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ABSTRACT

Porous silicon (pSi) is being extensively studied as an emerging material for use in biomedical appli-
cations, including drug delivery, based on the biodegradability and versatile chemical and biophysical
properties. We have recently introduced multistage nanoporous silicon microparticles (SIMP) designed
as a cargo for nanocarrier drug delivery to enable the loaded therapeutics and diagnostics to sequentially
overcome the biological barriers in order to reach their target. In this first report on biocompatibility of
intravenously administered pSi structures, we examined the tolerability of negatively (-32.5+3.1 mV)
and positively (8.7 +2.5mV) charged SIMP in acute single dose (107, 108, 5 x 108 SIMP/animal) and
subchronic multiple dose (10® S1MP/animal/week for 4 weeks) administration schedules. Our data
demonstrate that SIMP did not change plasma levels of renal (BUN and creatinine) and hepatic
(LDH) biomarkers as well as 23 plasma cytokines. LDH plasma levels of 145.2+23.6, 115.4+29.1 vs.
127.0+10.4; and 155.8 +38.4, 135.5 + 52.3 vs. 178.4 4 74.6 were detected in mice treated with 108 nega-
tively charged SIMP, 108 positively charged STMP vs. saline control in single and multiple dose schedules,
respectively. The STMPs did not alter LDH levels in liver and spleen, nor lead to infiltration of leukocytes
into the liver, spleen, kidney, lung, brain, heart, and thyroid. Collectively, these data provide evidence of

a safe intravenous administration of SIMPs as a drug delivery carrier.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Porous silicon (pSi) based nanostructured materials are widely
studied for use in biomedical applications based on their biodegrad-
ability in the physiological environment as well as readily modified
physico-chemical and biophysical properties, including surface
functionalization, size, shape and porosity (Anglin et al., 2008;
Cerami, 1992; Salonen et al., 2005, 2008). Various pSi based plat-
forms are under development for applications such as biomolecular
screening (Nijdam et al., 2007, 2009), optical biosensing (Lehmann
and Gosele, 1991; Lin et al., 1997), drug delivery through injectable
carriers (Li et al., 2003; Tasciotti et al., 2008), implantable devices
(Sharma et al., 2006), and orally administered medications with
improved bioavailability (Salonen et al., 2005). For drug delivery
application, biocompatibility presents one of the most impor-
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tant requirements. The first report on the biocompatibility of pSi
structures in mid 1990s (Canham, 1995) described that the porosi-
fication of the silicon imparted biodegradation properties to the
material. The degradation product of pSi structures is orthosili-
cic acid, composed of Si(OH)4 units. Porous Si structures allow
for the release of harmless silicic acid in aqueous solutions in
the physiological pH range through hydrolysis of the Si-O bonds,
(Jugdaohsingh et al., 2002) which is subsequently excreted in the
urine through the kidneys (Carlisle, 1970). While the physiologic
function of silicic acid is not clearly understood, the significant
role of orthisilicic acid in bone and collagen growth was reported
(Martin, 2007).

We have recently proposed multistage delivery system, in which
the pSi particles, or so called 1st stage particles (S1MP) with the
dimensions of several hundred of nm to a few microns, accom-
modate 2nd stage therapeutic nanoparticles (S2NP) (up to 100 nm
in size) in their porous structure (Tasciotti et al., 2008). The idea
behind the design of this delivery system is to enable the loaded
therapeutic nanoparticles to sequentially overcome biological bar-
riers and reach their target (Riehemann et al., 2009; Sakamoto et al.,
2007; Tanaka et al., 2010; Tasciotti et al., 2008). This approach takes
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into consideration that no single agent can be multi-tasking enough
to bear functions enabling to overcome barriers of various origins.
These carriers (Ferrari, 2010), are therapeutic multi-component
constructs specifically engineered to avoid biological barriers, in
which the functions of biological recognition, cytotoxicity and
biological barrier avoidance are decoupled, yet act in efficacious
operational harmony. Among the important bio-barriers for effi-
cient delivery of therapeutic agents to tumors are hemorheology,
efficient adhesion to the site of action, endothelial barrier and
intracellular delivery. Based on the rational design guided by a
mathematical toolset and in order to obtain the desired function-
ality, the effect of geometry on the vascular navigation behavior
of micro and nanoparticles was studied. On the basis of the ratio-
nal design, hemispherical shape was found to be beneficial upon
the spherical one for margination towards vasculature wall in the
circulation, biodistribution, endothelial adhesion, and cell inter-
nalization (Decuzzi et al., 2004; Lee et al., 2009; Ruoslahti, 2004).
The ability of STMP to overcome biological barriers such as cellu-
lar membrane, hemorheology, reticulo-endothelial system uptake
was confirmed in a number of studies (Godin et al., 2010; Lee et al.,
2009; Serda et al., 2009b,c).

The system is versatile and the size, shape, porosity, and pore
size of SIMP can be finely tuned during the manufacturing pro-
cesses (Canham, 1999; Cohen et al., 2003; Serda et al., 2009a).
Moreover, physico-chemical properties of these particles can be tai-
lored through their surface modifications, producing vectors with
various surface characteristics and charges.

In this study, we examined the effect of STMP following single-
and multiple intravenous administrations in immunocompetent
mice on the plasma levels for biomarkers of hepatic, muscular and
renal injury, as well as levels of multiple cytokines and histological
evaluation of major organs.

2. Methods

2.1. Fabrication, surface modification and characterization of
porous silicon particles

Nanoporous quasi-hemispherical SIMPs were designed and
fabricated in the Microelectronics Research Center at The Uni-
versity of Texas at Austin. The mean particle diameter was
1.6+0.2 pm, with pore size of 36.3+13.4nm. Briefly, heavily
doped p++ type (100) silicon wafers with resistivity of 0.005 $2-
cm (Silicon Quest, Inc., Santa Clara, CA) were used as the silicon
source. Silicon nitride (Si3N4) was deposited on the wafer by Low
Pressure Chemical Vapor Deposition and standard photolithogra-
phy was used to pattern the microparticles over the wafer using a
contact aligner (K. Suss MA6 mask aligner) and AZ5209 photoresist.
The porous silicon particles were then produced using our propri-
etary two-step electrochemical etching method in a hydrofluoric
acid and ethanol (1:3, v/v) solution as described previously (Godin
et al,, 2010; Serda et al., 2009c; Tasciotti et al., 2008). The iso-
propyl alcohol (IPA) particles suspension was transferred to a glass
Petri dish and IPA was evaporated using a hotplate set at 60°C
overnight. The hotplate temperature was then raised to 120°C
for 15 min to insure evaporation of residual IPA from the porous
matrix. The dried particles were then treated with piranha solu-
tion to obtain oxidized negatively charged STMP and modified with
2% (v/v) 3-aminopropyltriethoxysilane (APTES) (Sigma-Aldrich, St.
Louis, MO) for 2 h at room temperature to obtain positively charged
S1MP as previously described.

Volumetric particle size, size distribution and count were
obtained using a Z2 Coulter® Particle Counter and Size Ana-
lyzer (Beckman Coulter, Fullerton, CA, USA). Prior to the
analysis, the samples were dispersed in the balanced elec-
trolyte solution (ISOTON® II Diluent, Beckman Coulter Fullerton,

CA, USA) and sonicated for 5s to ensure a homogenous
dispersion.

The zeta potential of the silicon particles was analyzed using a
Zetasizer nano ZS (Malvern Instruments Ltd., Southborough, MA,
USA). For the analysis, 2 L particle suspension containing at least
2 x 10° particles to give a stable zeta value evaluation were injected
into a sample cell countering filed with phosphate buffer (PB,
1.4mL, pH 7.3). The cell was sonicated for 2 min, and then an
electrode-probe was put into the cell. Measurements were con-
ducted at room temperature (23 °C) in triplicates.

2.2. Animals and experimental outline

Male and female FBV mice (5-6 weeks old, 19-24 g, Charles
River, USA) were maintained in a VAF-barrier facility in Institute of
Molecular Medicine, the University of Texas Health Sciences Center
in Houston. All experimental procedures were performed in accor-
dance with the regulation in the University of Texas for the Care
and Use of Laboratory Animals. Mice were randomly divided into
14 groups of 4-6 animals and received a single or 4 consecutive
weekly injections through the tail vein. In the single administra-
tion set-up, the mice were injected with three escalating doses
(107,108 and 5 x 108 particles in 100 L saline/mice) of negatively
charged oxidized particles or positively charged APTES modified
S1MP. Control mice received i.v. injections of 0.5 mg of sodium sil-
icate, equivalent to 5 x 108 SIMP and saline alone. For multiple
injections study, mice received i.v. injections of SIMP at a dose of
108 STMP per administration once a week for 4 weeks. At the end-
point, the mice were anesthesized and the plasma samples were
collected by cardiac puncture and analyzed for blood chemistry
and cytokine production. The major organs (liver, spleen, kidney,
lung, brain, heart, and thyroid) were harvested, fixed in formalin
and processed for histological evaluation (H&E staining). A part of
the liver and spleen were snap frozen in liquid nitrogen and stored
separately for evaluation of tissue LDH levels.

2.3. Blood chemistry

Hepatic and renal functions were tested to evaluate tissue
injury. Lactate dehydrogenase, arginase, urea, and creatinine activ-
ity in the plasma were measured using assay kits (BioAssay
Systems, Hayward, CA, USA). Tissue homogenate from the liver and
spleen were prepared for the measurement of tissue LDH level. The
analysis was performed following manufacturer’s instructions.

2.4. Cytokines analysis

The sera were isolated from whole blood and stored at —70°C
until used. Cytokine levels were measured by using a Bio-Plex
murine cytokine 23-Plex assay kit (Bio-Rad Laboratories, Hercules,
CA) which evaluated the levels of: Eotaxin, IL-1{, IL-1«, IL-2, IL-
3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40 and p70), IL-13, IL-17,
TNF-a, granulocyte colony-stimulating factor (G-CSF), granulo-
cyte/macrophage colony-stimulating factor (GM-CSF), IFN-y, KC,
RANTES, macrophage inflammatory protein (MIP-1a and MIP-1f3)
and monocyte chemotactic protein-1. The cytokines levels were
read on the Luminex 200 System, Multiplex Bio-Assay Analyzer
and quantified based on standard curves for each cytokine in the
concentration range of 1-32,000 pg/mL.

2.5. Histological examination

The tissues were fixed in formalin and embedded in paraf-
fin. Tissue sections (5 wm) were stained with hematoxylin/eosin.
Microscopic analysis was performed to evaluate leukocyte infiltra-
tion to the tissues. At least five random sections from each slide
were examined.
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Table 1
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Biochemical analysis of plasma samples following single-dose i.v. administration of various SIMP pSi nanovectors. The treatment included saline, silicic acid equivalent to
the 5 x 108 of the pSi particles injected, negatively (oxidized) and positively (APTES) charged particles at three doses (107, 108 and 5 x 108 particles per mouse). The results

are presented as mean +S.D.

Urea (mg/dL)

Creatinine (mg/dL)

553+13.8 (n=4)
38.1+3.1(n=5)
413+48(n=6)
47.9+92 (n=6)
52.14+13.4(n=6)
58.4+8.6 (n=6)
60.7+6.6 (n=6)

0.43+0.04 (n=4)
0.43+0.01 (n=4)
0.49+0.03 (n=5)
0.46 +0.08 (n=6)
0.43+0.03 (n=5)
0.48+0.17 (n=4)
0.61+0.09 (n=3)

Treatments LDH (IU/L) Arginase (U/L)
Saline 127.0+£104 (n=2) 10.7+£2.9(n=3)
Silicic acid 829+7.2(n=4) 11.6+3.9(n=4)
APTES 107 99.7+17.4(n=5) 11.1+£3.4(n=3)
APTES 108 115.4429.1 (n=5) 11.9+1.8(n=6)
APTES 5 x 108 186.84+22.0 (n=3) 9.4+3.0(n=5)
Oxidized 107 167.2+26.9 (n=5) 104+3.2(n=4)
Oxidized 108 145.24+23.6 (n=4) 12.8+4.4(n=5)
Oxidized 5 x 108 175.7+32.8 (n=4) 159+2.7

n=6) 493455 (n=6)

0.5+0.08 (n=6)

2.6. Statistical analysis

All experiments were performed at least in quadruplicates. The
statistical significance of the data was determined by the Student’s
t-test.

3. Results

To evaluate the biocompatibility of the intravenously injected
S1MP (hemispherical shape, Fig. 1), organ functions and immuno-
genicity were tested in immunocompetent mice in two experi-
mental schedules (acute and subchronic). The zeta potential of the
tested SIMP was —32.5+3.1mV and +8.7 +£2.5mV for negatively
and positively particles, respectively. In our recent study with mul-
tistage delivery system loaded with liposomal siRNA for therapy
of ovarian tumors, we used a dose of 107 hemispherical STMP
particles/mouse and this system has been shown to be therapeu-
tically efficient with an effect lasting for at least 3 weeks after a
single injection (Tanaka et al., 2010). We have chosen this dose
as the lowest dose for our tolerability study having also 10 and
50 times higher doses (102 and 5 x 108, respectively). For evalua-
tion of hepatic and renal functions, plasma levels of biochemical
markers (LDH, arginase, urea, and creatinine) for single (acute) and
multiple injections (subchronic) were examined and summarized
in Tables 1 and 2, respectively. The SIMP up to 108 did not cause
an increased release of tissue biomarkers as compared to saline
or silicic acid injected mice in acute setting. However, LDH lev-
els were slightly higher in the mice injected with STMP with both
negative and positive charges at the dose of 5 x 108. Similarly, no
obvious signs of toxicity in both renal and hepatic functions were
noted in the subchronic administration. Histopathological evalua-
tion revealed that SIMPs were accumulated primarily in the liver
and spleen with no indication of leukocytes infiltration (Fig. 2).
No obvious SIMP accumulation in the kidney, heart, lung, and
brain was observed. Because of SITMP accumulation in the liver and
spleen, we next tested LDH levels of tissue homogenate from these
organs. Intravenous injection of SIMPs did not exhibit significant
increase in tissue LDH levels in the liver and spleen as compared to
the negative control (saline and silicic acid) at any dose tested in
both acute and subchronic setting.

Next, we tested the immunoreactivity of intravenously injected
S1MP in both acute and subchronic setting. Fig. 3 summarizes the
results of the cytokines levels detected in the acute single-dose

Table 2

Fig. 1. Scanning Electron Micrographs of hemispherical shaped nanoporous silicon
S1MPs used in this study. Low magnification image (5k), showing a uniform size and
shape distribution of microfabricated nanocarriers (upper image); and high magni-
fication image (20Kk) presenting the porous structure of the SIMP where the S2NP
can be loaded (lower image).

study. The following cytokines including bEotaxin, GM-CSF, IFN-vy,
IL-18, IL-1¢, IL-2, IL-4, IL-5, IL-10, IL-17, MIP-1f3 and MCP-1, were
undetectable in any of the treatment groups injected with different
systems and are not included in Figs. 4 and 5. The level of most of
the other cytokines was not significantly higher (p <0.01) in any of
the tested systems as compared with saline injected control group.
The only exception of IL-9 and IL-12, which were slightly elevated
in the mice injected with 5 x 108 SIMP. In the multiple dose set-
ting, there were no detectable changes in plasma cytokine levels

Biochemical analysis of plasma samples following multiple dose (four weekly doses)i.v. administration of various S1MPs. The treatments included saline, silicic acid (equivalent

to the 108 of the STMP), negatively (oxidized) and positively (APTES) charged particles at the dose of 108 particles per mouse. The results are presented as mean + S.D.

Urea (mg/dL)

Creatinine (mg/dL)

Treatments LDH (IU/L) Arginase (U/L)
Saline 178.44+74.6 (n=5) 18.4+5.31 (n=5)
Silicic acid 130.8+45.1 (n=6) 11.9+9.8(n=6)
Oxidized 108 155.8+38.4(n=6) 13.6 £5.07 (n=4)
APTES 108 135.54+52.3 (n=6) 6.0+£2.2(n=6)

60.1+15.7 (n=5)
57.8+8.7 (n=7)

56.7+£6.02 (n=7)
5414563 (n=6)

0.12+0.06 (n=3)
0.06+0.06 (n=5)
0.25+0.19 (n=7)
0.10+0.06 (n1=6)
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Fig. 2. SIMP tissue accumulation. The liver and spleen were harvested from the mice injected with STMP (108 in saline) via tail vein and fixed with formalin. Five micron
paraffin sections were stained with H&E to identify the localization of SIMP. The circles and zoom-in areas indicate the STMP accumulation in the liver and spleen (final

magnification =400x, bar 20 pm).

Saline Saline
Silicic acid Silicic acid
Oxidized 5E8 Oxidized 5SE8
Oxidized E8 Oxidized E8
Oxidized E7 Oxidized E7
APTES 5E8 APTES 5E8
APTES E8 APTES E8
APTES E7 APTES E7
0 5 10 15 20 25 30 0 10 20 30 40
LDHin Spleen, IU/mg tissue LDHin Liver, IU/mgtissue
Saline Saline
Silicic acid Silicic acid
Oxidized E8 Oxidized E8
APTES E8 APTES E8
5 10 15 20 25 30 0 10 20 30 40 50 60

LDHin Spleen, IU/mgtissue

LDHin Liver, IU/mgtissue

Fig. 3. LDH levels in spleen and liver following single (left column) or multiple dose (four weekly doses, right column) i.v. administration of various pSi STMP nanovectors.
Three doses of negatively (oxidized) and positively (APTES) charged pSi particles were injected and saline and silicic acid were used as controls. The results are presented as

mean +S.D.
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Fig. 4. Plasma cytokine levels 24 h following single dose i.v. administration of various pSi STMP nanovectors. The treatments included saline, silicic acid equivalent to the
5 x 108 of the particles injected, negatively (oxidized) and positively (APTES) charged S1MP particles at the doses of 107, 10% and 5 x 108 particles per mouse. The results are

presented as mean =+ S.D. (n=4-6).

of SIMP injected mice as compared to the control group. Interest-
ingly, in the long-term study slightly lower levels of cytokines were
generally detected (also for saline injected mice). This difference
may be attributed to the manipulation (e.g. intravenous injection)
itself since the end point of each experiment was placed differently
(24 h after the acute setting vs. 7 days after the last injection in the
subchronic setting).

Clinical observation of the mice in both acute and subchronic
administration regimens did not reveal any cases of mortality in
the treated and control groups. There were no signs of abnormal
behavioral reactions and general clinical symptoms. No statisti-
cally significant differences in the body weight gain were observed
between various treatment groups and control mice in subchronic
setting.
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4. Discussion

On the basis of degradability of pSi under the physiological
conditions, pSi is highlighted as one of the emerging biomaterials
and is currently being intensively investigated for various clinical
applications. Unlike bulk silicon, porous silicon is biocompatible
and current clinically used silicon-based biomedical application
include BioSilicon™ (pSivida Corp.) for drug delivery, and two FDA-
approved sustained release devices for the treatment of chronic
eye disease (www.psivida.com). We proposed a multi-stage vector
(MSV) system that is comprised of biodegradable porous silicon
particles loaded with nanoparticles (Tasciotti et al., 2008). The con-
cept behind this carrier is decoupling various functionalities and
combining multiple delivery vectors in one construct which will

IL-2

IL-3

IL-4

IL-5

IL-6

IL-9

KC

MCP-1 (MCAF)
MIP-1alpha
MIP-1beta
RANTES
TNF-alpha

Fig. 5. Plasma cytokine levels following multiple dose (four weekly doses) i.v. administration of various pSi STMP nanovectors. The animals were sacrificed on the 5th week
from the first injection. The treatments included saline, silicic acid equivalent to the 108 of the S1IMP particles injected, negatively (oxidized) and positively (APTES) charged
particles at the dose of 108 particles per mouse (n=4-6).
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enable their synergistic and sequential action with the main appli-
cation in oncology. Our very recent study has shown that MSV
efficiently deliver siRNA to ovarian tumors in a sustained mode,
and require several times less frequent dosing regimens than siRNA
liposomes bearing the same dose of the therapeutic (Tanaka et al.,
2010).

Oxidation of the silicon surface generates hydroxyl units impart-
ing the negative zeta potential to the STMP, while conjugation of
APTES molecules inverts the zeta potential to the positive. Both
states can be used for subsequent functionalization of pSi with lig-
and for active targeting or PEGylation (Godin et al., 2010). Silicon
is an essential trace element in the body, deposited into connec-
tive tissue, cartilage and bone (Carlisle, 1970). However, some
forms of crystalline silicon dioxide are known to be cytotoxic to
macrophages (Absher et al., 1989; Kolb-Bachofen, 1992; Wilson et
al., 1981). Thus, it is important to assess safety of the STMP with two
different surface modifications (positive and negative charge). The
reports on biocompatibility of porous silicon (pSi) launched in 1995
by Canham’s group, which have shown that unlike bulk silicon, pSi
degrades with regards to porosity and pore size (Canham, 1995).
The main degradation product of pSi is silicic acid (Si(OH)4), the
most abundant form of the Si in the environment. In the Western
world the average daily dietary intake of silicon, the essential body
mineral, is 20-50 mg (Jugdaohsingh et al., 2002). Highly porous Si
(porosity >50%) dissolves in the majority of the simulated biological
fluids including serum and PBS, except for the acidic environment
such as the simulated gastric fluid (Anglin et al., 2008). Later it was
shown that, the biodegradation of pSi structures was shown to be
dependent on the porosity and the surface modifications (Godin
et al,, 2010). Since then numerous reports have been published
dealing with in vitro interactions of pSi structures with biologi-
cal substances such as biodegradation in physiological conditions
(Godinetal., 2010), calcification (Whitehead et al., 2008), cell adhe-
sion (Alvarez et al.,2009), interaction with neuron interfaces neural
networks (Moxon et al., 2007) and protein adsorption (Hu et al.,
2007). To date, however, a limited number of in vivo assessments
of tissue compatibility of porous silicon have been carried out (Low
et al., 2009) and to the best of our knowledge none of these studies
has dealt with systemically injectable pSi.

Various delivery carriers derived from different materials are
being developed. Nevertheless, despite superiority in delivery effi-
cacy, medical applications of many of the delivery carriers are
limited due to a lack of biocompatibility. Therefore, it is essential
to develop biocompatible delivery carriers for successful and safe
medical applications. Currently, there are no specific guidelines
on how the safety of nanostructured materials should be tested
and these are being unified (Dobrovolskaia et al., 2008, 2009; Hall
et al., 2007). Particulates, in general, have been long known to
be a possible source of local irritation initiating an inflammatory
response due to their physical, chemical or biological properties
(e.g. asbestos), which can be either acute or chronic. Acute inflam-
mation quickly resolves in healing, while chronic inflammation
is a continuing condition characterized by a polymorphonuclear
leucocyte infiltration of tissue. Type of material, physico-chemical
properties, and geometry of delivery carriers are crucial param-
eters and collectively contribute to biocompatibility. In the last
decade, a number of papers have described the toxicology of
newly engineered nanomaterials, including fullerenes (Sayes et al.,
2005), carbon nanotubes (Donaldson et al., 2006), quantum dots
(Hardman, 2006). These reports have demonstrated that a variety
of factors can affect evaluation of toxic responses from nanomate-
rials and that only limited toxicity data is currently available. In the
present study we investigated the biocompatibility of the microfab-
ricated STMPs following a single and multiple dose administration
in immunocompetent mice. We examined three parameters for
safe systemic application of porous silicon particles; cytotoxicity,

immunoreactivity and altered histology of major organs. It is pos-
sible that a sampling point at 24 h following injection can mask
some transient acute reactions. This time-point was chosen based
on the in vitro studies with immune and endothelial cells in which
the reaction to positive control (zymosan) picked at 24 h (Godin et
al,, 2010; Serda et al., 2009b). There is a negligible concentration of
the hemispherical particles in circulation 6 h following the admin-
istration, however, since the majority of the particles are still in the
body after 24 h, as it was shown in the study by Tanaka et al. (2010),
we do not anticipate that the acute response will be diminished
at this time frame. For drug delivery application, one of the most
prominent determinants of the cytotoxicity of injectable foreign
materials is the evaluation of hepatic and renal functions. Slight
elevation in plasma LDH levels was observed with the highest dose
of the STMPs (5 x 108) injected mice in the acute setting. Some of
the organs relatively rich in LDH are the heart, kidney, liver, spleen
and muscle. Histological slides of these organs were examined and
no pathological findings were detected. Elevated plasma LDH lev-
els can also be an indication of injury (e.g. tail vein injection). Based
on our previous studies, the main organs were the S1MP carrier is
concentrated are liver and spleen. LDH activity was not increased in
these organs. No increase in the tested biochemical parameters was
observed in plasma or tissue levels also in subchronic setting, sug-
gesting that the hemispherical shape STMPs with 1.6 wm diameter
with 50% porosity are well tolerated both in single and sub-chronic
multiple administrations.

Macrophage recognition and ingestion of foreign particles is
of considerable importance for the maintenance of tissue home-
ostasis and in resolution of inflammation. Macrophages provide
the first line of defense against microorganisms and other foreign
materials including particles. It is known that cellular uptake of
the engineered nanomaterials can be modulated through the sur-
face modifications, size and shape of the particles (Champion and
Mitragotri, 2006; Evora et al., 1998; Serda et al., 2009d). For exam-
ple, it was shown that monodisperse silica nanoparticles affect
endothelial cells in a size-dependent manner: the larger are the
particles - the cytotoxic effects are less pronounced (Nabeshi et al.,
2010; Napierska et al., 2009). Similarly, in a study with polystyrene
particles there was a significantly greater neutrophil influx into the
rat lung, accompanied with increased cytokine, protein and LDH
levels in broncheoalveolar lavage after instillation of 64-nm parti-
cles as compared to 202 and 535-nm particles (Brown et al., 2001).
Multistage carrier is comprised of relatively large biodegradable
non-spherical particles, STMP, which marginate and adhere more
efficiently to the tumor vasculature (Ferrari, 2010). These parti-
cles are further loaded with smaller nanocarriers (Tasciotti et al.,
2008) which are released at the right time and place, avoiding
various barriers en route to the disease site. Precisely microfib-
ricated SIMP are >400nm in diameter (Chiappini et al., 2010)
which allows them to accommodate smaller nanoparticles in the
porous structure. This feature can explain the lack of toxicity of
S1MP as compared to smaller silica particles. Though there is still
sparse information on the mode of uptake of engineered nano-
materials by macrophages, their major response to stimuli is the
release of cytokines, which can promote the cascade of inflamma-
tory response to foreign substances (Cerami, 1992; Kenneth Ward,
2008). Increased levels of cytokines in plasma following intra-
venous injections of two types of STMP with the highest doses were
assessed. In general, rigidity and positive surface charge of foreign
material facilitate macrophage uptake, and as expected, both STMP
particles with positive and negative charge were phagocytosed by
blood monocytes as well as tissue macrophages. However, uptake
ofthe 1.6 wmin diameter, hemispherical SIMP by macrophages did
not induce pre-inflammatory (IL-6 and TNF-a) cytokine production
and did not affect the levels of Th1- and Th2-associated cytokines
(i.e. IL-1, IL-2, IL-4, IL-6, IL-10 and IFN-vy). Liu et al. reported that



196 T. Tanaka et al. / International Journal of Pharmaceutics 402 (2010) 190-197

fullerene derivatives Cgg(OH),q increased the production of such
proinflammatory cytokines TNF-«, INF-3 and IL-2 by more 10-20
times (Liu et al., 2009). We observed a slight increase (2-3 times)
in the plasma levels of IL-9 after the injection of the highest does of
ST1MP (5 x 108).1L-9 belongs to the Th2 cytokine family, has recently
been implicated as an essential factor in determining mucosal
immunity and susceptibility to atopic asthma. Plasma levels of
the other Th2 related cytokines such as IL-4, IL-5 and IL-13 were
not increased. Our in vivo results are in line with the previous in
vitro data on response of endothelial cells (HUVEC; human) and
macrophages to S1MPs. While positive control zymosan particles
elicited a prominent increase in cytokine production, we did not
find a significant increase following STMP exposure for 1, 4, and
24 h. Preservation of cellular morphology, cell viability, impact on
cell cycle, mitotic potential and pro-inflammatory responses fol-
lowing cellular engulfment of STMPs have also been demonstrated
(Godin et al., 2010; Serda et al.,, 2009b). Moreover, endothelial
cells with internalized STMP undergo normal cellular proliferation,
and cells with as many as 30 internalized STMP display even par-
titioning of particle-bearing endosomes to daughter cells during
mitosis. In our present study, we did not find significant inflam-
matory responses (both innate and adaptive immunity) following
either acute or sub-chronic administration. In a study by Witasp
et al. mesoporous of different sizes silica particles with cubic pore
geometries were shown to be efficiently internalized by primary
human monocyte-derived macrophages. Uptake of pSi particles
was independent of serum factors and did not impair cell viabil-
ity or function of macrophages, including the ingestion of different
classes of apoptotic or opsonized target cells (Witasp et al., 2009).

Multistage delivery system is a platform technology for encap-
sulation of a variety of S2NP into a rationally designed porous
silicon nanocarrier, SIMP, aiming at overcoming sequential bio-
physical barriers in tumors (Tasciotti et al., 2008). Thus, it was
important to first check the in vivo biocompatibility of STMP. Any
type of S2NP may have an effect on the overall safety profile of the
system. Data from recently published studies with siRNA liposomes
loaded STMP and iron oxide S2NP demonstrate that no toxic effect
were observed in vivo and in vitro (Godin et al., 2010; Serda et al.,
2009b; Tanaka et al., 2010). Currently ongoing studies are focused
on other therapeutic/diagnostic MSV systems for applications in
oncology.

In conclusion, we demonstrate that acute or subchronic intra-
venous administration of the porous silicon micro particles
(S1MP) did not produce obvious changes in blood chemistry and
immunoreactivity in mice.
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