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In-vivo cancer cell destruction using porous silicon

nanoparticles

Chanseok Hong?, Jungkeun Lee? Mikwon Son®, Soon Sun Hong® and

Chongmu Lee®

In-vivo animal tests were performed to investigate the
feasibility of photothermal therapy based on porous silicon
nanoparticles (PSiNPs) in combination with a near-infrared
(NIR) laser. The in-vivo animal test results showed that the
murine colon carcinoma (CT-26) tumors were completely
resorbed with minimal damage to surrounding healthy
tissue within 5 days after PSiNPs and NIR laser treatments.
In contrast, tumors in the groups treated only with PSiNPs
or NIR and a control group continued to grow until the mice
died. All of the mice treated with both PSiNPs and NIR
remained healthy and free of tumors even 90 days after the
treatment. In-vivo fluorescence imaging and the urine and
feces tests revealed that PSiNPs injected intratumorally
into mice were cleared mainly through the urine. The in-
vivo animal test results suggest that thermotherapy based

Introduction

Inorganic nanomaterials such as gold nanoparticles [1-10],
gold nanorods [11-14], gold nanoshells [15-19], gold
nanocages [20,21], gold nanocrystals [22,23], and single-
wall carbon nanotubes [24-26], porous silicon nanoparticles
(PSiNPs) [27,28], and TiO, nanotubes [29,30] have been
shown to act as thermal coupling agents in photo-
thermotherapies (PTTs) by many investigators. PSiNPs,
however, have not been investigated extensively despite
their attractive properties for the treatment of cancer.
PSiNPs possess a number of properties that make them
attractive for biological applications including good bio-
compatibility [31] and biodegradability [32], a tunable
nanostructure for drug delivery [33], excellent photother-
mal properties [28], and a readily functionalized sur-
face [34]. Since the first in-vivo use of porous silicon (PSi),
anticancer therapeutics based on PSiNPs have been widely
studied [27,28,35-39].

Cancer treatments using PSi can be carried out in many
ways. One method is drug delivery. PSiNPs loaded with
drugs such as cisplatin and doxorubicin have been
demonstrated to destroy cancer cells successfully [35,36].
Another technique is photodynamic therapy. PSiNPs in
combination with near-infrared (NIR) light irradiation
have been shown to produce singlet oxygen for tumor cell
destruction [37-39]. A third method is PTT. PSiNPs
combined with NIR have exhibited the ability to cause
photothermal damage in tumor cells [27,28]. In parti-
cular, there are few reports on the PPT using PSiNPs
despite their excellent photothermal properties and their
attractive properties related to their in-vivo use as above.
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on porous silicon in combination with NIR laser irradiation
can efficiently destroy cancer cells selectively without
damaging the surrounding healthy cells. Anti-Cancer
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We reported previously on the excellent heat-generating
ability of PSiNPs and their ability to destroy cancer cells
irreversibly under NIR laser irradiation as noted in the
temperature rise measurement and MTT assay results,
respectively [27,28]. In this study, we report the in-vivo
animal test results of PSiNPs in combination with an NIR
laser to investigate the ability of PSiNPs to kill cancer
cells, their ability to inhibit the growth of tumors and the
clearance of PSiNPs through urination after the laser
treatments.

Materials and methods

Preparation of PSiNPs/EtOH : polyethyleneglycol drug
solutions

First, PSi layers were prepared on 2.5 x 2.5 x 0.05 cm pieces
of p-type Si(100) with a resistivity of 5-10Qcm by anodic
etching in a 1:1 (by volume) solution of 46% HF and
95% C,HsOH at a current density of 200 mA/cm? for 150s.
This set of etching process parameters was used to form
meso-PSi (2nm < pore size < 50nm). The porosity and
thickness of the PSi layers as determined by weight
measurements [40] were approximately 73% and 55 pm,
respectively. The details of the anodization process have
been described in the literature [27]. The PSi layers formed
on Si(100) were then lifted off by anodic etching ina 1:15
(by volume) solution of 46% HF and 95% C,HsOH at a
current density of 4 mA/cm? for 250 s. The free-standing PSi
layers were then fractured into PSiNPs by ultrasonication in
10 ml of ethanol for 24 h. The PSiNPs were subsequently
filtered twice first with a 450 nm membrane and then with
a 220nm membrane. PSiNPs/EtOH : polyethyleneglycol
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(PEG) drug solutions were prepared by dispersing the
resulting PSiNPs in 10 ml of ethanol mixed with 10 ml of
thiolated polyethyleneglycol (PEG-SH) and these were
centrifuged for 24h until all of the PSi particles were
dispersed.

Cells and materials

The murine colon cancer cell lines (CT1-26) were
purchased from the Korean Cell Line Bank (KCLB,
Seoul, Korea). CT-26 cells were cultured in Dulbecco’s
modified Eagle’s medium, supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. The fetal
bovine serum, cell culture media, penicillin-strepto-
mycin, and all of the other agents used in the cell culture
studies were purchased from Invitrogen (GIBCO, New
York, USA). The cultures were maintained at 37°C in
a CO; incubator under a controlled humidified atmosphere
composed of 95% air and 5% CO,. Trypan blue dyes were
purchased from Sigma-Aldrich (St. Louis, Missouri,
USA).

In-vivo animal tests

Animal care and all experimental procedures pertaining to
animals were conducted in accordance with the Guide for
Animal Experiments edited by the Korean Academy of
Medical Sciences. The CT-26 cells (1 x 10° cells) were
suspended in 100pl PBS and were subcutaneously
injected into the backs of male mice of each group
(n=15, 5-6 weeks old, Balb/c). When the tumors had
grown to a volume of 65-70 mm?, the mice were randomly
placed into five groups: (a) mice were simply monitored
without any other treatment; (b) mice were intratumo-
rally injected with 100 pl of PBS and then irradiated with

Fig. 1

a NIR laser three times at 1.5 W/em? for 2 min each time
at a time interval of 1 min under ether anesthesia; (c)
mice were intratumorally injected with a PSiNPs/EtOH :
PEG solution (0.7 g/, 100 pul) without NIR laser irradia-
tion; (d) mice were injected with PSiNPs/EtOH : PEG
(0.7g/1, 100 ul) into the tumor, followed by immediate
irradiation by an NIR laser at 1.5W/cm? on the tumor
region in the same manner as in (a); and (e) mice were
injected with PSiNPs/EtOH : PEG (0.7 g/l, 100 pul) into
the tumor, followed by immediate irradiation with an NIR
laser at 0.5W/cm? on the tumor region.

The mice were anesthetized with an injection of 40 pl of
a 9:1 solution of ketamine (100 mg/ml) and rompun
(100 mg/ml). Tumor volumes, animal body weights, and
tumor conditions were recorded weekly for the duration
of the study [41]. The tumor size of each group was
measured using a skinfold caliper, and the tumor volumes
were calculated using the following equation: tumor
volume = a@b?*/2, where « is the maximum diameter of the
tumor and 4 is the minimum diameter of the tumor [42].
All of the procedures for in-vivo experiments were
performed in accordance with the guidelines of the
Department of Biomedical Science, Inha University, with
regard to animal care and use.

In-vivo fluorescence imaging studies

Nude mice bearing CT-26 tumors were injected intra-
muscularly and with a dose of PSiNPs/EtOH : PEG (0.7 g/l,
300nmol/l in 20 ul PBS) and irradiated with NIR. They
were then imaged with GFP excitation (445-490 nm) and
an ICG (810-875nm) emission filter using an IVIS 200
imaging system 24 and 72 h after the injection.
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Porous silicon (PSi) particle size distribution: (a) PSi/EtOH : polyethyleneglycol (PEG) solution and (b) the distribution of the diameters of PSi
nanoparticles in the PSI/EtOH : PEG solution. (Light scattering intensity distribution).
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Results

Size distribution of the PSiNPs in the PSi/EtOH :PEG
solution

The PSiNPs functionalized with PEG were well solubilized
and therefore became uniformly distributed in the PSiNPs/
EtOH : PEG solution without forming any floating particles,
precipitates, or agglomerates for a long period of time as
shown Fig. 1a. Each PSi particle in the solution contained
many nanopores with a size of a few to a few tens of
nanometers (inset in Fig. 1a). Functionalization of PSiNPs
with PEG is necessary to enhance the internalization of
PSiNPs into cells as well as the attachment of antibodies to
PSiNPs for the systematic administration of cancer. Ethyl
alcohol was also used to enhance the dispersion of PSiNPs
in the solution. Figure 1b displays the size distribution of

Fig. 2
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the PSiNPs after they were filtered using a 220nm
membrane. They ranged in size from 51-267 nm, with an
average diameter of approximately 105 nm. The existence of
PSiNPs larger than 220 nm is presumably because of the
local tearing of the membrane that occurred during the
filtering process. Hence, needle-like PSiNPs longer than
220 nm were included in the solution at 4.7f(1s)%, (the
fraction of the light scattering by the electrons in the 1s
orbital of the Si atoms in the nanoparicles with a diameter
larger than 220 nm to that by the electrons in the 1s orbital
of the Si atoms in total nanoparticles).

In-vivo animal tests
In-vivo therapeutic examinations were attempted with
Balb/c mice bearing C'T-26 tumors grown on their backs

(a) Control : untreated

PSi/NIR

----Dayo
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In-vivo animal test results. Photographs of the tumors of the mice treated differently 24 h after treatment: (a) neither porous silicon nanoparticles
(PSINPs) nor a laser treatment (control), (b) PSiNPs treatment only, (c) near-infrared (NIR) laser treatment only (NIR laser irradiation three times for
2min at 1.5 W/cm? each time at a time interval of 2 min), (d) PSlNPs treatment [porous silicon (PSi) concentration=0.7 g/l], followed by laser
treatment (NIR laser irradiation three times for 2 min at 1.5 W/cm? each time at a time interval of 1 min), and (e) PSiNPs treatment (PSi
concentration=0.7 g/l), followed by laser treatment (NIR laser irradiation three times for 2 min at 0. 5W/c:m2 each time at a time interval of 1 min).

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



974 Anti-Cancer Drugs 2011, Vol 22 No 10

to confirm that the photothermal effect of PSiNPs
combined with the NIR laser could efficiently destroy
tumor cells without causing damage to any of the
surrounding healthy cells. When the tumors had grown
to a volume of 100 mm?®, PSiNPs/EtOH : PEG solution
(0.7 g/1, 100 pl) was then injected directly into the tumor
regions. Mice ready for irradiation were placed under a
focal lens through which the NIR laser could be focused
to have a power density of 0.5 or 1.5W/cm?®. They were
then irradiated three times for 2 min each time at a time
interval of 1 min. This intermittent laser irradiation was
designed to minimize the damage of the healthy tissues
adjacent to the tumor tissues.

We investigated the tumor volume changes in mice
subjected to different treatments as follows: (Group 1) a
control group without any treatment; (Group 2) a group
treated only with PSiNPs; (Group 3) a group treated only
with an NIR laser; (Group 4) a group treated with both
PSiNPs and the NIR laser (1.5 W/cm?); and (Group 5) a
group treated with both PSiNPs and the NIR laser
(0.5W/cm?). The control group (Group 1) and the group
treated only with PSiNPs (Group 2) or the NIR laser
(Group 3) showed considerable growth of the tumors 5
days after the treatment. All of the mice in these groups
died within 20 days because of the significant growth of
the tumors without exception Fig. 2a—c. In contrast, in
Group 4, laser treatment at a higher irradiation intensity
(1.5W/cm2) led to complete necrosis of their tumors 5
days after the treatments and complete recovery 25 days
after the treatment, with the regrowth of fur on the
original tumor site (Fig. 2d). The tumor seemed to have
already shrunk to a nearly zero volume at day 5
posttreatment. In contrast, in Group 5, treated with a
lower irradiation intensity (0.5 W/em?), the tumors once
stopped growing (5 days after the treatment) and then
decreased in size to some degree (10 days after the
treatment), but regrew (15 days after the treatment)
until the mice died (about 20 days after the
treatment, Fig. 2e). The recurrence of a tumor despite
a laser beam diameter (1.5 cm) large enough to cover
the entire tumor area may have been because of the
insufficient heat generated by the PSiNPs during the
NIR laser irradiation process at 0.5 W/cm?. This insuffi-
cient thermal budget failed to destroy all of the tumor
cells, resulting in the regrowth of the tumors.

These observations revealed that only a combination of
PSiNPs and laser treatments with a sufficiently high
irradiation intensity resulted in the complete destruction
of tumors. It is important to note that the mice in Group
4 remained healthy without any side effects such as
abnormal growth or recurrence of their tumors for more
than 3 months. We found the results highly reproducible,
obtaining similar results for the experiments conducted
in triplicate. Figure 3 presents the tumor growth rates of
the five groups subjected to different treatments. Only
Group 4 exhibited almost no change in the tumor volume,

Fig. 3
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Tumor volume as a function of time after photothermal treatments.
Tumor volume of CT-26 tumor cell xenografts. Tumor volumes were
measured once a week after the sample treatments. The group treated
with a porous silicon (PSi)/EtOH : polyethyleneglycol solution, followed bg
near-infrared (NIR) laser treatments (four times for 1 min at 1.5 W/cm
each time at a time interval of 2 min) showed efficient tumor growth
inhibition compared with the other experimental groups.

whereas the other groups showed continuous tumor
growth until they died approximately 15 days after the
treatments.

Weight change after laser treatment

One of the most important issues in PTT using inorganic
nanomaterials is the toxicity of the nanomaterials to the
organs of the human body. The toxicity of PSiNPs to
the organs of mice was examined indirectly by measuring
the change in the weights after the laser treatment. It is
widely accepted that the animals subjected to toxic
treatments lose weight. The average body weight of the
mice before the photothermal treatment was 26.0g
whereas that of a control group (normal mice without
any tumor) was 25.1g. The weights of the mice treated
with PSiNPs, followed by a laser treatment increased
slightly in a pattern similar to that noted in the
normal mice without tumors Fig. 4, indicating that the
mice continued to mature without any significant toxic
effect.

Renal clearance of PSiNPs

Another important issue is that the inorganic nanomater-
ials used ## vivo are removed renally within a reasonable
period of time. According to previous reports, silicon is a
common trace element in human bodies. A biodegrada-
tion product of PSi, orthosilicic acid (Si(OH)y), is the
form most easily absorbed by humans. It is also found in
numerous tissues. Furthermore, silicic acid administered
to humans is efficiently excreted through the urine. Park
et al. [43] reported that the PSi nanoparticles accumulated
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Fig. 4
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Change in body weight of mice. Change in the body weight of the mice
injected with a porous silicon (PSi)/EtOH : polyethyleneglycol solution,
followed b2y near-infrared (NIR) laser treatments (four times for 1 min at
1.5 W/cm® each time at a time interval of 1 min). There was no
significant body weight loss for apparent side effects.

Fig. 5
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in the organs are noticeably cleared from the body within a
period of 1 week and completely cleared in 4 weeks. To
investigate the removal of PSiNPs from an organism, urine
and feces tests were conducted. Figure 5a compares the
amounts of silicon in the urine and feces of the group
treated with PSiNPs and the NIR laser with those of the
control group (untreated). The amount of PSiNPs in the
urine of the PSiNPs-treated group was found to be nearly
about three times higher than that of the control. In
contrast, there was no noticeable difference in the amount
of silicon in the feces between the two groups. In-vivo
fluorescence images of the PSiNPs injected intratumorally
into a mouse showed that the density of Si in the bladder
was lower 72 h after the injection (Fig. 5¢) compared with
the level 24h after the injection (Fig. 5b). These results
verify that PSiNPs injected intratumorally into mice are
cleared mainly through the urine.

Discussion

An in-vitro cell test and in-vivo animal test were
performed to investigate the feasibility of the photo-
thermal therapy based on PSiNPs in combination with a
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Clearance of porous silicon nanoparticles (PSiNPs) through the urine and feces: (a) comparison of the amounts of PSiNPs in the urine and feces
between the group treated with porous silicon (PSi) and an untreated control group, and in-vivo fluorescence images of PSiNPs after 24 h (b) and
72h (c).
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NIR laser. A combination of PSiNPs and NIR laser
treatment techniques showed a substantially higher cell
death rate compared with the use of only one of these
two techniques. The murine colon carcinoma (CT-26)
tumors were completely resorbed without causing much
damage to the surrounding healthy tissue within 5 days of
the PSiNPs and NIR laser treatment. All of the mice
given both treatments remained healthy and free of
tumors and side effects for more than 3 months. The
weights of the mice treated with PSiNPs, followed by a
laser treatment increased slightly in a pattern similar to
that noted in the normal mice without tumors, indicating
that the mice continued to mature without any
significant toxic effect. The preliminary results presented
in this work show the feasibility of PPT based on PSiNPs
in combination with NIR laser irradiation in selectively
destroying cancer cells without damaging the surrounding
healthy cells. However, the systematic administration of
cancers still remains a challenge in this therapeutic
approach. Experiments to access this are under way using
tumor-targeting techniques such as functionalization of
PSiNPs with specific antibodies.
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