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anoenabled drug delivery systems
N are gaining application in the phar-

maceutical industry, since nano-
particle-based drugs may have improved
solubility and altered pharmacokinetics and
biodistributions compared to small mole-
cule drugs.' 3 The future success of nano-
particle-based nanomedicine requires na-
noparticles (NPs) with well-defined in vivo
behaviors. Elucidating the in vivo biodistri-
bution, clearance, and biocompatibility of
administered NPs, as important indications
of in vivo behavior, is considered very im-
portant in the context of the underlying
medical debate regarding the safety of
novel nanodelivery systems. In view of the
complexity of designed nanoplatforms,
there are still many unanswered questions
regarding their in vivo behaviors.

There is now ample evidence that phys-
icochemical properties, such as size, shape,
and surface chemistry, can dramatically
influence the behaviors of NPs in biological
systems and might, in part, determine the
biodistribution, clearance, and biocompat-
ibility of NPs in vivo. In this regard, some in
vitro*~® and in vivo'®~'* studies have de-
monstrated the effect of size and surface
chemistry of NPs on biological behaviors.
For example, Jong et al.'> demonstrated
that tissue distribution of gold NPs is size-
dependent with the smallest 10 nm NPs
showing the most widespread organ dis-
tribution. He et al.'® indicated that different
surface-modified silica NPs (OH—, COOH—,
and PEG—) are all cleared from the sys-
temic blood circulation, but both the clear-
ance time and subsequent biological organ
deposition are dependent on the surface
chemical modification of particles. Although
some reports have shown that the shape of
NPs plays an important role in biological
effects in vitro,"”” '° there are very few
reports on the effects of particle shape on
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ABSTRACT In our previous study we reported that the interaction of nanoparticles with cells can
be influenced by particle shape, but until now the effect of particle shape on in vivo behavior
remained poorly understood. In the present study, we control the fabrication of fluorescent
mesoporous silica nanoparticles (MSNs) by varying the concentration of reaction reagents especially
to design a series of shapes. Two different shaped fluorescent MSNs (aspect ratios, 1.5, 5) were
specially designed, and the effects of particle shape on biodistribution, clearance and biocompat-
ibility in vivo were investigated. Organ distributions show that intravenously administrated MSNs are
mainly present in the liver, spleen and lung (>80%) and there is obvious particle shape effects on
in vivo behaviors. Short-rod MSNs are easily trapped in the liver, while long-rod MSNs distribute in
the spleen. MSNs with both aspect ratios have a higher content in the lung after PEG modification.
We also found MSNs are mainly excreted by urine and feces, and the clearance rate of MSNs is
primarily dependent on the particle shape, where short-rod MSNs have a more rapid clearance rate
than long-rod MSNs in both excretion routes. Hematology, serum biochemistry, and histopathology
results indicate that MSNs would not cause significant toxicity in vivo, but there is potential
induction of biliary excretion and glomerular filtration dysfunction. These findings may provide
useful information for the design of nanoscale delivery systems and the environmental fate of

nanoparticles.
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in vivo biological behaviors,*® even as
interest on the design of high perfor-
mance drug delivery systems grows. This
may be due to the limited availability of
techniques to produce nonspherical bio-
compatible NPs.2" Most importantly, there
are few particle fabrication techniques
currently available which have the ability
to independently alter one variable at
a time and monitor the effect of each
variable.

Mesoporous silica nanoparticles (MSNs)
have recently attracted much attention in the
biomedical field due to their unique charac-
teristics, including high Brunauer, Emmet
and Teller (BET) surface area, large pore
volume, and uniform porosity, making
them excellent candidates for the devel-
opment of a drug delivery system.?? 2%
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Figure 1. Controlled fabrication and characterization of MSN—FITC. (A) lllustration of the fabrication of MSN—FITC by a
specifically designed two-step preparation. (B) TEM images of different shaped MSN—FITC. The shapes of particles were
controlled by CTAB concentration. (C) Relationship of CTAB concentration and aspect ratios (ARs). (D) Relationship of aqueous

ammonia concentration and diameters.

Previous reports indicated that some nonspherical
MSNs show advantages in biomedical applications.
For example, rodlike multifunctional MSNs display
great potential in monitoring cell trafficking, cancer
cell metastasis, and drug/DNA delivery.®® In our
previous studies, different shaped MSNs of similar
particle diameter, chemical composition and surface
charge but with different aspect ratios (ARs) were
specially designed. The shape effect of MSNs on
cellular uptake and behaviors was then illustrated.?
To further investigate the shape effect on in vivo
behaviors, different shaped fluorescent particles
with fluorescein isothiocyanate (FITC) molecules
doped in the mesoporous silica shells (MSN—FITC)
was controllably fabricated in this study. Moreover,
the functionalization of NPs by PEG chains is prob-
ably the most efficient way to avoid nonspecific
accumulation that can be detrimental for the
in vivo application of NPs."® So, we designed two
rodlike shaped MSN—FITC (ARs 1.5, 5) and modified
them with PEG molecules to track the biodistribution
of particles in vivo after intravenous injection. To
further quantitatively analyze the biodistribution
and clearance of different shaped and PEGylated
MSN—FITC, the Si content in blood and target organs
was analyzed by inductively coupled plasma atomic
emission spectroscopy (ICP—OES). Additionally, the
biocompatibility of different shaped and PEGylated
MSN—FITC was studied by the analysis of hematol-
ogy, serum biochemistry, and histopathology.
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RESULT AND DISCUSSION

Controlled Fabrication of MSN—FITC. MSN—FITC were
synthesized in a specifically designed two-step pre-
paration (Figure 1A). Briefly, 3-aminopropy! triethoxy-
silane—fluorescein isothiocyanate (APTES—FITC) solution
was prepared by conjugating FITC with APTES. Sepa-
rately, particles were synthesized by co-condensation of
tetraethyl orthosilicate (TEOS) and FITC—APTES in the
presence of aqueous ammonia and cetyltrimethylammo-
nium bromide (CTAB). A two-step procedure needed to
add TEOS during the synthesis process of MSN—FITC. First,
two-third of TEOS was added to the mixture of CTAB and
NH;-H,O with vigorous stirring for 1 h and then AP-
TES—FITC and additional TEOS was added. In this fabrica-
tion, the shape and size of MSN—FITC is controlled by
changing the concentration of reaction reagents. The
shape of particles is mainly dependent on CTAB concen-
tration. The ARs of MSN—FITC were varied from ~1 to ~8
(Figure 1C) when the CTAB concentration increased from
2.94 mM to 19.6 mM. Furthermore, the concentration of
aqueous ammonia plays an important role in the diameter
of MSN—FITC. For example, ~70 nm MSN—FITC with
ARs of ~1.5 were produced with reactant concentration
of 5.9 mM CTAB, 171 mM NHs-H,0 and 41 mM TEQS,
while ~160 nm MSN—FITC with ARs of ~1.5 were
obtained by increasing the ammonia concentration to
256 mM (Figure 1D). The controlled synthesis of shape
and diameter of MSNs provides the foundation for
designing the needed MSNss to assess biological effects.
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The fluorescent images of different shaped MSN—
FITC and FITC solution were observed under UV
excitation, and absorption and fluorescence spectra
were also measured by a spectrometer (Supporting
Information, Figure S1). The results indicate that the
absorption spectra of FITC are different from that of
MSN—FITC. The possible reason is that the molecular
structure of FITC molecules is changed during conju-
gation with APTES, causing a red shift of the absorption
peak. Importantly, the change in the absorption spec-
tra did not influence the fluorescent property of
MSN—FITC, which is still suitable as imaging probes.
To obtain fluorescent NP probes, fluorescent dyes are
generally labeled on the surface of NPs. However, this
labeling strategy may be unsuitable for long-term
tracking in vivo biodistribution of the particles.
Two possible reasons are, first, fluorescent molecules
coupled on the surface of NPs could detach from the
particles which would alter the in vivo readouts; sec-
ond, fluorescent molecules on the surface of NPs
would be greatly affected by biofluids (i.e., pH envir-
onment, enzyme), easily causing fluorescent signal
quenching. In order to create more robust probes,
hybrid organic/inorganic NPs have been developed
from organic dye molecules and silica.?”*® As a matrix
material for fluorescent probes, silica provides a che-
mically and mechanically stable vehicle, which can
protect the encapsulated dye molecules from exter-
nal perturbations, while exposing a biocompatible
and easily functionalized surface to the environment
and in some cases enhancing the photophysical
properties of the encapsulated dyes.?® Therefore,
we designed and synthesized particles with FITC em-
bedded into MSNs to prevent quenching and falloff of
the dye molecules, which is suitable for long-term
tracking of the particle biodistribution in vivo.

Design of different shaped and PEGylated MSN—FITC. In
view of the above controlled fabrication, we designed
two shaped MSN—FITC with similar particle diameters,
chemical compositions and surface charges but with
different ARs (1.5, 5) and then investigated the effect of
particle shape on biodistribution, clearance and bio-
compatibility in vivo. First, the biodistribution of parti-
cles was observed by fluorescent images of MSN—FITC
in the major organs of mice. Quantitative studies of
MSN—FITC biodistribution and excretion were fur-
ther performed by determination of Si content with
ICP—OES analysis. Finally, we studied the biocompat-
ibility of MSN—FITC including hematology, serum bio-
chemistry and histopathology analysis.

To compare the shape effect of particles on biodis-
tribution, clearance and biocompatibility, two kinds of
shaped MSN—FITC with well-ordered hexagonal pore
structures were synthesized. The TEM images show the
short rod MSN—FITC (ARs of ~1.5, length of 185 nm
422 nm) and long rod MSN—FITC (ARs of ~5, length of
720 nm £65 nm) are both composed of two layer
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Figure 2. Characterization of NSR—FITC and NLR—FITC.
(A) TEM image of NSR—FITC. (B) TEM image showing the
mesostructure of NSR—FITC. (C) TEM image of NLR—FITC.
(D) TEM image showing the mesostructure of NLR—FITC.
(E) Absorption and emission spectra of FITC, NSR—FITC, and
NLR—FITC. Arrow denotes FITC embedded into particle.

structures (Figure 2A—D, arrow). This is due to the two-
step process used to add TEOS during the synthesis
process, where the as-synthesized inner layer of
MSN—FITC was embedded with FITC giving an obvious
contrast. The fluorescent spectra of short rod MSN—
FITC (NSR—FITC) and long rod MSN—FITC (NLR—FITC)
indicate that their fluorescent properties were similar
with FITC and suitable for fluorescent imaging (Figure 2E).

Previous researchers have demonstrated that PE-
Gylation reduces the rate of mononuclear phagocyte
system uptake and increases circulation half-life for
various types of spherical NPs, including liposomes,
polymer-based NPs, and hybrid NPs3° It has been
hypothesized that PEG creates a steric shield around
the coated particle, effectively preventing plasma pro-
teins adhering to the particle surface and thus avoiding
subsequent uptake by mononuclear phagocytes.' To
research the effect of PEGylation on circulation time
and biocompatibility of nonspherical MSN—FITC, PEG
modification was performed by the conjugation strat-
egy as described in the Experimental Section. The ¢
potential changes of modified MSN—FITC indicate that
the particle surfaces were successfully modified by
APTES and PEG molecules, respectively (Supporting
Information, Figure S2). The PEG packing density on
MSN was estimated to be about 0.61 and 0.87 PEG

VOL.5 = NO.7 = 5390-5399 = 2011 A@M\K)

WWww.acsnhano.org

J1D]Le

5392



Control NSR-FITC

NLR-FITC  NSR-FITC-PEG NLR-FITC-PEG

N ..---
o ...-.
- ...-.
e
v
S

Figure 3. Biodistribution of different shaped and PEGylated MSN—FITC in liver, spleen, and lung was observed by confocal
microscopy images 2 h after intravenous injection. Arrows denote NLR—FITC distribution in lung.

molecules per square nanometer surface area for NSR
and NLR, respectively.3'32

Biodistribution of Different Shaped MSN—FITC and MSN—
FITC-PEG in Vivo. To study the in vivo biodistribution of
particles, organs of mice injected with either MSN—
FITC or MSN—FITC-PEG were collected, and the frozen
tissue sections were obtained by microtome. After
DAPI ((2-(4-amidinophenyl)-6-indolecarbamidine dihy-
drochloride) staining, fluorescent images of the tissue
sections were acquired by confocal microscopy. The
results indicate that four kinds of particles (green) were
mainly distributed in the liver, spleen, and lung 2 h after
injection (Figure 3). They showed diffused distribution
in the liver and lung and aggregated distribution in the
marginal zone of the spleen. This punctuated particles
distribution in tissues is related to the distribution of
mononuclear phagocytes. We found there was weaker
fluorescent signal intensity at 7 d postinjection than
that at 2 and 24 h postinjection (data not shown). The
possible reasons for this phenomenon is that the
particle fluorescent signals are quenched in tissues
after 7 d post-treatment or the silica particles are
biodegraded or excreted from the body.'* More de-
tailed information of the particles in different tissues at
different time points is shown in Supporting Informa-
tion, Figures S4—S9. The MSN—FITC fluorescent signals
in the organs were still present 7 d after injection, so it
can be considered as a robust fluorescent probe for
tracking the biodistribution of NPs. MSN—FITC serum
stability was also studied and indicated it is a robust
fluorescent probe (Supporting Information, Figure S3).

Many previous reports have indicated that NPs can
reach specific sites for diagnosis and therapy of dis-
ease, such as the lymph nodes* and brain parenchyma
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across the blood-brain barriers.>* After 2 h or 7 d
postinjection, we did not find the presence of the four
kinds of particles in the limb lymph nodes and brain
(Figure S12 and 13), which indicated they did not
spread into peripheral sites nor pass through the
blood-brain barrier. The reason for this phenomenon
may be related to the intrinsic properties of NPs, such
as size®® and surface chemistry.3® Previous studies
indicated silica nanoparticles could be partly excreted
through the renal excretion route."® In this study, a little
MSN—FITC and MSN—FITC—PEG were found in the
kidney at 2 h postinjection, while only NSR—FITC—PEG
and NLR—FITC—PEG were observed at the 7 d time
point (Figure S10and 11). This result demonstrates that
naked and PEGylated MSNs may enter the kidney and
pass through glomerular filtration, providing a poten-
tial metabolism route. These in vivo biodistribution
results of MSNs are consistent with previous reports,>’>#
which indicate that the particles are mainly uptaken by
reticuloendothelial system (RES).

Quantitative Analysis of Biodistribution and Clearance of
Different Shaped and PEGylated MSN—FITC. To quantify the
biodistribution, equivalent doses of different shaped
and PEGylated MSNs were intravenously injected and
Si content in blood and organs was measured with
ICP—OES. Figure 4 shows the biodistribution in major
organs and blood after 2 h, 24 h, and 7 d of adminis-
tration. Different shaped and PEGylated MSNs were
mainly trapped in RES of the liver, spleen, and lung,
accounting for over 80% of the injected dose at 2 h
after administration. There are obvious differences in
the biodistribution trend for the different shaped and
PEGylated MSNs as shown in Figure 4A. NSR were easily
trapped in the liver, while more NLR distributed in the
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Figure 4. Quantitative analysis of different shaped and
PEGylated MSNs in organs and blood by ICP—OES. Relative
Si contents in liver, spleen, and kidney at (A) 2 h, (B) 24 h, and
(C) 7 d postinjection. Data are the mean =+ SD from three
separate experiments. Asterisk (x) or double asterisk (sx)
denotes statistical significance for the comparison of Si
contents of different shaped and PEGylated MSNs in organs
and blood: %, p < 0.05; *x, p < 0.01.

spleen (p < 0.05). After PEGylation, the liver capture of
NSR was decreased (p < 0.05). It was surprising that the
PEGylated NSR and NLR both had a higher content in
the lung than the naked NPs (p < 0.05) and indicates
that surface modification also changed the in vivo
biodistribution of NPs.

Comparing the Si contents of organs at 2 h, 24 h,
and 7 d postinjection, we found that the Si content of
these organs were obviously decreased over time and
indicated MSNs could be biodegraded or cleared from
liver, spleen, lung, and kidney (Supporting Information,
Figure S14). NLR (from 30% to 70% in different organs)
had a faster clearance rate relative to NSR (from 10% to
20% in different organs), especially in spleen and lung
(p < 0.01). PEG modification obviously decreased the
clearance rate of MSNs in organs (p < 0.05), demon-
strating that the PEGylated NPs were more difficult to
be removed from the RES organs regardless of the
particle shape. This result is inconsistent with a pre-
vious report that PEGylated single-walled carbon na-
notubes (SWNTs) have a relatively fast clearance rate
from organs®® than naked SWNTs. This may be attrib-
uted to the hydrophobic properties of SWNTs, which
may elongate the retention time of SWNTs in vivo.

In terms of the circulation time of particles in blood,
the NLR and NSR did not show detectable concentration
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differences in blood at 2 h after administration. At 24 h,
Si contents of NSR in blood significantly deceased
(p < 0.05), while that of PEGylated NSR did not show
obvious changes. In addition, we found the Si content
of NLR at 24 h postadministration maintained a similar
level as 2 h. After 7 d postadministration, all the Si
content of these four kinds of MSNs decreased to a low
level (p < 0.05). The results indicate NLR has a longer
blood circulation time than NSR, while the effect of
PEGylation on blood circulation time is partially de-
pendent on the shape of the NPs.

From the above results, we found the shape and
surface modification of NPs influence the in vivo bio-
distribution and retention ability in tissues. NP uptake
by immune cells may occur both in the bloodstream by
monocytes, platelets, leukocytes, and dendritic cells
(DC) and in tissues by resident phagocytes (e.g., Kupffer
cellsin liver, alveolar macrophages in lung, DCin lymph
nodes, macrophages and B cells in spleen).! Therefore,
the biodistribution and retention ability of particles in
tissues may be relative to the uptake ability of these
immune cells.

Excretion of Different Shaped and PEGylated MSNs in Vivo. It
was observed that the injected MSNs can reach the
kidney, so we further investigated whether MSNs could
be excreted from the body and analyzed the effect of
particle shape on excretion. The urine and feces sam-
ples were collected by metabolic cages at different
time points after injection of MSNs, and the results
were then determined by ICP—OES (Figure 5). Because
the mice had free access to water and commercial
laboratory complete food, the silicon content in the
feces and urine of the control group were very high
and fluctuating. It interfered with the calculation of
excretion percentage. At 2 h postinjection, Si was
detected in the urine for all the NPs (Figure 5A), and
the excreted Si content of NSR was significantly higher
than that of NLR (p < 0.05). The MSN excretion in urine
corresponds to the biodistribution of MSNs in kidney
and clearance rate of MSNs (Figures 3 and 4). At 2 h
postinjection, Si content in feces for NSR was obviously
higher than the control group but was not observed for
other particles (Figure 5B). At 7 d, however, the parti-
cles exhibited an obvious feces excretion. The possible
reason is that the excretion of NPs through feces is
performed by hepatic processing and biliary excretion
after liver uptake, which is relatively slower than the
renal clearance route. Overall, MSNs can be excreted by
urine and feces and NSRs have a more rapid clearance
rate than NLRs in both routes. In view of the excre-
tion differences between MSNs and PEGylated MSNs
in vivo, we deduce particle surface charge, as shown in
Supporting Information, Figure S2, plays an important
role. A previous study discovered surface charge-
mediated rapid hepatobiliary excretion of MSNs and
indicated that the particles with more highly charged
moieties (+34.4 mV) were quickly excreted from the

A AN TS
VOL.5 = NO.7 = 5390-5399 = 2011 @%{\)

WWW.acsnano.org

J1O1LdV

5394



B 15007 mm Control

*
Azgo. + mm Control
* —INSR
240 INSR 1200 NSR-PEG
sar NSR:PEG mEmNLR
200
mmNLR o 900- .
§1 60 = NLR-PEG 2 2z NLR-PEG
2120 7 * = P 2 600
7 .
% 3004 || |
/ Z
% .
7 / o 7
2h 24h 7d 2h 24h

Figure 5. ICP—OES quantitative analysis of the Si content in (A) urine, and (B) feces at 2 h, 24 h, and 7 d after injection. Data are
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Figure 6. Effect of different shaped and PEGylated MSNs on (A,B) hematology and (C,D) serum biochemistry at (A,C) 24 h and
(B,D) 18 d. Relative hematology indicators include red blood cell count (RBC), hemoglobin (HGB), hematocrit (HCT), mean
corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC),
platelet count (PLT) and white blood cell count (WBC). Related serum biochemistry indicators include alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), total bilirubin (TBIL), alkaline phosphatase (ALP), creatinine (CREA), and blood
urea nitrogen (BUN). Data are the mean + SD from three separate experiments. Asterisk (x) or double asterisk (xx) denotes
statistical significance for the comparison of the effect of different shaped and PEGylated MSNs on hematology and serum
biochemistry: , p < 0.05; xx, p < 0.01. Gray bars indicate the range of values obtained from healthy ICR mice.

liver into the gastrointestinal tract, while less charged
moieties (—17.6 mV) remain sequestered within the
liver.'" Therefore, these results demonstrate that
the excretion of MSNs is dependent on the shape
and surface modification.

To obtain definite evidence of MSN excretion
in vivo, the urine and fecal samples at 24 h postadmi-
nistration were investigated by TEM and EDX analysis.
As shown in Supporting Information, Figures S15 and
S16, we clearly observed the presence of MSNs in urine
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and fecal samples, which was further confirmed by EDX
analysis. Previous studies also found that silica NPs
larger than 100 nm can be rapidly excreted from
urine.>’*° However, these studies did not show the
intact evidence of NPs during urine excretion, so it is
also unknown whether these NPs were excreted as
intact modalities or degradation products. He et al.
directly observed fluorescent silica NPs with diameters
of 45 nm in urine by TEM.'® On the basis of previous
knowledge, large NPs, like the NSR and NLR (over
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Figure 7. Effect of different shaped and PEGylated MSNs on histopathology of the liver, spleen, lung and kidney at 7 d after

intravenous injection.

100 nm) used in our studies, have a hard time passing
through glomerular filtration and further reach the
urinary bladder. We herein show the intact excretion
evidence of large sized MSNs in urine and feces, but
the excreted mechanism is not clear and needs to be
further studied.

Biocompatibility of Different Shaped and PEGylated MSNs
in Viva. When NPs are intravenously administered, the
first physiological system they interact with is the blood
and blood components. Then NPs would be cleared by
immune cells, leave away from the bloodstream, and
then reach the target organ. It is important to measure
whether NPs themselves or their constituent materials
would induce toxicity in the blood and organs.*’

Immune cell uptake may cause NPs to be routed
away from the site of its intended application and thus
greatly reduce the number of NPs available at the
target site. Therefore, understanding NP hematocom-
patibility is an important step during the initial char-
acterization of nanomaterials. To study the effect of
different shaped and PEGylated MSNs on blood,
hematology and serum biochemical indicators were
measured at 24 h and 18 d after administration of the
particles. Representative hematology markers were
analyzed, including red blood cell count (RBC), hemo-
globin (HGB), hematocrit (HCT), mean corpuscular

HUANG ET AL.

volume (MCV), mean corpuscular hemoglobin (MCH),
mean corpuscular hemoglobin concentration (MCHC),
platelet count (PLT), and white blood cell count (WBC).
All hematology marker values were mostly within
normal ranges and did not indicate a trend of toxicity
associated with shape and PEGylation of particles
(Figure 6A,B, Supporting Information, Table S1). These
results indicate both MSNs and PEGylated MSNs have
excellent biocompatibility in hematology.

To investigate the effect of different shaped and
PEGylated MSNs on target organs, representative ser-
um biochemical indicators, such as alanine amino-
transferase (ALT), aspartate aminotransferase (AST),
total bilirubin (TBIL), alkaline phosphatase (ALP), crea-
tinine (CREA) and blood urea nitrogen (BUN), were
quantified 24 h and 18 d after the administration of
particles (Figure 6C,D, Supporting Information, Table
S1). ALT and AST are commonly used as biochemical
markers for liver function.*? The activity of ALT and AST
of naked and PEGylated MSNs were within the normal
value, indicating that the particles did not influence
liver function. However, we found the activity of TBIL,
as a marker for biliary function, was changed after
injection of MSNs. Moreover, the activity of CREA and
BUN, indicators of glomerular filtration, were also out-
side the normal range. We can also find there were
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mostly larger effects on TBIL, CREA, and BUN by NSRs.
Combined with the result of direct detection of MSNs
in urine and feces, we think that naked and PEGylated
MSNs may induce the dysfunction of biliary excretion
and glomerular filtration, causing the excretion of large
sized particles (over 100 nm) by urine and feces.

To further investigate the toxicity of target organs,
histological assessment of tissues was performed to
determine whether different shaped and PEGylated
MSNs would cause tissue damage, inflammation, or
lesions at 18 d after the injection. Four representative
organs including liver, spleen, lung, and kidney were
fixed, stained, and analyzed. As shown in Figure 7, there
were no apparent histopathological abnormalities or
lesions for the groups treated with MSNs compared
with that for the control group.

From the above results, different shaped MSNs have
different effects on biochemical markers, but the value
of hematologic markers were generally within normal
ranges. We found that all four kinds of the designed
MSNs did not significantly induce serious toxicity in
hematology and organs except for the potential dys-
function of biliary excretion and glomerular filtration.
In our previous report, we also showed no or low
toxicity of MSNs when intravenously injected at single
doses or repeated administrations, even at particle
concentrations up to 1000 mg/kg mice.3® Combined

EXPERIMENTAL METHOD

Materials. Cetyltrimethylammonium bromide (CTAB), tetra-
ethyl orthosilicate (TEOS), aqueous ammonia, 3-aminopropyl-
triethoxysilane (APTES), dimethylformamide (DMF), and sucrose
were obtained from Beijing Chemical Reagents Company
(China). Heparin, fluorescein isothiocyanate (FITC), hematoxylin
and eosin were purchased from Sigma.

Fabrication and Characterization of MSN—FITC. Different shaped
MSN—FITC particles were synthesized according to the two-
step preparation previously reported.® First, 3-aminopropyl
triethoxysilane—fluorescein isothiocyanate (APTES—FITC) was
formed by stirring fluorescein isothiocyanate (FITC) in ethanolic
APTES solution (the amount of FITC was 9 mol % of APTES) in the
dark for 24 h. Separately, CTAB was dissolved in 70 mL of H,0,
and NHs - H,0 (28%~30%) was added with magnetic stirring for
1 h. Two-third of TEOS was then added with vigorous stirring for
1 h at room temperature. APTES—FITC was added, and the
additional one-third of TEOS was added with vigorous stirring
for 4 h. The shape and size of MSN—FITCs were controlled by
changing the concentration of reaction reagents. Different
shaped MSN—FITCs were fabricated and the particle ARs were
varied from ~1 to ~8 when the CTAB concentration increased
from 2.94 to 19.6 mM. The concentration of aqueous ammonia
played an important role in the diameter of MSN—FITC. For
example, ~70 nm MSN—FITC with ARs of ~1.5 were produced
with reactant concentrations of 5.9 mM CTAB, 171 mM
NHs-H,0, and 41 mM TEOS, while ~160 nm MSN—FITC with
ARs of ~1.5 were obtained by increasing the ammonia con-
centration to 256 mM. Different shaped MSN—FITC were col-
lected by centrifugation at 15000 g for 20 min and then washed
and redispersed several times with deionized water and etha-
nol. Surfactant templates were removed by extraction in acidic
ethanol (1 mL of concentrated HCl in 50 mL of ethanol) for 24 h.
The particles were collected by centrifugation and then washed
and redispersed several times with deionized water.

HUANG ET AL.

with in vitro and in vivo studies reported in recent
years,**42~%7 it can be summarized that MSNs have
good biocompatibility. Possible reasons can be ex-
plained by the special meso-structural properties of
MSNSs, as demonstrated by Lin and co-workers.** In this
study, shape effect of MSNs on in vivo toxicity were not
observed. The reason is that MSNs have good biocom-
patibility, so it is difficult to compare the MSN shape
effects on in vivo toxicity.

CONCLUSION

In this study, the fabrication of MSNs and MSN—FITC
can be controlled by varying the concentration of
reaction reagents, especially for the control of a series
of shapes. We show in vivo biodistribution, clearance,
and biocompatibility effects from MSN shape and PEG
modification. These findings provide strong evidence
that nanostructures not only actively interact with cells,
but also engage in and mediate in vivo behaviors. Thus,
the interplay between biological effects and particle
shape will undoubtedly be an important aspect in
investigating numerous areas of interest, including
design of targeting strategies for therapeutic applica-
tions and the environmental fate of NPs. Given this
result, it is necessary that shape effect studies should
be expanded to a wide range of NPs to characterize NP
toxicity in vivo using standard clinical procedures.

Morphology and structure of the resulting MSN—FITC were
observed with a JEM-2100 transmission electron microscope
(TEM). The UV—visible spectra were recorded at room tempera-
ture on a Japan JASCO V-570 UV—visible spectrometer. The
fluorescent spectra of MSN—FITC were acquired with a VARIAN
fluorescence spectrophotometer.

PEG Modification of MSN—FITC. Particle surfaces were first func-
tionalized with primary amines, using 3-aminopropyltriethox-
ysilane (APTES) to attach alkoxy silane groups to surface
hydroxyls. These amine groups were then attached with acti-
vated mPEG-SC (mPEG-succinimidyl carbonate, MW 5000) mol-
ecules. A 50 mg portion of the MSN—FITC was dispersed in
20 mL of anhydrous ethanol. A solution of 5 uL of APTES diluted
in 200 uL of ethanol was added to the particle suspensions and
stirred at room temperature for 20 h. The modified particles
were collected by centrifugation. After washing three times, the
modified particles were resuspended in 3 mL of Tris-Cl buffer
(pH 8.6). Then 5 mg of MPEG-SC was added. The suspension was
stirred for 8 h, and the PEG modified particles (MSN—FITC-PEG)
were collected by centrifugation.

Animal Intravenous Injection and Sample Collection. Mice of 6—8
weeks old weighing 25—30 g were used for the study. For the
imaging of NPs in organs, five groups were separated into cages
(n = 6), control, FITC labeled short rod NPs (NSR—FITC), FITC
labeled long rod NPs (NLR—FITC), PEG modified NSR—FITC
(NSR—FITC—PEG), and PEG modified NLR—FITC (NLR—FITC—
PEG), respectively. For quantitative analysis of silicon content by
inductively coupled plasma atomic emission spectroscopy
(ICP—OES), five groups were also separated into cages (n = 6),
control, NSR—FITC, NLR—FITC, NSR—FITC—PEG, NLR—FITC—
PEG, respectively. NP suspensions (in 5 wt % glucose injection)
were injected intravenously at a dose of 20 mg/kg. After 24 h
and 18 d postinjection, blood was drawn for hematology and
serum biochemistry analysis using a standard vein blood collec-
tion technique. Analysis of standard hematology and serum
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biochemistry was performed by the Clinical Laboratory of
Capital Medical University (Beijing, China). Mice were sacrificed
2 h, 24 h and 7 d after administration and the following organs
were collected: liver, kidneys, spleen, lungs, brain, and limb
lymph nodes. The organs were used to analyze Si content and
histopathology. To measure the excretion of MSNs from urine
and feces, special single-mouse metabolic cages were used.
Urine and feces were collected into separate collection tubes at
different time points after the injections. The collected urine
and feces were also analyzed by ICP-OES for silicon element.
TEM image and energy-dispersed X-ray spectrum (EDS) analysis
were also used for qualitative observation of urine and feces.
The collected urine and fecal samples were respectively cen-
trifuged. The precipitates were incubated with 1 M HCl solution
for 1 h and centrifuged again. The pretreated precipitates were
washed three times with water, suspended in water, and
observed by TEM and analyzed by EDS (JEOL JEM 2010F).

Histological Analysis. To detect the biodistribution of MSN—
FITC, half the tissue samples were snap-frozen and 5 um
cryosections were prepared to check the biodistribution of
fluorescence MSNs by fluorescence microscopy. Specifically,
the histology sections were stained with 4,6'-diamidino-2-
phenylindole (DAPI) and observed under a fluorescence
microscope.

For histological studies, the other half of the tissues were
fixed in 10% neutral buffered formalin. Then they were em-
bedded in paraffin, and approximately 4 um thick sections were
cut and stained with hematoxylin and eosin (H&E). The histolo-
gical sections were observed under an optical microscope.

Quantitative Analysis of Silicon Contents by ICP—OES. Silicon con-
tents of blood samples, organs, urine, and feces were deter-
mined by ICP—OES against common standards ((ICP—OES,
Varian Vista-MPX, US, Testing Center of Tsinghua University,
Beijing, China).

Statistical Analysis. The level of significance in all statistical
analyses was set at a probability of p < 0.05. Data are presented
as mean =+ SD. Analysis of variance (ANOVA) and t tests were
used to analyze the data.
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