the phototoxicity effect generated by the SiQDNPs, 26-
hpf zebrafish embryos were soaked in the SiQDNP suspensions in E3
medium with five different concentrations (0, 10, 20, 30, and 40 ug/
mL), while being kept either under 450 nm blue LED light
illumination or in the dark for 6 h. Note that neither agglomeration
nor precipitation of the SiQDNPs was observed after the 6 h
incubation either under light or in the dark. Subsequently, all zebrafish
embryos were carefully rinsed with fresh E3 medium, and then stained
with neutral red which highlights the apoptotic epidermal cells."'
Based on the magnitude and distribution of the red color marks,
particularly located at the head, yolk sac, and tail parts, a neutral red
staining level from 1 to 4 was determined for each zebrafish embryo
(Figure 3A). For each SiQDNP concentration, the above experiment
was repeated five times, with 40 embryos used each time. As a result,
an average neutral red staining level was obtained for each SiQDNP
concentration (Figure 3B). The effect of phototoxicity, as evidenced
by the average staining level difference between the light and dark
curves, became prominent when the SiQDNP concentration was
higher than 30 pug/mL.

To further study the effects of the skin cell damages, after the same
6 h incubation with the SiQDNPs, the zebrafish embryos were
carefully rinsed with fresh E3 medium and then transferred to E3
medium only, followed by morphological observation under the
stereomicroscope every 12 h up to 96 h. During the observation,
malformation and mortality rates of the zebrafish embryos were
recorded (Figure 4A). At the SiQDNP concentrations equal to 0 and
20 pug/mL, the mortality rate was zero and almost no malformation
was observed. In other words, the minor skin wounds on the zebrafish
embryos, corresponding to the 20 yg/mL data in Figure 3B, did not
lead to malformation and could eventually heal. When the SiQDNP
concentration was increased to 40 pg/mL, the mortality rates of
embryos incubated under light and in the dark increased to about 30%
and 6% at 96 h, respectively. Furthermore, the rates of malformations
(manifested as swollen hearts as shown in Figure 4B) reached the
highest at 12 h and then gradually declined to about the same as the

2875

. Qo
(S g4
>ig £g ?
£8
. Z&s o
}Q?ﬁ. ........... &) g
TE2 +
A Level 2 58 "
g T gs! "o
; I
Level 3 59
o >
zZ%0 »
‘ 0 Jo 20 30 40 SO
Level 4

SiQDNP Concentration (ug/mL)

Figure 3. (A) Zebrafish embryos with different levels of neutral red
staining which reflects different degrees of skin damages: at level 1,
only the head is stained; at level 2, both the head and yolk sac are
stained; at level 3, the head, yolk sac, and tail are all stained; at level 4,
the whole body is stained, and the abnormal embryo usually dies
shortly after the staining. (B) Average neutral red staining levels for
zebrafish embryos which were incubated with the SiQDNP
suspensions of different concentrations (0, 10, 20, 30, and 40 ug/
mL), while being illuminated under 450 nm blue LED light with
intensity equal to 34 mW/cm® (blue squares) or kept in the dark
(black diamonds) for 6 h.

mortality rates. In other words, while some of the embryos with more
serious skin wounds, corresponding to the 40 yg/mL data in Figure
3B, died shortly after the 6 h incubation, the rest of the embryos
gradually recovered to normal. This recovery phenomenon indicates
that the embryos have enough plasticity and regeneration abilities to
restore the SIQDNP-induced impairments in case they are not too
severe. When the SiQDNP concentration was further increased to 60
and 80 pg/mL, the zebrafish embryos incubated in 6 h of darkness
behaved similarly to that at 40 pg/mL, except that the mortality rates
became a little higher. However, for the embryos incubated under 6 h
of light, the mortality rates drastically jumped to almost a hundred
percent. At 96 h, the mortality rates difference between light and dark
was the largest at 60 ug/mL (Figure 4C). Such distinguishable
difference confirms the SiQDNP’s efficacy to generate phototoxicity
and potential as a photosensitizer for the PDT application.
Noteworthily, in the absence of the SIQDNPs, the 6 h blue light
illumination itself has resulted in no adverse effect to the embryos (as
shown by the 0 yg/mL data in Figure 3B and Figure 4A).

Lastly, to study whether the observed phototoxicity resulted from
singlet oxygens or localized heating, a control experiment using
nonluminescent silicon nanoparticles (SiNPs) was conducted (SI
Figure S9). The SiNPs, which were synthesized by a high energy ball
milling method, had about the same particle size distribution and
surface chemistry as the SiQDNPs, but without silicon quantum dots
attached on the surfaces. Therefore, the SiNPs had no photo-
luminescence. Following identical experimental procedures, the
malformation rates were found minimal for the zebrafish embryos
incubated in the SiNP suspensions which absorbed even more
amount of the 450 nm excitation light. Furthermore, the heating of
the SiQDNP suspensions due to the light illumination was
characterized (SI Figure S10). Temperature increases of less than 5
°C, which are usually well tolerable for the zebrafish embryos, were
observed for all SIQDNP concentrations including E3 medium only.
In other words, there was no correlation between the amount of
temperature increase and the SIQDNP concentration. In view of the
experimental results presented here (SI Figures S9 and S10) and the
confirmation of singlet oxygen generation of the SiQDNPs (SI
Figures S6 and S7), we may conclude that the phototoxicity observed
in this work should mostly result from singlet oxygens rather than
localized heating.

The above studies demonstrate that the SIQDNPs can generate
cellular phototoxicity in a live animal, as evidenced by the increased
skin damages and the subsequent enhanced mortality rates of
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Figure 4. (A) Mortality rate (upper row) and malformation rate (lower row), including mortality, versus observation time for zebrafish embryos
which were incubated with the SIQDNP suspensions of different concentrations (0, 20, 40, 60, and 80 yg/mL), while being illuminated under 450
nm blue LED light with intensity equal to 34 mW/cm? (blue squares) or kept in the dark (black diamonds) for 6 h. The time 0 is set as the time
immediately after the 6 h incubation. (B) Representative normal, malformed and dead zebrafish embryos. (C) Mortality rates recorded at 96 h after
the 6 h incubation with different SiQDNP concentrations (0, 20, 40, 60, and 80 yg/mL) under the blue light (blue squares) or in the dark (black

diamonds).
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Figure S. (A) Fluorescence and bright filed images of zebrafish embryos microinjected with the SiQDNP suspension at the dorsal trunk regions,
followed by illumination under 450 nm blue LED light with intensity equal to 34 mW/cm? or keeping in the dark for 6 h. The white triangles
indicate the microinjection sites. (B) Malformation rates, including mortality, of zebrafish embryos at 96 h, after microinjection of either the
SiQDNP suspension or the E3 medium and then shining with blue light or keeping in the dark for 6 h.

zebrafish embryos soaked in the SiQDNPs along with blue light
illumination. However, the toxicity in the absence of light illumination
was also present and increased proportionally to the SiQDNP
concentration. We speculate that this was due to the application of the
SiQDNPs on whole embryos through the soaking method. To avoid
full-body exposure, minute amounts (2 nL) of the SiQDNP
suspension (1 mg/mL) were microinjected to zebrafish embryos,
followed by shining with the same 450 nm blue LED light or keeping
in the dark for 6 h. Immediately after the treatment, the embryos were
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stained with acridine orange to visualize the interior apoptotic cells.*”
Fluorescence microscopic examination revealed that the embryos with
their dorsal trunk region microinjected with the SiQDNPs and then
illuminated by the blue light showed obvious green fluorescent marks
near the microinjection sites (Figure SA, upper row). Whereas, the
embryos with the same microinjection but without light illumination
showed no fluorescence signal (Figure SA, lower row). Moreover, the
embryos microinjected with the SiQDNP suspension or the E3
medium showed nearly zero rate of malformation or mortality up to
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120 h after the 6 h illumination (Figure SB). These results support
that a localized and minute amount of the SiQDNPs, although
exerting prominent phototoxicity to the tissues around the injection
site, brings negligible toxicity to the embryo as a whole organism.

B CONCLUSION

In summary, we used zebrafish embryos as an animal model to
demonstrate phototoxicity generated by photosensitizing
SiQDNPs which had a long exciton lifetime of about 13.56
us and singlet oxygen generation quantum efficiency of about
2.2% in ethanol. For the embryos continuously soaked in the
SiQDNP suspension in E3 medium, the 120 h LCs, of the
SiQDNPs was estimated to be about 40 pg/mL. To
demonstrate the phototoxicity effect, the embryos are soaked
in the SiQDNP suspensions of various concentrations, while
being illuminated under 450 nm blue LED light or kept in the
dark for 6 h. Through neutral red staining immediately after
the 6 h incubation, which highlights apoptotic epidermal cells,
the phototoxicity effect, as evidenced by the average neutral
red staining level difference between light and dark, becomes
prominent when the SiQDNP concentration is higher than 30
pug/mL. Furthermore, at 96 h after the 6 h incubation, the
illuminated embryos show mortality rate about S times higher
than those in the dark when the SiQDNP concentration is
equal to 60 pg/mL. To lower the toxicity due to immersion of
whole embryos in the SiQDNP suspension, minute amounts of
the SiQDNPs are microinjected to the embryos, followed by
shining with 450 nm blue LED light or keeping in the dark for
6 h. Immediately afterward, the embryos are stained with
acridine orange to visualize the interior apoptotic cells. The
illuminated embryos exhibit obvious green fluorescent marks
around the microinjection sites, whereas no fluorescence signal
is found for the embryos kept in the dark, indicating that the
microinjected SiQDNPs, while being capable of generating
phototoxicity, cause negligible toxicity to the embryos in the
absence of light. The SiQDNP phototoxicity demonstrated on
zebrafish embryos in this work manifests the potential of
applying the SiQDNPs as a photosensitizer for the PDT
application.
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