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a b s t r a c t
Understanding how size and shape can affect the biodistribution of intravascularly injected particles is of
fundamental importance both for the rational design of delivery systems and from a standardization and
regulatory view point. In this work, uncoated silica spherical beads, with a diameter ranging from 700 nm to
3 μm, and uncoated non-spherical silicon-based particles, with quasi-hemispherical, cylindrical and discoidal
shapes, have been injected into tumor bearing mice. The number of particles accumulating in the major
organs and within the tumor mass has been measured through elemental silicon (Si) analysis. For the
spherical beads, it has been found that the number of particles accumulating in the non-RES organs reduces
monotonically as the diameter d increases, suggesting the use of smaller particles to provide a more uniform
tissue distribution. However, discoidal particles have been observed to accumulate more than others in most
of the organs but the liver, where cylindrical particles are deposited at a larger extent. These preliminary
results support the notion of using sub-micrometer discoidal particles as intravascular carriers to maximize
accumulation in the target organ whilst reducing sequestration by the liver.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Intravascularly injected particle have been proved useful for the
early detection, imaging and therapy of diseases and have the potential
to revolutionize medical practice by enabling on-time diagnosis,
molecularly targeted biomedical imaging and timely delivery of
multiple therapeutic agents [1–3]. The past 20 years have witnessed
the development of a plethora of such systems presenting different sizes
ranging from a few tens of nanometers, as for dendrimers, micelles, gold
and iron oxide particles [4,5], up to hundreds of nanometers, as for
polymeric spheres, liposomes and nano-shells [1,6], and a few microns
[7–11], as for polymeric, lipid, silica-based microspheres and microemulsions; shape varying from the classical spherical to discoidal,
hemispherical, cylindrical and conical [12,13]; and surface properties,
with a broad range of electrostatic charges and biomolecule conjugations [14,15]. Clearly, the library of particles generated by combining all
possible size, shape and surface properties is enormous.
At the same time, several delivery strategies have been proposed
depending on the type of particle and disease model. For cancer, the ﬁrst,
“historical” effective strategy has relied on exploiting the enhanced
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permeation and retention effect (EPR) associated with the hyperpermeability of the tumor vasculature where sufﬁciently small particles
(b500 nm) can passively extravasate and accumulate in tumor parenchyma [16,17]. This strategy has resulted in the regulatory approval of
the ﬁrst classes of nanomedicines, comprising active principles such as
doxorubicin and antifungal agents within liposomes. EPR is at the
foundation of tumor-associated localization of the many families of
therapeutic and imaging contrast nanoparticulates that are currently
under development, and do not have the beneﬁt of surface targeting
biomolecules. These comprise the second, time-honored class of
localization strategies, also known as “active targeting”, where extravasating particles are ligands designed to interact with the tumor cells.
Attractive as the notion of biomolecularly speciﬁc recognition can be,
the unfortunate reality is that no actively targeted agent has received
regulatory approval to date, besides monoclonocal antibodies (mAbs)
whose characteristic size is in the 5–10 nm range. Part of the problem
may be the fact that surface decoration with targeting moieties frequently renders more difﬁcult physical transport across biological
barriers such as vascular endothelium, thus reducing or completely
reversing the intended beneﬁcial effect of the targeting molecules.
Growing evidence has shown that normal and abnormal vasculature
present different receptors, some of which highly speciﬁc, with different
levels of expression [18,19]. This has fostered the development of a third
delivery strategy where particles are decorated with ligands recognizing
vascular receptors (vascular targeting). More recently, we have combined the ﬁrst three targeting approaches into a fourth, comprehensive
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strategy, or Multistage Delivery Systems [7,20] which open the path to
combinatorial delivery strategies. For instance, in the case of a two-stage
system one can envision a ﬁrst stage particle targeted to the diseased
vasculature and a second stage targeted to the extravascular diseased
cells. In a yet more recent approach, a success in siRNA delivery was
accomplished with a multistage system, the ﬁrst stage of which was
targeted to “biological depots”, as the sinusoids of the liver, and spleen,
and from there it time-released the second stage targeted to the
diseased microenvironment into the systemic circulation [21].
With these ﬁve, and probably more, delivery strategies available to
the designer of novel families of nanomedicines, a thorough
understanding of the impact on biodistribution of nanoparticle design
parameters such as size, shape and surface properties is a very
pressing necessity — and this is the nature of this paper: an analysis of
biodistribution without prejudice with respect to which of the ﬁve
targeting strategies one favors, and in full recognition that what may
be a poor biodistribution for one targeting strategy may be the ideal
result for another.
Although a number of studies have been generated on the effect
that size and surface coating can have on biodistribution, very few
deﬁnite trends have been identiﬁed. This is in part due to the intrinsic
difﬁculties in running comprehensive studies across various animal
models whilst considering a large variability in material properties.
Concerning size, once injected in the systemic circulation, particles are
transported along the vasculature and accumulate in various organs
through different mechanisms (Fig. 1): trapping in the smallest
capillaries of the lungs is especially relevant for particles larger than
5–7 μm [22]; engulfment by phagocytic cells occurs mainly in the
organs of the reticulo-endothelial system (RES) such as the liver,
spleen and lungs, for particles as large as 4–5 μm [23,24]; EPR favors
the passive accumulation of particles smaller than 500 nm in the
extravascular space of the fenestrated discontinuous endothelium
[25], as for the permeable tumor vessels [26,27]; dendrimers, QDots,
gold nanoparticles, ultra-short carbon nanotubes and other smaller
particles reach various organs by crossing the tight endothelial
junctions (10–20 nm) and are rapidly excreted through the glomeruli
of the kidneys [28,29]. Regarding the surface properties, it is well
established that decoration with poly(ethylene-glycol) (PEG) chains
helps particles to evade the RES uptake and thus to circulating for a
longer time. Un-PEGylated particles consistently tend to accumulate
in the liver and spleen [30,31].
Here, we present a preliminary analysis of how the size and the
shape of the particles can affect their accumulation in major organs
after intravenous injection. The biodistribution of uncoated spherical
silica beads with diameters ranging in size from 700 nm to 3 μm, and
of uncoated quasi-hemispherical, discoidal and cylindrical siliconbased particles is studied in tumor bearing mice.
2. Material and methods
2.1. Particle characterization
Silica spheres (Polysciences, PA) were purchased with different
sizes, namely 0.7, 1, 1.5, 2.53 and 5 μm (nominal diameter). The
diameter and number of particles were measured by Z2 Coulter Particle
Counter and Size Analyzer (Beckman Coulter, CA) with a 50 μm aperture
size. Particles were suspended in the balanced electrolyte solution
(ISOTON II Diluent, Beckman Coulter Fullerton, CA) and counted. The
quasi-hemispherical porous silicon particles were microfabricated using
standard microlithography in conjunction with wet-etching and
reactive ion etching techniques, as described in [7]. The discoidal and
cylindrical non-porous silicon particles were fabricated from Polycrystalline Silicon (PolySi) ﬁlm using standard microlithography in
conjunction with reactive ion etching techniques. Brieﬂy, starting with
a cleaned silicon wafer, a 500 nm box Silicon dioxide (SiO2) ﬁlm was
deposited by using wet oxidation process. A PolySi layer of the desired
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Fig. 1. Mechanisms of particle sequestration from the circulation after intravenous
injection: A) entrapment in small capillaries; B) engulfment by phagocytic cells;
C) extravasation through fenestrated endothelium; D) excretion through the kidneys
glomeruli; E) and F) adhesion to the blood vessel walls.

thickness (350 nm and 1.05 μm respectively) was then deposited by
Low Pressure Chemical Vapor Deposition. A 100 nm SiO2 ﬁlm was then
deposited by using thermal oxidation process. The 1.5 μm or 1 μm
circular particles were patterned all over the wafer using a standard
photolithography process. A CF4 Reactive Ion Etch (RIE) was applied to
remove undesired area of the SiO2 ﬁlm, then PolySi particles were
formed by RIE of PolySi layer (Plasmatherm 790 series, 4 sccm Cl2
25.4 sccm HBr, 150 mTorr, 250 W RF Power). The particles were
detached from the substrate by selective removal of the box oxide
layer in diluted hydroﬂuoric (HF) acid solution, and collected in
isopropanol.
2.2. Animal experiments
The MDA-MB-231 breast cancer cell line was purchased from ATCC
(Rockville, MD). The cells were maintained in Dulbecco modiﬁed Eagle's
medium (DMEM) containing 10% fetal bovine serum supplemented
with 5% CO2 at 37 °C. 8–10 week old female nu/nu nude mice were
maintained in a VAF-barrier facility, and all animal procedures were
performed in accordance with the regulation in the University of Texas
for the Care and Use of Laboratory Animals. Five million MDA-MB-231
cells (300 μl of serum free DMEM) were injected subcutaneously into
the back of nude mice and allowed to establish tumors for 3 weeks
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(approx. 300–700 mm3) prior to intravenous particle injection. Mice
were injected with silica beads (107 or 108 in 100 μl saline) and nonspherical particles (108 in 100 μl saline) via tail vein (4 mice per group).
Four animals were also injected with the identical volume of normal
saline as a negative control. Two to six hours after the injection, the mice
were sacriﬁced and the organs (liver, spleen, heart, lungs, kidneys, and
brain) as well as tumors were excised and weighed. Retro-orbital
bleeding was performed to collect peripheral blood using a plastic
capillary. Each organ was divided into two parts: one for elemental
analysis of Si and another for histological evaluation. End points of the
experiments were chosen so that the concentration of beads left in
circulation was negligibly small. It was of 2 h for the 1, 2 and 3 μm beads,
4 h for the 0.7 μm beads and of 6 h for the non-spherical particles.
Consequently, the Si content measured in each organ normalized to the
basal level can be directly related to the number of beads permanently
accumulated.

2.3. Immunohistochemistry
Frozen tissues were used for identiﬁcation of vessels and scavenger
macrophage. Tissue was immediately placed in OCT, and rapidly frozen
in dry ice isopentane. Frozen sections were cut at 8 µm sections, ﬁxed
with acetone, treated with 3% H2O2 methanol, blocked, and probed
overnight at 4 °C with rat anti-CD31 or F4/18 antibody for vessels or
scavenger macrophages, respectively. The tissue sections were washed
with PBS and incubated with anti-rat IgG-HRP for 30 min at room
temperature. The slides were stained with metal enhanced DAB until
desired color appears and followed by nuclear counter stain by
Hematoxilin. Replicate serial sections from each organ were stained
with H&E.

2.4. Analysis of Si contents in the organs
The portion of the organs intended for the Si content analysis were
weighed, homogenized in 3 ml of 20% EtOH in 1 N NaOH and left for
48 h at room temperature for extraction of Si. The extracts were
centrifuged at 4200 rpm for 25 min and 0.5 ml of the supernatant was
withdrawn, diluted with 2.5 ml of de-ionized 18-µΩ water and
analyzed for Si content. Silicon content was measured using a Varian
Vista-Pro Inductively Coupled Plasma Atomic Emission Spectrometer
(ICP-AES) housed in the Rice University Geochemistry Laboratory. Si
was detected at the following wavelengths 250.69, 251. 43, 251.61
and 288.158 nm. Six standards were prepared using 1 ppm sodium
silicate as a stock solution and 18-µΩ water as a diluent. Yttrium
(1 ppm) was added to both standards and samples in order to correct
for instrumental drift during the run. A calibration run including the
internal control was made before each group of 15 samples. In
addition, samples were analyzed in random order to avoid any bias in
data acquisition. The detection limit of Si was 15 ppb, corresponding
to about 1 μg (~10+ 6 spherical particles of 1 μm). Therefore for the
700 nm particles, only the high dose can be considered, since at a low
dose (107 beads) the total mass of Si injected was lower than 3.5 μg.
For measurement of the total silicon in each sample (100%), the
original particle suspensions were diluted and dissolved in 1 N NaOH
for 24 h at 37 °C. Further, all results were recalculated considering the
dilutions performed and also normalized to percentage of total silicon
resulting from the number of particles injected, or to the individual
organ weight. Whole blood (200 μl) was processed to determine the
residual Si content in the peripheral blood. Serum fractions were ﬁrst
removed by low speed centrifugation at 1000 ×g for 10 min and the
red blood fraction was further lysed in red blood cell lysis buffer for
10 min at 37 °C. Supernatant was removed by high speed centrifugation at 12,000×g. The precipitant was washed by distilled water 3
times for further Si element analysis.

2.5. Flow chamber experiments
A parallel plate ﬂow chamber (Glycotech — Rockville, MD) was used
for the in-vitro adhesion experiments. It consists of Plexiglass ﬂow deck
with two holes (inlet and outlet). The ﬂow deck is attached to a 35 mm
borosilicate cover slip. A silicon gasket was installed between the ﬂow
deck and the cover slip to make the ﬂowing region. The ﬂow chamber
was connected to a syringe pump (Harvard apparatus, MA) through
plastic tubing with an inner diameter of 0.05 in. The channel is 10 mm in
width (w), 20 mm in length (l) and 0.01 in (254 μm) in height (h).
Experiments were performed at room temperature at 24 °C. The
borosilicate dishes were coated with collagen, type I solution from rat
tail (Sigma-Aldrich Corporation, MO). The solution with a concentration
of 4 mg/ml was diluted in DI water to obtain 10 μg/cm2. Sterile cover
slips were kept at room temperature for about 4 h and then let dry
overnight. After assembling the ﬂow chamber and the pump, the system
was placed on the stage of an inverted microscope. Images were capture
at regions of interested chosen in the middle of the channel and at 2/3 of
the channel length along the ﬂow direction. The regions were not
disturbed by the side wall or inlet and outlet, so that a fully developed 2D
Poiseuille's ﬂow regime can be assumed. The particle motion was
observed using a 20× dry microscope objective with an integrated 1.5×
magniﬁcation changeover leading to a 30× ﬁnal magniﬁcation. With
such a magniﬁcation, all micrometer particles were easily observed
using bright ﬁeld microscopy. The silica spheres were allowed to attach
to the ﬂow chamber substrate for 5 min at low shear rate. Subsequently,
the shear rate was increased in a stepwise fashion and the microspheres
that did not exhibit motion in the direction of ﬂow were scored as ﬁrmly
adherent. The number of ﬁrmly adhering microspheres was then
measured over the region of interest and saved to a computer for storage
using a Nikon DQC-FS digital camera. The data were exported as TIF ﬁles
into ImageJ, a freeware software from NIH (http://rsb.info.nih.gov/ij/)
for the following image processing and the particle counting within the
region of interest.
2.6. Statistical analysis
The results are expressed as the mean± SD. Student's t-Test was
used for testing the difference between two means. Differences with
p b 0.05 were considered signiﬁcant. A non-linear regression algorithm
was used to ﬁnd the least squares ﬁt to the list of experimental data for
the scaling law proposed. The algorithm estimated the 95% conﬁdence
intervals (CIs), the regression coefﬁcient R and the corresponding p for
the zero correlation hypothesis to be true. The packages ‘HypothesisTests’ and ‘NonlinearFit’ in Mathematica® (Wolfram Research, Inc.,
Champaign, IL) were used for the statistical analysis.
3. Results
3.1. Size-dependent distribution of the spherical beads
To elucidate the mechanisms regulating the deposition of the
particles in the major organs considered, spherical silica beads with
different diameters, namely 0.7, 1.0, 2.5 and 3.0 μm, were intravenously injected at two different doses into mice bearing breast tumor
xenografts. The beads were not conjugated to any speciﬁc ligand
molecule (uncoated beads). The size range and the material were
chosen because of the growing interest in silica- and silicon-based
delivery systems [7,32–35]. After injection, the mice were sacriﬁced
and the major organs (heart, lungs, liver, spleen, kidneys, and brain),
tumor and peripheral blood were collected. The samples were then
analyzed for silicon (Si) content by means of inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and treated for
histological analysis.
The relative Si content is presented in Fig. 2 for the different particle
sizes and the two doses. The amount of Si increases dramatically in the
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Fig. 2. In-vivo silicon amounts (μg) measured in six organs and a breast tumor xenograft
for the different particle sizes. The bar length gives the mean silicon amount and the
error bar gives the standard deviation (n = 4). The solid bars are for the low dose
injected (about 107 particles/animal) and the hatched bars are for the high dose injected
(about 108 particles/animal).

lungs, liver and spleen (RES organs) as the injected dose increases
(p b 0.05); whereas no statistically signiﬁcant increase is observed for
the other four organs analyzed, namely the brain, kidneys, tumor and
heart (p N 0.05). An exception is observed for the spleen only in the case
of the 1.0 and 2.5 μm beads (p N 0.05). To support these observations, the
data on the Si content were grouped in pairs for the low and high
injected doses and a t-Test was used for analyzing the difference
between the two means.
In Fig. 3, the percentage of the relative Si content is presented for
the two injected doses and each organ analyzed. For the low and high
injected doses (Fig. 3A,B), the bar charts show a steady increase in Si
content as the bead diameter d decreases, following with reasonable
accuracy the relationship d−4/3. This is quite evident for the heart
(R = 0.9988, p = 0.03 low dose), tumor (R = 0.9778, p = 0.13 low
dose; R = 0.9894, p = 0.01 high dose), kidneys (R = 0.9530, p = 0.07
low dose; R = 0.9989, p = 0.001 high dose) and brain (R = 0.9670,
p = 0.16 low dose), liver (R = 0.9792, p = 0.02 high dose) and spleen
(R = 0.9675, p = 0.032 high dose). For the RES organs, as the liver,
spleen and lungs, such relationship cannot be always established.
To gain further insight into the bead localization, histological tissue
sections were stained to observe the beads along with the overall
organ structures and to highlight cell–bead adhesion and bead
engulfment by phagocytic cells. In the heart, kidneys, liver and spleen,
the beads adhered to the blood vessel walls (Fig. 4). In the lungs, the
vascular adhesion of single beads has been also observed for the
smaller sizes, together with partial or even total occlusion of the
capillaries (Fig. 4), especially for the larger beads (2.5 and 3 μm). In
the brain and the tumor, only few scattered beads were observed.
In-vitro adhesion experiments have also been performed to
quantify the strength of adhesion of the silica beads to a biological
substrate. In a parallel plate ﬂow chamber, ﬁve bead sizes have been
tested, namely 1.0, 1.5, 2.5, 3.0 and 5.0 μm, and the critical shear stress
was measured as a function of the bead size. A non-linear regression
analysis of the data (Fig. 5) showed the existence of a scaling
relationship between the critical shear stress and the particle size as
μScr ∝ d− 1.349 (R2 = 0.994). This conﬁrms that the strength of
adhesion of the spherical beads reduces as their diameter increases,
making therefore ﬁrm adhesion less likely for the larger particles.
3.2. Shape-dependent distribution of the non-spherical particles
The effect of shape has been studied by considering quasihemispherical, discoidal and cylindrical microfabricated silicon-based

Fig. 3. In-vivo silicon amount referred to the injected dose for the spherical beads. This
percentage of Si can be directly related to the number of particles accumulating in each
organ. A) Low dose injected. B) High dose injected. The star symbol identiﬁes groups of
data following the relationship n ∝ d− 4/3, as detailed in the text.

particles having nearly the same volume (0.6 μm3). Scanning electroscope images of the three non-spherical particles are provided in Fig. 6,
and the geometrical properties are listed in Table 1.
The particles were intravenously injected at the higher dose only and
were not conjugated to any speciﬁc ligand molecule (uncoated
particles). Their behavior was compared with that of spherical silica
beads with a diameter of 1 μm, which have a volume of about 0.52 μm3.
In Fig. 7, the percentage of the relative Si content is presented for
each organ analyzed and for the different particle shapes considered.
The bar chart shows clearly a shape-dependent accumulation in the
major organs. In the lungs, discoidal particles tend to accumulate
about 4 times more than the spherical beads (p b 0.001); 8 times more
than the cylindrical and quasi-hemispherical particles (p b 0.001). In
the liver, very differently, the cylindrical particles accumulate about
two times more than spherical and quasi-hemispherical particles
(p b 0.001), and ﬁve times more than the discoidal particles
(p b 0.001). No statistically signiﬁcant difference has been observed
in the liver between the accumulation of the spherical and quasihemispherical particles (0.1 b p b 0.05). In the heart, again the discoidal
particles accumulate more than the other three particle types
(p b 0.001). In the spleen, discoidal and quasi-hemispherical particles
behave nearly the same (0.1 b p b 0.05) and accumulate more than the
cylindrical particles (p b 0.001) and the spherical beads (p b 0.001). In
the other three organs considered, namely the tumor, brain and
kidneys, the percentage of accumulation measured is overall smaller
than 1% and no statistically signiﬁcant difference has been noticed.
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Fig. 4. Histological sections from different organs. Particles adhering to the blood vessel walls are shown in the heart a), liver b), spleen c) and lungs d). Particle accumulation in the
lungs is shown to lead to partial (e) and complete (f) occlusion of the smaller capillaries.

This is possibly associated with the relatively large size of the particles
used that could have limited the access to such organs. Indeed further
studies are needed to clarify this point.
4. Discussion
Following contact with blood upon injection, uncoated particles are
rapidly covered by plasma proteins in amount, pattern and typology
which strongly depend on the original surface properties of the delivery
system [30]. Such protein adsorption, known as opsonization, can
mediate the adhesion of the particles to immune as well as endothelial
cell through both speciﬁc and non-speciﬁc interactions [36]. It should be
noticed that the particles used had all been oxidized following the same
protocol and resulted in roughly the same surface ζ-potential (Table 1).
However the opsonization process can also be affected by the particle
shape, leading to different types and orientations of the adsorbed
opsonins. The ﬂow chamber experiments presented in the previous
section have shown that the strength of adhesion of spherical beads
decreases under ﬂow as their diameter increases. Similar results have
been derived by other authors in the case of beads speciﬁcally targeted to
a cell layer [37]. Theoretical models have also predicted a steady decrease
in strength of adhesion for spherical particles larger than about 500 nm in
diameter within a capillary ﬂow [38]. In Fig. 3, the percentage n of beads
accumulating in the non-RES organs has been observed to reduce
monotonically with their diameter d, and the histological sections in
Fig. 4 have shown a consistent adhesion of the spherical beads to the
vessel walls in different organs. All this together can lead one to infer that
the uncoated particles injected have been accumulating in the non-RES

organs mainly by adhering to the vessel walls. Further studies are needed
to support more strongly the hypothesis of vascular adhesion, nonetheless the reduction in particle accumulation with the size is evident.
For the non-spherical particles, mathematical models and in-vitro
ﬂow chamber experiments have demonstrated that discoidal particles
can drift laterally towards the wall [39] and can more avidly adhere to
the vascular walls under ﬂow [38,40] compared to spherical and quasihemispherical particles. Also, it has been predicted [41] and veriﬁed
experimentally in-vitro [42,43] that elongated particles, such as those of
discoidal shape, can more effectively control and evade internalization
by cells of different types. These studies could provide an explanation to
the preliminary in-vivo results presented in Fig. 5. The higher propensity
of the discoidal particles to evade cell internalization could justify their
lower accumulation in the liver, where the main mechanism of
accumulation is believed to be sequestration by the Kupffer cells [31];
whereas the larger propensity to drift towards the vessel walls and
adhere under ﬂow could support the larger concentration found in the
other organs. On the other hand, spherical, quasi-hemispherical and
cylindrical particles, with an aspect ratio close to unity, are more easily
internalized. Interestingly, a recent study conducted in-vivo using antiICAM-coated polymer microparticles have also shown for discoidal
particles a longer circulation time and higher targeting speciﬁcity to the
vasculature compared to classical spherical beads [44], in agreement
with our observations.
Not only can the preliminary data presented here be used as a
guide for the rational design of particles targeted against the diseased
vasculature, but also emphasize the importance of an accurate quality
control for the particle size and shape. Indeed, variation in particle
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Fig. 5. Variation of the critical shear stress at the wall μScr as a function of the particle
effective diameter d measured in ﬂow chamber experiments. A) Sketch of the geometry
and forces exerted over a particle adhering to the chamber substrate under ﬂow. B) The
experimental variation of the critical shear stress with the particle diameter.

geometry can dramatically affect the biodistribution and consequently the therapeutic efﬁcacy or imaging efﬁciency. This opens the quest
for the development of standards for particle characterization that
should be easy to implement; simple and require minimal preparation. To date, numerous systems are just available for measuring
particle size: light scattering; laser light diffraction; scanning electron
microscopy; transmission electron microscopy; atomic force microscopy; analytical ultracentrifugation; ﬁeld ﬂow fractionation; capillary
electrophoresis; packed column hydrodynamic; and size exclusion
chromatography. Some of these techniques can also be used for
characterizing particle shape. However, the precision and accuracy of
the measurement generally depends on the technique employed
making quality control and inter-laboratory analysis not an easy task.
Clearly, the particle size and shape control and characterization are
fundamental also from a regulatory perspective.
The preliminary results derived show that only a minor percentage
of particles can actually reach the tumor mass. This could be due to the
size of the particles that can prevent them from entering in a sufﬁcient
amount the tumor vasculature. However, a fundamental question that
must be considered is what characterizes a “good” pattern of particle
accumulation for therapeutic delivery in cancer. Obviously, a
biologically benign carrier that increases the preferential, speciﬁc
concentration of therapeutic moieties at the target tumor sites is an
advance with respect to the system injection of the therapeutic agent
alone. It is also commonplace to consider beneﬁcial a carrier that
reduces side effects while equal concentrations of the therapeutic
agent are delivered to the tumor site — and this was actually, the
foundation for the regulatory approval and clinical deployment of the
ﬁrst nanovectored drugs: liposomally encapsulated doxorubicin [45].

Fig. 6. SEM images of the A) quasi-hemispherical, B) discoidal and C) cylindrical
particles used in the in-vivo experiments.

With the additional sophistication in therapeutic agents and micro/
nanoengineered delivery carriers, however, a greater sophistication in
the deﬁnition of “good biodistribution” of vectors is warranted. Recent
evidence from our laboratory demonstrates that a single intravenous
injection of quasi-hemispherical nanoporous silicon particles carrying
liposomally encapsulated siRNA sufﬁces to silence the target gene for
about six weeks, while also providing therapeutic efﬁcacy in orthotopic
murine models of ovarian cancer [21]. These levels of performance of
siRNA delivery which are unprecedented are not directly related to the
concentration of the nanoporous silicon carriers in the tumors. The
Table 1
Properties of the spherical and non-spherical beads used in the experiments.

Quasi-hemispherical
Discoidal
Cylindrical

Diameter
[μm]

Height

Porosity
[%]

Volume
[μm3]

ζ-Potential
[mV]

1.6
1.6
1

–
0.3 μm
≈ 1 μm

50–60
Non-porous
Non-porous

≈ 0.6
≈ 0.6
≈ 0.8

− 32
− 45
− 45
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tumor concentration and the therapeutic index in one setting may
actually be counter-productive for others, such as those that employ
multistage delivery systems of siRNA and other biologically labile
molecules. Thus, biodistribution studies must be performed without
prejudice as to the ﬁnal mode of administration.
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Fig. 7. In-vivo silicon amount referred to the injected dose for the non-spherical particles.
This percentage of Si can be directly related to the number of particles accumulating in each
organ. High dose injected. The star symbol identiﬁes differences between the discoidal and
the other particles with p b 0.001, as detailed in the text.

nanoporous silicon carriers actually concentrate to a large extent in the
liver and spleen, where they are believed to form non-occluding
“depots” in the sinusoids, and release the liposomally encapsulated
siRNA. There is no evidence that smaller particles concentrating more in
the tumors would improve gene silencing or therapeutic efﬁcacy. Faster
degradation rates, and increased exposure to nucleases-rich tumor
tissues and phagocytes may actually yield the opposite effect.
This forces the re-evaluation of what constitutes a ‘good’ delivery
system: Smaller particles may well provide larger initial concentrations
at tumor sites, via different mechanisms of extravasation, but larger
particles of non-spherical shapes may provide concentrations at
intermediate sites that afford the deployment of novel modes of
anticancer therapy. For these reasons, the fundamental study of particle
biodistribution as functions of sizes, shape, and physical properties must
be undertaken without bias to the ultimate method of therapeutic
deployment. Optimization studies and comparative judgments are only
meaningful with respect to clearly identiﬁed therapeutic agents, modes
of action, animal models, and therapeutic objectives.
5. Conclusions
The deposition of spherical beads, with a size ranging between
700 nm and 3 μm, was shown to reduce monotonically with their
diameter d in non-RES organs, in agreement with other studies. For
the non-spherical particles, a larger accumulation of discoidal
particles was observed in most of the organs. This might be associated
with the larger rotational inertia and surface of adhesion of these
particles, which facilitate their interaction with the vessel walls. Very
interestingly, the same discoidal particles accumulated to a smaller
degree in the liver, by contrast with the patterns of the RES organ
accumulation for other shapes. Since internalization by the Kupffer
cells seems to be the dominating mechanism of sequestration in this
organ, the elongated shape of the discoidal particles and the related
lower internalization rate could explain the observed behavior.
The preliminary results presented here emphasize the importance
that size and shape have in determining the biodistribution of
particles. Not only these are important for the rational design of
particles intended to target the diseased endothelium, but also open
the quest for the development of solid standards for the quality
control of particles to be used in biomedical applications.
Finally, the determination of the ‘optimal’ size, shape and physical
properties of delivery vectors can only be performed in the context of
a clearly deﬁned therapeutic strategy with respect to a chosen model
of disease or clinical context: biological distributions that enhance
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