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Silicon quantum dots delivered phthalocyanine for fluorescence
guided photodynamic therapy of tumor*
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Imaging-guided cancer therapy provides a simultaneous tumor imaging and treatment, which helps to eliminate the
excessive toxicity to the healthy tissues. For this purpose, multifunctional probes capable of both imaging and curing
are needed. In this work, we synthesize water-soluble silicon quantum dots (Si QDs) smaller than 5 nm. Such Si QDs
are used for delivering the hydrophobic drug phthalocyanine (Pc). The as-prepared Si/Pc nanocomposite particles show
efficient transmembrane delivery into cells and feasible biocompatibility. Moreover, these composite particles emit dual-
channel fluorescence signals even after cellular internalization and demonstrate robust photostability in the Si channel.
More interestingly, the Si/Pc composite particles show efficient photodynamic therapy effects against tumors both in vitro

and in vivo.
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1. Introduction

As an advanced therapeutic formula, imaging-guided
cancer therapy (IGCT) provides targeted treatment of tumors
under the guiding of the labelling probes, in order to eliminate
the excessive toxicity to the surrounding normal tissues and
to promote the therapeutic efficiency against cancer cells.!!=!]
Particularly, the fluorescence imaging-guided cancer therapy
(FIGCT) has attracted great interest due to the wide and grow-
ing applications of fluorescence in fundamental life sciences,
biomedicine and bioengineering fields.[*®! Multifunctional
probes are widely needed for both imaging and therapeutic ca-
pabilities.

A variety of strategies have been developed for multifunc-
tional probes, such as the FITC-labeled SiO, nanospheres, flu-
orescent protein-doped gold nanoparticle capsules and fluo-
rescent quantum dot-loaded phospholipid micelles.!”*! How-
ever, these materials are facing challenges including the com-
plicated procedures for carrier preparation and drug encap-
sulation, the large size (mostly 25-100 nm), limited cell up-
take efficiency, and/or poor photostability. The semiconductor
quantum dots, such as CdSe and CdTe nanoparticles, demon-
strate robust fluorescence and improved photostability com-
pared with most commercial fluorescence probes.!'%!31 Nev-
ertheless, they show inevitable cytotoxicity. Other types of
particles, such as Au and Ag nanoparticles, were also de-
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veloped for photothermal therapy of tumors or antimicro-
bial purposes.!'®!”] On the other hand, compared with these
heavy metal-based particles, the silicon nanostructures, in-
cluding nanodots, nanowires and nanospheres, have shown

[1.18-22] Moreover, the surface of the

feasible biocompatibility.
Si nanostructures can be easily functionalized for special pur-
pose such as targeted tumor therapy.!'323-231 Thus, they have
been developed for biosensing, bioimaging, and tumor therapy
applications. Water-dispersible Si quantum dots (Si QDs) with
relatively high quantum field (~ 25%) have recently been syn-
thesized by the reduction of (3-Aminopropyl)trimethoxysilane
in aqueous solution.!'?! The as-obtained Si QDs have a small
size below 5 nm, which ensures them to be renally cleared in
Vivo.

Here, we would like to testify the applications of such
Si QDs for FIGCT purpose. Phthalocyanine (Pc) is selected
as a representative drug which has shown photodynamic ther-
apy (PDT) effect of tumors.[?->° As most of the anti-tumor
drugs, Pc is water-insoluble and needs to be delivered into tu-
mor cells with water-dispersible carriers. Under the irradia-
tion of light at a certain wavelength, Pc is able to emit reactive
oxygen species (ROS) to kill the tumors. Furthermore, the flu-
orescence emission of Pc in the biological window range with
a near-infrared (NIR) wavelength promises its applications in
bioimaging.
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In this paper, we will show that the hydrophobic Pc can
be stably loaded to the Si QDs via facile preparation such as
physical adsorption or chemical binding. The as-obtained Si
QD-based composite nanoparticles show robust dual-channel
fluorescence signals for imaging and obvious PDT effect of tu-
mors both in vitro and in vivo. This work promises the possi-
bility of the Si QDs as multifunctional probes for hydrophobic
drug delivery and fluorescence-guided therapy.

2. Materials and methods
2.1. Materials

The (3-Aminopropyl)trimethoxysilane (97%), Trisodium
citrate dehydrate (> 99.0%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (China). Silicon phthalocyanine
dichloride (defined as Pc), LysoTracker Green DND-26 and
DMSO were purchased from Sigma-Aldrich. All chemicals
were used without additional purification. Milli-Q water (Mil-
lipore) was used as solvent for solution preparation. For the
in vitro and in vivo tests, a stock solution of Pc in DMSO
was diluted with cell culture medium or physiological saline
to make sure that the cells were never exposed to more than
1% DMSO. Human gastric carcinoma cells (MGC-803) were
purchased from the cell bank of the Chinese Academy of Sci-
ences in Shanghai and cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Hyclone) with 10% FBS in a 5% CO, at-
mosphere at 37 °C and 100% humidity.

2.2. Si QD preparation and drug loading

The pure Si QDs were firstly synthesized follow-
ing our previous protocol.l"?! In brief, 100 mL of (3-
aminopropyl)trimethoxysilane was added into 400 mL of Nj-
saturated aqueous solution containing 18.6 g trisodium cit-
rate dehydrate and stirred for 30 min. A 15 mL of the well
mixed solution was transferred to a quartz vessel, heated to
160 °C by microwave irradiation in a microwave system (at
2450 MHz frequency and 0-500 W power; Preekem of Shang-
hai, China). The solution was incubated at 160 °C for 3 h,
and then cooled down to room temperature naturally. The ob-
tained solution was purified by dialysis (500 Da) to remove the
excessive chemicals, and concentrated by a rotary evaporator.
The obtained Si QD dispersion, at a concentration of around
7.2 mg-mL~! based on the UV-vis absorption measurement,
was taken as mother solution for the following use.

The Si QDs were loaded with Pc by two different meth-
ods, i.e., physical adsorption and chemical binding, and re-
ferred to as (Si+Pc) and (SixPc) NPs, respectively. 1) For the
preparation of (Si+Pc) NPs, Pc was pre-dissolved in ethanol
at 10 mg-mL~! with the help of sonification. A 5 mL of the Si
NP mother solution was added into 1 mL of Pc solution. The
mixture was kept in the dark for 3 days with gently shaking.
After that, the solution was thoroughly blown with nitrogen for

fully evaporating the ethanol in the mixture and the adsorption
occurred between Pc and Si via hydrophobic interaction. ']
The obtained solution was filtered through a 0.45 pum filter
four times to remove the excessive Pc. The final concentra-
tion was determined to be around 6.58 mg-mL~! (in respect
to Si) and 1.0 mg~mL’1 (in respect to Pc), with a Pc-loading
capacity of ~ 152 mg-g~!.

2) On the other hand, for the preparation of (SixPc) NPs,
Pc was pre-dissolved in DMSO at 10 mg-mL~! by sonifica-
tion. A 10 mL Si QD mother solution was dropped into 4.6 mL
Pc solution slowly. The mixture was sealed, heated to 90 °C,
and kept for 72 h with magnetic stirring. The amino-group
on the Si QD surface is supposed to be substituted for silicon-

5.9 The solution was

chlorine bond with Pc in this proces
cooled down to room temperature naturally, purified by dialy-
sis (500 Da) to remove the excessive chemicals, and concen-
trated by a rotary evaporator. The final concentration was de-
termined to be around 9.87 mg-mL~! (in respect to Si) and
1.4 mg-mL~" (in respect to Pc), with a Pc-loading capacity of

~ 142 mg-g~!.

2.3. Characterizations

The Si, (Si+Pc), and (SixPc) NP dispersions were ob-
served in ambient light and UV irradiation (Aex = 365 nm)
separately. The NPs were characterized with transmis-
sion electron microscopy (TEM; CM 200, Philips), dy-
namic light scattering (DLS; DynaPro, Malvern), x-ray pho-
toelectron spectroscopy (XPS; ESCALAB 250Xi, Thermo),
zeta potential (Zetasizer Nano ZS90, Malvern), UV-vis ab-
sorption (UV3600, Shimadzu) and photoluminescence (PL;
FluoroMax-4, Horiba JobinYvon). A confocal laser scanning
fluorescence microscope (LSM 710, Zeiss), equipped with an
in situ cell-incubation system and a 63x oil objective, was
used for fluorescence imaging. Signals from the Si channel
(EX 405 nm, EM BP 445/50 nm, excited by 15% power of
a diode laser), Pc channel (EX 633 nm, EM 635-750 nm, ex-
cited by 30% power of a He—Ne laser), and transmission chan-
nel (illuminated with a halogen lamp), were captured simulta-
neously. LysoTracker Green DND-26 was irradiated and col-
lected in the green channel (EX 488 nm, EM BP 530/50 nm,
excited by 20% power of an argon laser). All images were cap-
tured under the same instrumental settings and analyzed with
image analysis software.

2.4. In vitro experiments

For the cellular uptake test, MGC-803 cells were pre-
seeded on the cover glass substrate of a home-made unit
(2 x 10* cells per unit). A certain amount of (Si+Pc), (SixPc)
or pure Si NP dispersion was pre-diluted with cell culture
medium to the same volume and added into the unit. The sys-
tem (with a final volume of 500 uL) was further incubated for
a certain time duration as described in the main text. Prior to
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the observation, the cells were washed with phosphate buffer
saline (PBS) 3 times to remove the free NPs and re-cultured
with fresh medium. To determine the intracellular localization
of NPs, the cells, after NP co-incubation for 24 h, were further
treated with the LysoTracker Green DND-26 (at 100 nM for
30 min), and washed prior to the confocal observation.

For the cytotoxicity test of the NPs, MGC-803 cells were
pre-seeded in a 96-well plate (3000 cells per well), then co-
incubated with the (Si+Pc), (SixPc), pure Si NPs or free Pc at
a certain concentration (from 0 to 260 ug-mL~! in respect to
Si or from 0 to 40 ugmL_1 for free Pc; this ratio was selected
based on the loading amount of Pc within the (Si+Pc) NPs)
for 24 h or 48 h. The relative number of the viable cells was
then evaluated by the standard MTT assay.

Photostability evaluation of the NPs was carried out in
situ under the confocal microscope, on the cells which have
been internalized with NPs and labeled with LysoTracker. The
(Si+Pc) NP system was taken for example. The cells were ex-
posed to a 488 nm irradiation by the argon laser (at 2% power)
for different time intervals. Confocal images, in all the Si,
Pc, and LysoTracker channels, were captured after each irra-
diation interval (e.g., 0, 20 min, and 40 min) with identical
instrumental settings for comparison.

For the in vitro PDT test, the cells, which have been co-
incubated with the pure Si, (Si+Pc) or (SixPc) NPs for 24 h,
were exposed to an NIR irradiation at 610 nm wavelength and
25 mW-cm 2 power for 30 min followed by PBS washing and
fresh medium replacing. After that, the morphology of the
cells was observed under confocal microscope and cell viabil-
ity was evaluated with the established MTT assay.

2.5. In vivo experiments

MGC-803 tumor bearing mice were intratumorally in-
jected with 150 pL of (Si+Pc) NP dispersion (pre-diluted with

physiological saline) on the 1st day and 7th day. Physiological
saline or free Pc (pre-diluted with physiological saline) with
the same volume was taken as a control. The dose of Pc con-
tent was fixed at 7.5 mg-kg~! (or might be lower than this
value for the free Pc system due to the obvious precipitation
of Pc in PBS). Four hours after each injection, the tumor area
was irradiated by the 610 nm laser at 25 mW-cm ™2 for 30 min.
The tumor sizes were measured every the other day and the tu-
mor volume V was calculated as V =(tumor length) x (tumor
width)?)/2.131 The relative tumor volumes were normalized

based on the initial value on the 1st day.

3. Results and discussion
3.1. Characterization of Pc-loaded Si NPs

The hydrophobic drug Pc was loaded to the Si NPs
through physical adsorption (named (Si+Pc) NPs) and chem-
The as-
obtained composite NPs in addition to the initial Si NP dis-

ical binding (named (SixPc) NPs) respectively.

persions, were collected and characterized as shown in Fig. 1.
All the three types of NP dispersions look transparent in am-
bient light and keep stable without apparent precipitation at
4 °C in the dark for more than three months. The (Si+Pc)
and (SixPc) NP dispersions present colorless while the initial
Si NP dispersion shows light brown (Fig. 1(a)). Under UV
irradiation, all the three dispersions show obvious photofluo-
rescence (inset in Fig. 1(a)). Free Pc in DMSO (due to its poor
solubility in water) is also shown for reference. All the three
types of NPs show homogeneous size and high crystallinity
under TEM and HR-TEM (Figs. 1(b) and 1(c). From the DLS
test (Fig. 1(d)), the (Si+Pc) and (SixPc) NPs have a little larger
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Fig. 1. (color online) Characterizations of pure Si, (Si+Pc), and (SixPc) NPs. (a) Digital images of Si, (Si+Pc), (SixPc) NP dispersions and
free Pc (in DMSO) in ambient light or under UV irradiation. (b) and (c) TEM and HR-TEM images of Si and (Si+Pc) NPs. (d)—(f) DLS,
UV-vis absorption and fluorescence profiles of Si, (Si+Pc), and (SixPc) NP dispersions. The excitation wavelength in panel (f) is 365 nm.
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sizes of 5.6 £0.3 nm and 6.5 £ 0.4 nm,than the initial Si NPs
(3.8+0.2 nm). UV-vis absorption spectra show the charac-
teristic peaks of Si NPs and free Pc at 334 nm and 622 nm,
respectively. Both of these absorption peaks are included in
the profile of the (Si+Pc) NPs (Fig. 1(e)). For the (SixPc)
NPs, a wide range of absorption is observed. The fluorescence
spectra of the (Si+Pc) NPs demonstrate peaks at approximate
460 nm and 679 nm, which are in accordance with the charac-
teristic peaks of Si NPs (at 468 nm) and free Pc (at 669 nm),
respectively, although they are somewhat shifted. A similar
phenomenon is observed for the (SixPc) NPs with emitting
peaks at 445 nm and 680 nm (Fig. 1(f)). These results confirm
the successful decoration of Pc to the Si QDs. We attribute
the shift in wavelength to the surficial decoration and/or size
effects of these nanoparticles.

3.2. Cellular internalization and intracellular localization
of Pc-loaded Si NPs

The Si, (Si+Pc) and (SixPc) NPs are co-incubated with
MGC-803 cells respectively, for different time durations
prior to observation under confocal microscope. The time-
dependent transmembrane entry of the nanocomposite NPs
was observed (Fig. Al in Appendix A). Figure 2 shows the
confocal images, in the Si, Pc, transmission and merged chan-
nels, of representative cells after NP treatment for 24 h (at
in respect to Si content). For all the Si, (Si+Pc),
and (SixPc) NP systems, the fluorescence of Si is observed in

1.2 mg-mL~!

the interior of the cells, probably remaining in the cytoplasm
without entering into the nucleus. The fluorescent signals of
Pc from the (Si+Pc) and (SixPc) NPs are co-localized well
with that of Si, indicating the stable loading of Pc on Si NPs
even after cellular internalization. The cells, with internal-
ized NPs, are further treated with LysoTracker Green DND-
26 into visualized lysosomes. As shown in Fig. 3(a), the co-
localization of fluorescence signals from Si NPs (with loaded
Pc) and LysoTracker indicates that the internalized NPs are in
the lysosomes at the moment.[!'°l Moreover, the fluorescence
signals from both the Si and Pc content promise dual-channel
fluorescence imaging of the cells for possible applications in
fluorescence imaging-guided cancer therapy.

The fluorescence stability of the internalized NPs is fur-
ther confirmed by continuous laser exposure in situ. The fluo-
rescence intensities in the Si, Pc and commercial LysoTracker
channels are analyzed respectively after irradiation of different
time durations, both qualitatively and quantitatively (Figs. 3(b)
and 3(c)). It is found that the fluorescence of Pc or the Lyso-
Tracker begin to dim and quench after around 20 min. How-
ever, even after a long irradiation time of 40 min, the fluores-
cence in the Si channel remains stable. These results indicate
the potential applications of the Si NP drug carriers for long-
time bioimaging.
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Fig. 2. (color online) Confocal images, including Si, Pc, transmission
and merged channels, of the intracellular distribution of Si, (Si+Pc),
and (SixPc) NPs in MGC-803 cells after being co-incubated for 24 h at
1.2 mg-mL~! (in respect to Si content).
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Fig. 3. (color online) Intracellular localization and photostability of
(Si+Pc) NPs. (a) Representative MGC-803 cells which are treated with
(Si+Pc) NPs for 24 h and labelled with LysoTracker (green fluores-
cence) for 30 min prior to confocal imaging. (b) Fluorescence stabilities
of the Si, Pc, and LysoTracker in cells, under continuous laser exposure
for 20 min and 40 min in situ. The cells are treated with (Si+Pc) NPs
(at 1.2 mg-mL~" for 24 h) and LysoTracker (for 30 min). (c) Time-
dependent normalized fluorescence intensity in each channel integrated
from panel (b). Error bars are based on the SD of more than 30 cells in
three parallel samples.

The cells with internalized NPs show regular morphology
which indicates little cytotoxicy of the particles. Quantitative
cellular viability analysis after NP treatment for 24 h or 48 h at
various NP concentrations from 0 to 260 pug-mL~! in respect

to Si content (or from 0 to 40 pug-mL~! for free Pc), based on
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the standard MTT test, is shown in Fig. 4. Under all the con-
ditions, a cell viability of above 80% is obtained, which shows
a favorable biocompatibility of all the three types of NPs.
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Fig. 4. (color online) Cell viability of MGC-803 cells treated with
Si, (Si+Pc), and (SixPc) NPs at various concentrations (from 0 to
260 pug-mL~" in respect to Si content) for (a) 24 h and (b) 48 h. Free Pc
is also tested as a control (from 0 to 40 pg-mL~!). Error bar represents
the standard deviation of the mean over three duplicate assay features.

3.3. In vitro PDT effect test

The Pc is a representative type of PDT drug which can
generate reactive oxygen species (ROS) under laser irradiation
at a certain wavelength to kill tumor cells. Here, the MGC-803
cells with internalized Si, (Si+Pc), and (SixPc) NPs, are irra-
diated by a laser (at 610 nm with a power of 25 mW-cm~2) for
30 min and the resulting cells are observed under confocal mi-
croscope or analyzed with standard MTT test. The representa-
tive images of the cells are shown in Fig. 5. It can be seen that
for the pure Si NP group, cells maintain their regular morphol-
ogy. However, for the (Si+Pc) and (SixPc) NP groups, promi-
nent changes in cellular morphology, such as the vacuolization
of the cytoplasm and the blistering of the cell membrane, oc-
cur. MTT test shows that ~ 92% cells treated with (Si+Pc)
NPs are destroyed after laser irradiation. Similar results are
obtained for the (SixPc) NP group (at ~ 85%). Note that even
after laser treatment the fluorescence of Pc keeps co-localizing
well with Si. These results demonstrate that the Pc loaded on
Si NPs, both through physical adsorption or chemical binding,
has good PDT effect against tumor cells even without being

released from the drug carriers.
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Fig. 5. (color online) In vitro PDT effects of MGC-803 cells with
Si, (Si+Pc), and (SixPc) NPs. The cells are treated with NPs (at
1.2 mg-mL~! in respect to Si) for 24 h and exposed to a laser (at
610 nm) for 30 min.

3.4. In vivo anti-tumor experiments

Mice bearing MGC-803 tumor at their back are used as
models to testify the in vivo anti-tumor effect of the Si NP-
based nanocomposite drugs. Representative images of the
mouse are shown in Fig. 6(a) and the time-dependent changes
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Fig. 6. (color online) Inhibition of tumor growth by (Si+Pc) NPs. (a)
Representative photos of MGC-803 tumor bearing mice on different
days during PDT treatment. (b) Quantitatively time-dependent distribu-
tion of tumor size. The solutions, including PBS, (Si+Pc) NP disper-
sion and free Pc, are injected on the 1st day and 7th day followed by
30 min NIR exposure each time after injection. Error bars are based on
the SD of triplicated samples.
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in the normalized tumor size based on triplicated samples are
plotted in Fig. 6(b). In comparison with the PBS group, the
tumor after free Pc treatment decreases in size to around 80%
after 15 days. However, for the (Si+Pc) NP group, the size of
the tumor decreases obviously and is almost distinguishable
after a shorter treatment of 15 days. These results demonstrate
the efficient delivery of the water-insoluble Pc on Si NPs for
photo dynamic therapy against tumor.

4. Conclusions and perspectives

In this work, we produce a type of water-dispersible Si
QD, and the hydrophobic drug Pc is efficiently loaded on the
Si QDs via facile preparation such as physical adsorption or

Appendix A: supporting information

chemical conjugation. The as-obtained Si/Pc nanocomposite
particles are well water-dispersible and have small sizes be-
low 5 nm. They can be effectively uptaken by cells while
show feasible cytotoxicity, and maintain stable even after cell
internalization. The composite particles are imaged by dual-
channel fluorescence signals in Si and Pc channels. We find
that the fluorescence in the Si channel shows robust stability
promising its applications for long-time tracking and bioimag-
ing. More interestingly, the composite nanoparticles demon-
strate significant PDT anti-tumor effects both in vitro and in
vivo. Based on the Si QDs, these results provide a novel strat-
egy for the efficient delivery of hydrophobic drugs and their
use for fluorescence imaging guided photo dynamic therapy
against tumors.

Figure A1 gives the time-dependent transmembrane entry of the nanocomposite NPs.
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Fig. Al. (color online) Confocal images of MGC-803 cells co-incubated with (a) (Si+Pc) or (c) (SixPc) NPs for 2 h, 5 h, 8 h, and
24 h. (b) and (d) The corresponding distribution of mean fluorescence intensity within one cell, in Si or Pc channel, is quantitatively
analyzed. Error bars are based on the SD of more than 30 cells in three parallel samples. The increase in fluorescence intensity
corresponds to an increase in the number of fluorescence particles internalized within cells.
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