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esoporous silica nanoparticles (MS-
NP) is a multifunctional delivery plat-
form that has been shown at cellular

and in vivo levels to be capable of delivering
chemotherapeutic agents and DNA/siRNA to a
variety of cancer cell types.'® This delivery
platform allows effective and protective
packaging of hydrophobic and charged antic-
ancer drugs for controlled and on demand
delivery, with the additional capability to also
image the delivery site. The key challenge
now is to optimize the design features for
efficient and safe in vivo drug delivery,>'°~'2
which will be assessed through the use of
human xenograft tumors in nude mice."
While the availability of nanocarrier drug
delivery systems is an exciting development
that holds the promise of a fundamental
change in cancer chemotherapy, we are still
at a relatively early stage of the implemen-
tation of this technology that often contains
overblown claims of drug delivery nanopar-
ticles acting as magic bullets. Such claims
include the putative ability of active tumor
targeting with the ability of selectively spar-
ing all normal tissues. However, the reality is
that most nanocarriers are particulates that
are recognized by and are effectively re-
moved by the mononuclear phagocytic
cells in the reticuloendothelial system
(RES) of the liver and spleen.'* This seques-
tration is often enhanced by the surface
coating of nanoparticles with a corona of
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ABSTRACT A key challenge for improving the efficacy of passive drug delivery to tumor sites by a
nanocarrier is to limit reticuloendothelial system uptake and to maximize the enhanced permeability and
retention effect. We demonstrate that size reduction and surface functionalization of mesoporous silica
nanoparticles (MSNP) with a polyethyleneimine—polyethylene glycol copolymer reduces particle
opsonization while enhancing the passive delivery of monodispersed, 50 nm doxorubicin-laden MSNP
to a human squamous carcinoma xenograft in nude mice after intravenous injection. Using near-infrared
fluorescence imaging and elemental Si analysis, we demonstrate passive accumulation of ~12% of the
tail vein-injected particle load at the tumor site, where there is effective cellular uptake and the delivery of
doxorubicin to KB-31 cells. This was accompanied by the induction of apoptosis and an enhanced rate of
tumor shrinking compared to free doxorubicin. The improved drug delivery was accompanied by a
significant reduction in systemic side effects such as animal weight loss as well as reduced liver and renal
injury. These results demonstrate that it is possible to achieve effective passive tumor targeting by MSNP
size reduction as well as by introducing steric hindrance and electrostatic repulsion through coating with a
copolymer. Further endowment of this multifunctional drug delivery platform with targeting ligands and

nanovalves may further enhance cell-specific targeting and on-demand release.

KEYWORDS: mesoporous silica nanoparticles - enhanced permeability and retention
effect - nanocarrier - cancer treatment - doxorubicin - optimal design - monodisperse -
polyethyleneimine—polyethylene glycol copolymer

proteins that lead to opsonization and en-
hance phagocytosis by the RES."® Moreover,
there is also a possibility that the encapsu-
lated drugs could be lost from the carrier or
degraded, as well as the fact that the colloi-
dal instability of the carrier could lead to
agglomeration in the circulation and may
therefore be excluded from the intended
“target site”. It is also possible that the
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nanocarrier may reach the target site but that the drug
is not released from the particle or that the carrier is not
taken up effectively in the tumor cells. Both effects will
lead to insufficient intracellular drug delivery. Finally,
there is also the concern that the heterogeneity among
different tumor types could lead to considerable varia-
tion in the magnitude of the enhanced permeability and
retention (EPR) effect due to differences in vascularity or
lymphatic drainage.'® Given these constraints, it is not a
surprise that drug delivery to the tumor site seldom
achieves more than 10% of the total administered dose.
In fact, few publications show the actual calculation of
the EPR effect of the nanocarriers being described.'”

There are a number of nanomaterial design options
forimproving the pharmacokinetics, biodistribution, and
delivery of anticancer drugs to the tumor site."%° The
EPR effect is due to a combination of the abnormally
large fenestrations of tumor vasculature and the ineffi-
cient lymphatic drainage, which generates the retention
effect?' 23 A preliminary study using our first-genera-
tion MSNP that has a ~100 nm primary particle size has
shown that these particles could be taken up and
accumulate in a human breast cancer (MCF-7) xenograft
in nude mice.'> However, we did not calculate the EPR
effect in this study and have since come to realize that
the original synthesis method yields particles that ag-
glomerate extensively in biological media. Aggregation
could reduce the effectiveness of our original design
from an EPR perspective insofar as the preferred particle
size is generally considered to be in the 50—100 nm size
range.'”?*® Thus, size reduction could be helpful to
increase the passive targeting effects of our MSNP but
also has to consider that even if the size was shrunken, the
ionic conditions and proteins present in biological fluids
could contribute to agglomeration and that this may
require additional design features.'® A frequent strategy
that is being used is to decorate the particle surface with
polyethylene glycol (PEG) to provide steric hindrance to
improve particle dispersion. Because this feature also leads
to interference in particle opsonization, there is a conco-
mitant increase in circulatory half-life as well as an im-
provement in the EPR effect.>*'® The potential downside
of surface coating is that PEG may also interfere in particle
uptake by the tumor cells and that the longer circulation
time may increase drug leakage from the carrier. In
addition to steric hindrance, the addition of a cationic
charge to the PEG by using a polyethyleneimine—
polyethylene glycol (PEI-PEG) copolymer can further
improve particle dispersal due to electrostatic repulsion
while also helping to maintain an effective size.

In this study we use a dynamic design strategy to
improve the biodistribution and the EPR effect of the
first-generation MSNP to improve doxorubicin delivery
to a human squamous carcinoma xenograft in nude
mice. We demonstrate a dramatic improvement of the
EPR effect by reducing the primary particle size to
~50 nm'* as well as by decorating the particle surface
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NP1 NP2 NP3
MSNP, 36,130 MSNP,,, -PEG 5 kD MSNP,,, ,-PEI 1.2 kD-PEG 5 kD

Figure 1. Graphical representation of the MSNP design. NP1

refers to the first-generation phosphonate-coated MSNP with
a primary particle size of 100 nm. NP2 was PEGylated with a

mesoporous silica core size of 50 nm and coated with a 5 kD
PEG polymer. NP3 represents the same core size as NP2, but
was coated with a 1.2 kD PEIl polymer in which some of the
amines were reacted with 5 kD PEG. The pore diameter of all
three generations of particles was 2.5 nm. The TEM images at
the bottom demonstrate the primary particle size and ordered
pore structure.

with a PEI-PEG copolymer. We show that these design
features in combination with the electrostatic binding of
doxorubicin to phosphonate groups in the particle pore
allow efficient doxorubicin delivery, some due to intracel-
lular release, at the cancer site.> Not only are these design
features superior to induce tumor shrinkage and apoptosis
compared to the free drug, but also dramatically improve
the safety profile of systemic doxorubicin delivery.

RESULTS

Synthesis and Physicochemical Characterization of MSNP. In
order to achieve an optimal MSNP delivery system for
doxorubicin carriage to a human squamous carcinoma
xenograft in nude mice, three generations of particles
(designated NP1-NP3) were developed (Figure 1). NP1
denotes the first generation of a phosphonate-coated
MSNP with a primary size of ~100 nm and exhibiting a
negative zeta potential (Figure 2A). We have shown
that these particles are useful for the electrostatic
attachment and proton-dependent doxorubicin re-
lease in acidifying endosomal compartments in cancer
cells.*”7 NP1 is also capable of delivering camptothe-
cin to a human breast cancer (MCF-7) xenograft.'®
However, because of this particle's relatively large
primary size and high rate of agglomeration in saline
(Figure 2A and B) and other biological media (e.g.,
306 nm in DMEM medium; 867 nm in BEGM medium),’
it was necessary to consider reducing its size as well
as changing its surface characteristics to improve the
EPR effect. The first approach was synthesis of NP2
(Figure 1), which exhibits a primary size of 50 nm
(as determined by TEM analysis) before undergoing
PEGylation. Following its coating with a 5 kD PEG
polymer, NP2 exhibits a hydrodynamic diameter of
~70 nm, as determined by DLS (Figures 1 and 2).
However, while this particle exhibits a negative zeta
potential and a hydrodynamic size of 70 nm in water
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Particle Primary size Size in H,0 Size in Saline Zeta Potential in
type (nm) (nm) (nm) H,0 (mV)
NP1 100 260 520 -25.0
NP2 50 70 597 -20.5
NP3 50 77 110 +46.7

NP1 ’ NP2

| e
b 4 v\ ¥ @

Figure 2. Physicochemical characterization of the different MSNPs. (A) Particle size and zeta potential in pure water and saline
were assessed with a ZetaSizer Nano (Malvern), with the particle concentrations at 100 «g/mL. Note that the size and zeta
potential were not significantly changed before and after doxorubicin loading (not shown). (B) TEM images demonstrating
particle size and dispersal in saline. (C) Photographs of the particles suspended in saline at 20 mg/mL against an appropriate
background were taken and supplemented with the illustrations to show that NP3 coated with PEI-PEG had optical transpar-
ency because of electrostatic monodispersion, while the other particle types agglomerated for reasons discussed in the text.

(Figure 2A), it undergoes considerable agglomeration
in saline with potential interference in extravasation at
the tumor site. It was therefore necessary to construct a
50 nm primary particle (Figure 1) coated with a PEI-PEG
copolymer to take advantage of the stronger electro-
static repulsion of a cationic particle surface. This
yielded a particle with a positive zeta potential, hydro-
dynamic diameter of ~77 nm in water, and a size
of 110 nmin saline (Figure 2A). The improved dispersal
of NP3 was confirmed by TEM, showing that NP3 is
essentially monodispersed in saline, while NP2 and
NP1 form incrementally larger agglomerates (Figure 2B).
To further illustrate the dispersal characteristics of the
saline-suspended particles, photographic images were
obtained and showed optical transparency of the NP3
suspension, while the previous particle generations
resulted in turbid suspensions (Figure 2C).

Comparison of the Biodistribution of Labeled and
Drug-Laden NP1-NP3 in Vive. In order to determine
whether the redesign of particle size and surface coat-
ing improve the biodistribution of the various MSNP
types, imaging studies were performed in a nude
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mouse model used for subcutaneous growth of a
human tumor xenograft. To visualize the tumor growth
in a doxorubicin-sensitive HeLa squamous carcinoma
cell line, KB-31 cells were used for stable transfection
with a luciferase vector and then used for obtaining
bioluminescence images in the mice following intra-
peritoneal (i.p.) injection of p-Luciferin (Figure 3A, first
row). To also visualize the particles in vivo, the MSNPs
were designed to incorporate a near-infrared (NIR) dye
that exhibits high photon penetration in the animal
tissue.’’?® In order to quantitatively compare the
biodistribution of NP1—NP3, we showed that the
particles had similar labeling efficiency per unit mass
(Supporting Information, Figure S1). Initial reference
images were obtained prior to particle injection to
show a very low NIR background in the tumor-bearing
animals (Figure 3A, second row). These animals were
then injected with 50 mg/kg of each NIR dye-labeled
particle types via the tail vein and fluorescence images
were captured at the indicated time points (Figure 3A,
third—fifth row). The supine images indicate that the
majority of NP1 was captured by the liver and spleen
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Figure 3. Biodistribution of NIR dye-labeled MSNP to the KB-31-luc tumor xenograft model in nude mice. Particle labeling was
performed with Dylight 680 dye as described in Materials and Methods. (A) An IVIS optical imaging system (Xenogen) was used
to study the biodistribution of NIR dye labeled MSNP in the tumor-bearing mice. To visualize the luciferase expression in the KB-
31 cells, anesthetized mice received intraperitoneal injection of 75 mg/kg p-Luciferin, followed 8 min later by obtaining the bio-
luminescence images using 10 s exposure time. Reference fluorescence images were captured before intravenous injection of
50 mg/kg NIR-labeled particles into the tumor-bearing mice. Pronate and supine images were obtained at the indicated time
intervals following the particle injection. (B) 72 h after injection, the animals were sacrificed and tumor tissues as well as major
organs (heart, lung, spleen, liver, kidney, brain, and muscle) were collected for ex vivo imaging. (C) Measurement of the fluores-
cence intensities of individual organs from mice treated with each particle type. Around ~100 mg of tissue for each organ
was accurately weighted and homogenized, and the fluorescence intensity obtained at excitation and emission wavelengths of
680/715 nm in a microplate reader (SpectraMax M5e, Molecular Devices, USA). The data represent the mean fluorescence inten-
sity of 1 mg of tissue from the tumor or each organ. *p < 0.05, compared with NP1 and NP2. (D) The biodistribution of each par-
ticle type was expressed as percent of total load of each nanoparticle distributing to the individual organs. This percent is deter-
mined according to the formula [(tissue fluorescent intensity per mg mass tissue x tissue weight in mg)/(total injected particle
fluorescent intensity)] x 100%. NP3 yielded a passive tumor accumulation of ~12% of the injected dose, which is significantly
higher compared to the treatments using NP1 and NP2. *p < 0.05, compared to NP1 and NP2.

within 24 h, and this profiling was maintained for at
least 72 h. By contrast, NP2 showed less prominent liver
uptake, with a sustained systemic distribution (longer
circulation time), indicating the ability of PEG coating
to decrease particle opsonization and removal by the
RES. Interestingly, a barely visible tumor signal could be
obtained in only one of three animals (Figure 3A,
middle panel). A similar reduction in RES uptake and
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increased circulation time were obtained for NP3, which
showed prominent particle uptake in the tumor tissue at
24 h, suggestive of a strong EPR effect (Figure 3A, right
panel). Moreover, the fluorescence intensity at the
tumor site increased gradually, peaking at 48 h, and
was then sustained for at least 72 h.

In order to obtain more quantitative data that
can be used for calculating the EPR effect, the same
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Figure 4. Dual color fluorescence to show the tumor localization of the doxorubicin in relation to the tumor blood
vessels detected by a CD31 biomarker. Tumor-bearing mice received intravenous administration of doxorubicin-loaded
particles, each at a dose of 50 mg/kg for 72 h. Tumor tissues were collected immediately following animal sacrifice.
Histological staining of the OCT embedded frozen tumor tissues in each group was performed by the UCLA Division of
Laboratory Animal Medicine (DLAM) diagnostic laboratory services. The sections were incubated with a CD31 primary
antibody and visualized by FITC-conjugated secondary antibody. The red fluorescence of doxorubicin was also captured
for the same slide view, and merged images were prepared to show intratumoral distribution of the drug in relation to
the blood vessels. Slides were visualized under a fluorescence microscope (Zeiss, Germany). It is possible to discern some
speckled fluorescence in the lower panels, suggesting that some of the drug is still encapsulated in the particles.

animals were sacrificed at 72 h postinjection, and
ex vivo fluorescence intensity images were obtained
for the tumor tissue as well as major organs such as
liver, spleen, lung, kidney, brain, muscle, and heart
(Figure 3B). Consistent with the in vivo images, NP3
showed the highest fluorescence intensity in the tumor
tissue compared to other particle types (Figure 3B).
However, NP3 showed abundant distribution to the
liver and spleen as well as relatively high fluorescence
intensity in the lung compared to the other particle
types. The collected organs were accurately weighed
and used for the quantitative analysis of particle dis-
tribution by expressing the fluorescence intensity per
unit mass of tissue (Figure 3C). This readout demon-
strated the highest particle concentration at the tumor
site in animals treated with NP3 (Figure 3C). When
expressed as a percentage of the total mass of the
particles administered, ~1%, ~3%, and ~12% of NP1,
NP2, and NP3 load, respectively could be seen to
biodistribute to the tumor tissue at 72 h (Figure 3D).
To further confirm the EPR calculation based on fluor-
escence intensity, inductively coupled plasma mass
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spectrometry (ICP-MS) was used to quantify the Si
abundance in the major target organs (tumor, liver,
kidney, and spleen) of saline- and NP3-treated animals
(Figure S2). Consistent with the fluorescence data,
~10% of the total administered elemental Si dose could
be demonstrated in the NP3-treated tumor tissue
(Supporting Information, Figure S2). While slightly lower
than the estimation of the EPR effect by using fluores-
cence intensity, it has to be considered that some degree
of heterogeneity in tumor vascularity can influence fluor-
escent imaging intensity to explain this small difference.?®
All considered, the estimated EPR of ~12% in the KB-31
model is exceptionally good compared to other polymer/
copolymer-based drug and siRNA nanocarrier delivery
platforms, where a passive targeting rate of 3.5—10%
has been reported for different particle types.'”*°32

In order to determine whether drug loading exerts
an effect on particle biodistribution, doxorubicin was
loaded into NP1, NP2, and NP3 at w/w ratios of 3.3%,
2.5%, and 3%, respectively. The red fluorescence prop-
erties of doxorubicin allowed us to make semiquanti-
tative visual comparisons of the amount of drug in the
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Figure 5. Tumor growth inhibition of doxorubicin-loaded
NP3 in tumor-bearing nude mice. (A) Comparison of the
tumor inhibition effect of doxorubicin-loaded NP3 (Dox-NP3)
versus free drug (free Dox), empty particles, and saline in the
KB-31 xenograft model. The tumor-bearing mice were intra-
venously injected with 120 mg/kg doxorubicin-loaded NP3
weekly for 3 weeks. This particle dose is equivalent to 4 mg/kg
doxorubicin being delivered to each animal. The animals
receiving the free drug were injected with the same amount
of doxorubicin weekly for 3 weeks. To compare the effect of
NP3 alone, empty particles were intravenously injected at
120 mg/kg, weekly for 3 weeks. The saline group received
intravenous saline administration at the same time points.
Tumor size was accurately measured twice a week by the
same observer. Tumor weight was calculated according to
the formula Tumor weight (mg) = (length in mm) x (width in
mm)?/2. *p < 0.05, compared to saline; sp < 0.05, compared
to free doxorubicin. (B) At the end of this experiment, tumor
tissue was collected from each sacrificed animal, and a
photograph of the tumor tissue was obtained.

tumor tissue. In order to facilitate this interpretation,
the tumor blood vessels were visualized by CD31
immunohistochemistry (Figure 4). This allowed us to
visually compare the relative abundance of the drug
fluorescence signal in relation to its intratumoral dis-
tribution. This analysis showed that doxorubicin deliv-
ery by NP3 was the most effective for this type of
tumor, and this particle generation was chosen for
subsequent studies to perform intravenous drug de-
livery in the xenograft model as well as for safety assess-
ment compared to treatment with free doxorubicin.
Doxorubicin Delivery and Release by NP3 at the Tumor
Site Leads to Efficient Apoptosis and Tumor Shrinkage. Since
NP3 exhibits the best EPR effect and is responsible
for the highest doxorubicin accumulation in the
tumor site, we asked how drug-laden particles com-
pared to free doxorubicin or empty particles in

MENG ET AL.

terms of their ability to induce apoptosis and
inhibit tumor growth in the KB-31 tumor model.
Tumor-bearing animals were injected intravenously
on a weekly basis for 3 weeks with a NP3 dose of 120
mg/kg. This is equivalent to the administration of 4 mg/
kg doxorubicin per injection and was compared to
delivering the same dose of free doxorubicin, injected
weekly for 3 weeks. We also included a saline-treated
control as well as a group of animals treated with
empty particles. When comparing the effect on tumor
size, doxorubicin loaded NP3 showed a significantly
higher rate of tumor shrinkage than the free drug
(Figures 5A and S3). No tumor inhibition was found
with saline treatment or the use of empty particles
(Figures 5A and S3). Following sacrifice of the animals,
the tumor tissues were collected for accurate weighing
(Figures 5B and S3). This demonstrated 85% tumor
inhibition by doxorubicin-loaded NP3 compared to
70% inhibition by the free drug (Figure 5B). This
difference is statistically significant (p < 0.05).

Since doxorubicin inhibits cancer cell growth
through induction of apoptosis,>® TUNEL staining was
used to compare the abundance and localization of
TUNEL-positive cells (green fluorescence) in relation to
the doxorubicin fluorescence (Figure 6A). This analysis
also allowed us to detect the drug-laden particles in
relation to the cells undergoing apoptosis. By merging
the red and green fluorescent images, we were able to
show from the yellow composites that there is indeed
an overlap between the drug and apoptotic cells
(Figure 6A, bottom panel). By contrast, the tissues from
animals treated with free doxorubicin showed signifi-
cantly less drug signal, fewer apoptotic cells, and less
fluorescence overlap (Figure 6A, left panel). Quantifica-
tion of the number of TUNEL-positive cells was sig-
nificantly higher during NP3 delivery of doxorubicin
(~38%) compared to mice treated with free drug alone
(~13%) (Figure 6B). Additional nuclear staining with
Hoechst dye as well as image enlargement of regions
“I”and “II” in Figure 6A further demonstrated that the
doxorubicin-laden particles could be visualized as red
fluorescent specks or dots, frequently appearing in
a perinuclear arrangement (Figure 6C, lower panel).
This is in favor of cellular entrance of the particles, with
presumably some of the drug release taking place in the
acidifying endosomal compartment as previously demon-
strated by us in KB-31 cells.® This stands in contrast to the
dull homogeneous background in cancer cells of the mice
treated with the free drug (Figure 6C, upper panel).

Doxorubicin Delivery by NP3 Reduces Systemic, Hepatic,
and Renal Toxicity Compared to Free Drug. The safety of
MSNP drug delivery is of key importance in the assess-
ment of this delivery platform. This includes the
inherent safety of the delivery vehicle as well as any
potential benefits that may accrue from encapsulated
drug delivery. Accordingly, we performed safety profil-
ing by comparing the effects of saline, free
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Figure 6. TUNEL staining assay showing enhanced apoptosis and cell death by doxorubicin-loaded NP3 (Dox-NP3) compared
to the free drug. (A) To view doxorubicin-induced apoptosis in the tumor tissue, tumor sections were used for TUNEL staining
and visualized under a fluorescence microscope. Briefly, a TUNEL detection kit (Invitrogen) was used according to the manu-
facturer's instructions. Slides of the tumors were washed, fixed, and permeabilized before TUNEL staining. The number of
TUNEL positive cells (in green) was scored under the fluorescence microscope (200 x). Utilizing its red fluorescence properties,
we could also capture the doxorubicin signal in the same tumor section. After merging of the images, the composite yellow
spots suggest the presence of delivered drug inside the apoptotic cells. Higher magnification images, including Hoechst nu-
clear staining of regions “I” and “Il”, were obtained to further distinguish between free drug and NP3-encapsulated doxoru-
bicin (see panel C). (B) Quantitative analysis of TUNEL-positive cells for each treatment. At least three fields were counted by
the same investigator to calculate the percentage of TUNEL-positive cells. *p < 0.05, compared to free doxorubicin. (C) Higher
magnification images of regions “I” and “Il” representing free or Dox-NP3-treated animals. Hoechst dye staining was used to
demonstrate the localization of the red fluorescent specks in relation to the nucleus (as indicated by number). In contrast, the
free drug yielded more diffuse and dull fluorescence, suggesting that the specks may indeed represent particles, some being
displayed in a perinuclear distribution. This is indicative of particle uptake in the tumor cells.

doxorubicin, empty NP3, and doxorubicin-laden NP3.
The safety profiling included assessment of total body
weight, blood chemistry, histological examination of
major organs, and performance of a red blood cell lysis
assay. Compared to saline-treated tumor-bearing mice,
no significant body weight changes were observed

MENG ET AL.

during the administration of either empty NP3 or
nanoparticles loaded with doxorubicin (Figure 7A). In
contrast, animals receiving free doxorubicin adminis-
tration showed a cyclical decrease in body weight
following each of the weekly drug administrations
(Figure 7A). Moreover, these animals also showed
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Figure 7. Assessment of treatment on animal weight as well
as liver and kidney histology. (A) The animal weights were
recorded twice a week and expressed for the three-week ex-
perimental duration. (B) Histological analyses of liver and
kidney sections were performed by UCLA DLAM diagnostic
laboratory services. The sections were stained with hemato-
xylin/eosin (H&E) and examined by light microscopy. Repre-
sentative images are shown. The hepatic histology reveals
steatosis of the liver in the free doxorubicin-treated group.
In contrast, the liver histology was normal for animals treated
with the same amount of drug encapsulated in NP3. The liver
histology of animals receiving empty NP3 or saline was also
documented as normal (see Supporting Information, Figure
S4). The kidney histology demonstrates the generation of
glomerular swelling and nephrotoxicity by free doxorubicin,
while animals treated with the encapsulated drug had no
histological abnormalities. The histology was also reported
as normal in animals receiving empty NP3 or saline (see
Supporting Information, Figure S4).

significant elevations of the liver function enzymes
alanine aminotransferase (ALT) and aspartate amino-
transferase (AST), as well as an increased total bilirubin
(TBIL) value compared to the saline control (Table 1).1n
addition, the doxorubicin-treated animals showed a
mild increase in inorganic phosphate (PHOS) levels
(Table 1). In contrast, when doxorubicin was delivered
by NP3, the ALT, PHOS, and TBIL levels stayed normal
with only a smaller but significant increase in the AST
level (Table 1). In mice treated with the empty NP3
carrier, biochemical analysis did not show any signifi-
cant changes in liver function, kidney function (blood

MENG ET AL.

|
TABLE 1. Serum Biochemistry Profiles

biochemical

parameter” saline unloaded NP3 free Dox Dox-NP3

CHOL (mg/dL) 11004182 1180184 97.8+£128 1223485
TRG (mg/dl) 790+ 365 1103£225 91.5£212  96.0+249
ALT (u/l) 233+68 267440  368+80° 273+ 21°
AST (u/L) 13204234 1833+232 3478+£739° 17404 382
TBIL (mg/dL) 0.2£0.0 03£00 04400 0200
GLU (mg/dL) 11134186 1060204 102.5+£29.2 108.049.4
PHOS (mg/dL)  8.6+0.7 85+02 95408 75+07°
TPR (g/dL) 48+03 57£02 50£04 54£02
CAL (mg/dL) 94+02 9.7£0.2 9.0+05 98 £0.1
BUN (mg/dl)  16.0 2.6 20044 173126 19.0+£ 41
CRE (mg/dL) 03£00 03£00 03 £0.1 03£00
ALB (g/dL) 23£02 28+0.1 24£02 26£0.1

?Blood was collected from the sacrificed animals, and the serum obtained by
centrifuging the whole blood at 5000 rpm for 15 min. The biochemical parameters
were assayed by UCLA Division of Laboratory Animal Medicine (DLAM) diagnostic
laboratory services. These parameters include cholesterol (CHOL), triglycerides
(TRG), alanine aminotransferase (ALT), aspartate aminotransferase (AST), total
bilirubin (TBILI), glucose (GLU), inorganic phosphorus (PHOS), total protein (TPR),
calcium (CAL), blood urea nitrogen (BUN), creatinine (CRE), and albumin (ALB).
by < 0.05, compared to saline. p < 0.05, compared to free doxorubicin.

urea nitrogen, BUN; creatinine, CRE), cholesterol
(CHOL), triglycerides (TRG), glucose (GLU), PHOS, total
protein (TPR), calcium (CAL), and albumin (ALB)
(Table 1).

Histological examination of the liver showed pro-
minent hepatic steatosis in the animals treated with
free doxorubicin (Figure 7B, upper panel).3* Steatosis
represents fatty degeneration as a result of metabolic
impairment of triglyceride synthesis and elimination
and is a frequent feature of toxic liver injury, including
during chemotherapy.®*3° No steatosis was observed in
any of the other treatment groups (Supporting Informa-
tion, Figure S4, upper panel). Free doxorubicin delivery
also resulted in nephrotoxicity, which manifested as
glomerular swelling (Figure 7B, lower panel).3” No sig-
nificant abnormalities were found in the mice treated by
saline or empty particle (Supporting Information, Figure
S4, lower panel). Since the NP3 also abundantly biodis-
tributed in lung, histological examination of the lung
tissue was performed but did not show any gross
pathology resulting from empty or drug-loaded NP3
(Supporting Information, Figure S5). Interestingly, his-
tological examination of myocardial tissue did not
show any gross pathology in any of the experimental
groups (Supporting Information, Figure S6). This is
probably due to the relatively low doxorubicin dose
and short treatment period in our study.>®

Because the cationic (PEl) component of our copo-
lymer coating is potentially toxic to cell membranes,
including the ability to lyse red blood cells (RBC), we
performed a hemolysis assay using heparinized mouse
RBC.>® The results did not show any hemoglobin release
in response to empty NP3 at concentrations as high as
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2500 ng/mL (Supporting Information, Figure S7). This is at
least 10 times higher than the therapeutic dose require-
ments. These results are in agreement with our previous
study showing that coating of the MSNP surface with
shorter length (<10 KD) PEI polymers do not lead to
significant toxicity in a range of normal and tumor cells.”

DISCUSSION

By using size tuning and decoration of the MSNP surface
with a PEI-PEG copolymer, we were able to improve
particle dispersal and biodistribution to achieve therapeu-
tically useful doxorubicin delivery to a tumor xenograft
site in nude mice. Through the use of NIR fluorescence
imaging and elemental Si analysis, we showed that a
50 nm particle consisting of a mesoporous silica core
coated with the PEI-PEG copolymer was capable of
achieving an excellent EPR effect compared to noncoated
larger particles (NP1) or a 50 nm particle decorated with
PEG only (NP2). In addition to passive particle accumula-
tion at the tumor site, NP3 was also capable of entering
KB-31 tumor cells to deliver a toxic dose of doxorubicin
and inducing a higher rate of apoptosis compared to the
free drug. The encapsulated drug was also associated with
less systemic, hepatic, and renal toxicity compared to free
doxorubicin. This is the first demonstration of how the
optimal design of the MSNP platform can achieve passive
drug delivery, which in combination with intracellular
uptake resulted in an efficacious antitumor effect.

While each of our design features are recognized
modifications for improving the therapeutic efficacy of
nanomaterials, their integrated use through a series of
design improvements to achieve in vivo tumor shrinkage
and EPR > 10% has not been described previously for
MSNPs. The best recorded EPR effects with a polymer- or
copolymer-based nanocarrier system with therapeutic
efficacy were in the range 3.5% to 10%."”*%*" Our ability
to exceed this delivery with our MSNP platform is highly
significant since this has been achieved without target-
ing ligands or the use of sophisticated design features
such as the attachment of nanovalves."*® The first step
in improving our MSNP design was to construct a 50 nm
mesoporous silica core to approach a carrier size more
conducive for slipping past the malformed blood vessel
fenestrations in the tumor. This feature was achieved by
using a co-templating agent method for particle synth-
esis. This involves addition of an optimal amount of
Pluronic F127 to cetyl trimethylammonium bromide
(CTAB), which is the standard surfactant used for synth-
esis of the first-generation MSNP.*~” The Pluronic F127
changes the structure of the CTAB micelles, which affects
their micelle packing behavior, therefore leading to a
smaller particle size.* Pluronic F127 also improves the
dispersion of the hydrophobic silica precursor, tetra-
orthoethylsilicate (TEOS), and also coats newly formed
MSNPs, helping to protect them from agglomeration
and oligomerization.
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The second key design feature is PEGylation of the
MSNP surface, which results in reduced RES uptake, as
demonstrated for NP2 and NP3. This prolongs the
particles' circulation time, which has a direct bearing
on the EPR effect. Similar to our findings, He et al.
previously demonstrated that PEGylation of an 80 nm
MSNP results in a longer blood-circulation lifetime
compared to naked particles in healthy ICR mice.?
However, in our study PEGylation alone achieved an
EPR effect of only ~3% for NP2, because the particles
agglomerated to ~600 nm size, thereby preventing
extravasation the tumor site. Although PEG provides
steric hindrance that could theoretically interfere in
nanoparticle aggregation in water, the increased ionic
strength of biological media compresses the electric
double layer on the particle surface.***° This signifi-
cantly weakens the repulsion between particles. The
introduction of cationic charge by using a PEI copoly-
mer overcame this problem. It is also important to
mention that reduced particle opsonization after PE-
Gylation may also reduce immunogenic potential,
thereby adding an additional safe design feature.”

The attachment of the PEI-PEG copolymer was
undertaken with a view of improving the MSNP dis-
persal and thereby reducing the particle's hydrody-
namic size to be as close as possible to the primary
particle size. The effectiveness of the strategy was
demonstrated by the acquisition of a positive zeta
potential on NP3 as well as achieving a monodisperse
suspension with an average hydrodynamic size of
~100 nm in saline. Similar use of a copolymer strategy
to shrink particle size to improve dispersal was pre-
viously demonstrated in the preparation of albumin
nanoparticles,*® PEI-PEG block copolymer,**~* gold
nanoparticles,*” and silica particles.® In particular, the
use of a PEI-PEG copolymer resulted in the smallest
possible hydrodynamic size and the best state of
dispersal of these materials compared to coating with
PEG only. To illustrate the importance of the cationic
charge in achieving these design features, we neutra-
lized the amine groups on the PEl in the copolymer
with phthalic anhydride and could demonstrate that
the less cationic NP3 underwent a dramatic size in-
crease in saline (Supporting Information, Figure S8).
Consistent with the previous research using trimethy-
lammonium-modified MSNP with a primary size of
50—100 nm capable of liver accumulation,® it would
appear that the size reduction effect of the PEI-PEG
coating is the major reason for improving biodistribu-
tion and therapeutic outcome. While not pursued in
this article, the placement of a positive charge on the
MSNP surface endows these particles with the ability to
bind, protect, and deliver nucleic acids. We have
recently demonstrated that PEl coating of the first-
generation MSNP is useful for the delivery of a P-gly-
coprotein (Pgp) siRNA that restores doxorubicin
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sensitivity in a doxorubicin-resistant HelLa cell line?
Similar in vivo studies are being contemplated for the
future.

The EPR effect of therapeutic nanoparticles plays a
key role in their accumulation at the tumor site.
Compared to nanoparticles containing surface ligands
that promote active targeting of tumor cells or tumor
tissue, the use of the EPR effect is considered to be a
passive targeting strategy.’*° Nonetheless, the EPR
effect is tunable and can be accomplished through
redesign of the nanocarrier or manipulating the tumor
microenvironment. Examples of the latter strategy
include elevation of systemic blood pressure by angio-
tensis 1,°° using a vasodilator such as NO-releasing
agents,”’ or increasing vascular permeability with bio-
molecules such as VEGF and iRGD peptide.®*>> How-
ever, all of these adjuvant treatments pose some
hazard and may not be useful for every treatment
consideration. Redesign of the nanomaterial could also
impact the EPR effect as reviewed above. It isimportant
to mention here that after their extravasation the
cellular attachment and uptake of the nanoparticles
are dependent on their diffusion and that the diffusion
constant is inversely correlated to nanoparticle size.*
In this regard it has previously been shown that the size
reduction of block copolymer micelles through a cor-
rect combination of polymers could enhance this
nanocarrier's uptake in a human breast cancer
xenograft.?* It is further worth noting that the EPR
effect is highly dependent on the cancer type, includ-
ing the extent of neo-angiogenesis and the vascularity
of the tumor.>*> While in a previous study our first-
generation MSNP was capable of accumulating in a
human breast carcinoma (MCF-7) xenograft,13 we
could not obtain a satisfactory EPR effect with this
material in the KB-31 model. However, we did demon-
strate through size reduction as well as coating the
50 nm particles with a PEI-PEG copolymer that we
could increase particle uptake by an order of magni-
tude in KB-31 tumor sites. Moreover, we showed that
the passive enhancement of NP3 accumulation at
these tumor sites is accompanied by intracellular
uptake without requiring the attachment of a ligand.
The cationic particle surface could play an active role in
promoting this uptake as previously demonstrated in a
variety of cancer cell types in vitro.”

Key to any therapeutic intervention is the inherent
safety of the delivery system. We are pleased that the
empty NP3 failed to elicit any adverse effects after
intravenous injection, as determined by animal body
weight, blood biochemistry, and histological analysis of
major organs and tissues. Moreover, these particles did
not damage red cell membranes when using a hemo-
lysis assay (Supporting Information, Figure S7). Another
design feature to consider from a safety perspective is
particle coating with a PEl polymer. While it is well
known that PEl by itself or coated onto particle surfaces
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could lead to toxicity, we have previously demonstrated
that this toxicity is dependent on the polymer length
and cationic charge density.” Thus, while high molecular
weight (=10 kD) PEI polymers can induce considerable
cellular toxicity in a variety of normal and transformed
cell types, there is no generation of cellular toxicity by
the 1.2 kD polymer used in this work.” This was con-
firmed by conducting cytotoxicity studies with NP3 in
cancer cell lines (not shown). The apparent reason is the
distribution and density of cationic charge on the longer
length versus the shorter length PEI polymers, allowing
the longer length polymers to induce membrane da-
mage as well as the possibility of inducing a so-called
“proton sponge effect” that is associated with lysosomal
damage.”*® Itis also worth mentioning that intravenous
injection of the equivalent of NP1 coated with a 25 kD
PEI polymer in mice did not elicit any significant toxicity
in a previous study in mice.”

Equally important is the demonstration of the
improvement of the high level of doxorubicin toxi-
city by encapsulating the drug in NP3.>”*® Thus,
compared to the free drug, doxorubicin encapsula-
tion did not exert an effect on total body weight or
impact liver and kidney function (Figures 7C and S4).
Interestingly, we did not observe evidence of histo-
logical damage to the myocardium in this study,
even with free doxorubicin.*® This may be due to
the comparatively high sensitivity of KB-31 cancer cells
to the effects of doxorubicin.” This reduction of sys-
temic toxicity is likely due to the drug being bound to
the negatively charged phosphonate groups in the
particle pores, therefore not being released in the
bloodstream. We have previously demonstrated that
doxorubicin release from phosphonate-coated MSNP
pores takes place in the acidifying endosomal com-
partment in KB-31 cells.> While it is difficult to study
endosomal release at the intact animal level, our
fluorescence visualization data demonstrate the pre-
sence of doxorubicin-containing NP3 in a perinuclear
distribution in KB-31 cells undergoing apoptosis in vivo
(Figure 6C). Thus, we propose that intracellular drug
release contributes to the higher rate of KB-31 cell
apoptosis in this study. We may be able to further
enhance this feature by using a pH-dependent nano-
valve that is capable of opening intracellularly in KB-31
cells with the capability of doxorubicin release to the
nucleus.®

It is important to mention that, similar to other
nanocarriers,’° the vast majority of systemically admi-
nistered MSNPs are sequestered by the RES irrespec-
tive of the design feature. The lack of observable
toxicity of the doxorubicin-laden particles in the liver
and spleen is an interesting finding that has not been
resolved as yet. One possibility is that the traditional
biomarkers used for following liver injury are ineffec-
tive in reflecting RES damage, but another explanation
is that the RES and organs like the liver are quite
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resilient in dealing with doxorubicin toxicity when the
drug is encapsulated. This could involve protective
features such as hepatobiliary transfer, which has been
shown to be quite prominent in another MSNP study.®’
It is also possible that the relatively slow rate of drug
release from the particle pores could prevent acute
toxicity due to drug conjugation, inactivation, or
excretion.?’?? There is also a considerable capacity
of mononuclear macrophages to destroy or sequester
particulate matter.5? It is important to mention thatin a
previous study we have demonstrated that tracking of
elemental Si following systemic MSNP administration
could lead to the recovery of ~94% of the injected
MSNP bolus in the urine and feces within 4 days."® This
is in agreement with the demonstration by Souris et al.
of the rapid bioelimination of MSNP through hepato-
biliary excretion in murine experiments.®' This consti-
tutes another important safety feature of a nanocarrier
that either could be degraded in situ into cellular
subcomponents or could be excreted from the body
once the carrier has served its therapeutic purpose. The
in vivo biodegradability and bioelimination of MSNP is
comparable to abiotic studies, showing the gradual
decomposition of MSNP in simulated body fluids at

MATERIALS AND METHODS

Materials. Cetyl trimethylammonium bromide (CTAB, 95%),
Pluronic F127, tetraorthoethylsilicate (TEOS, 98%) 3-(trihydro-
xysilyl)propyl methylphosphonate (42% in H,0), polyethylenei-
mine (PEl, 1.2 kD), 4-(dimethylamino)pyridine (99%), N,N'-disuc-
cinimidyl carbonate (95%), poly(ethylene glycol) methyl ether
(m-PEG, MW 5 kD), phthalic anhydride (99%), and Polybrene
were purchased from Sigma (St. Louis, MO). N-(2-Aminoethyl)-
3-aminopropyltrimethoxysilane (NAPTS) was purchased from
Gelest (Morrisville, PA). Amine-reactive near-infrared Fluor Dy-
Light 680 NHS ester was purchased from Thermo Scientific
(Rockford, IL). p-Luciferin was purchased from Xenogen (Ala-
meda, CA). Apoptosis TUNEL detection kit (Click-iT TUNEL kit),
bovine serum albumin (BSA), DPBS solution, L-glutamine, peni-
cillin, streptomycin, and DMEM medium were obtained from
Invitrogen. Fetal bovine serum (FBS) was purchased from Atlanta
Biologicals. Anti-CD31 antibody was purchased from BD Bio-
science. All reagents were used without further purification.

Synthesis of NP1. We followed well-established procedures to
synthesize the classically designed or first-generation MSNP
(NP1).*~%3 Briefly, 250 mg of CTAB was dissolved in 120 mL of
water, followed by the addition of 875 uL of 2 M NaOH aqueous
solution. The solution was heated to and kept at 80 °C for 30 min
before 1.25 mL of TEOS was added. The solution went from clear
to opaque, which is indicative of a hydrolysis process. After
15 min, 315 uL of trihydroxysilylpropyl methylphosphonate was
added. The reaction was kept at 80 °C for another 2 h. The
resulting nanoparticles were centrifuged and washed with
methanol. In order to remove the CTAB, the as-synthesized
particles were suspended in 60 mL of methanol and 2.3 mL of
12 M hydrochloride acid. The solution was refluxed for 10 h, and
the MSNPs designated NP1 were collected for centrifugation
and further washing with methanol.

Synthesis of NP2. A 200 mg amount of Pluronic F127 was
mixed with 250 mg of CTAB and 120 mL of H,0. The solution
was heated to 80 °C and kept for 30 min. A 1 mL portion of TEOS
was mixed with 200 uL of NAPTS in 1 mL of ethanol and then
added dropwise into the CTAB solution. A 300 uL sample of
trihydroxysilylpropyl methylphosphonate was added 20 min
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37 °C, including demonstrating a breakdown of the MSNP
architecture with a decrease in their BET surface area.®®

CONCLUSION

In this paper, we have demonstrated that size
tuning and decoration of the MSNP surface with a
PEI-PEG copolymer constitutes an efficient doxoru-
bicin delivery strategy for a human squamous carci-
noma xenograft in nude mice. Through in vivo
imaging and elemental analysis we have demon-
strated that these design modifications lead to an
excellent EPR effect and sufficient nanocarrier accu-
mulation to achieve tumor cell killing that is more
effective than the free drug. We further demonstrate
that this delivery minimizes the chemotherapeutic
side effects at the intact animal level as well as
susceptible organs. These results are encouraging
from the perspective of moving the MSNP platform
into clinical trials as well as introducing additional
design features that will make it possible to perform
theranostics as well to obtain on-demand drug re-
lease at the tumor site by a series of nanovalves that
can be controlled through pH, temperature, photon
wavelength, or a magnetic field.

later. The solution was filtered through a 0.22 um polycarbonate
syringe filter (Millipore, Billerica, MA), and to remove the CTAB,
the filtrate was mixed with 120 mL of methanol and 0.8 g of
NH4NOs. The solution was heated to 70 °C for 30 min. The
particles were collected by centrifugation and washed with
methanol. To conduct PEG coating, m-PEG was used because
this polymer contains only a single reactive hydroxyl group that
can be used for PEI attachment; regular PEG has two reactive
ends that may cause particle cross-linking. For the attachment
to PEI, the hydroxyl group on m-PEG was replaced with a NHS-
ester (referred as activated m-PEG) that is capable of reacting
with the PEl amine residues. A 10 mg amount of the as-
synthesized MSNP was suspended in 1.5 mL of DMF and mixed
with 50 mg of activated m-PEG.” The solution was stirred for a
further 24 h, and the particles were collected, sequentially washed
with DMF and ethanol, and eventually resuspended in water.

Synthesis of NP3. The reduced size silica core was synthesized
as described above. To perform PEl coating, 10 mg of as-
synthesized small MSNP was suspended in 1 mL of 2.5 mg/mL
PEl ethanolic solution. The solution was sonicated and stirred for
30 min. This process was repeated twice to substitute the F127
coating that was previously achieved by attaching PEI to the
NP3 surface. The particles were further washed in ethanol to
remove excess PEl and trace amount of F127 residue. The PEI-
coated particle was subsequently transferred into 1.5 mL of
DMF, mixed with 50 mg of activated m-PEG, and stirred for 24 h.
The nanoparticles were washed with DMF and ethanol and
resuspended in water.

NIR Fluorescent Labeling. The NIR fluorescent dye DyLight 680
NHS ester was used for particle labeling. For NP1, 10 mg of all
the particles was suspended in 1 mL of ethanol and mixed with
0.1 mg of the DyLight 680 and 0.5 uL of NAPTS. The reaction was
kept under inert atmosphere and stirred at room temperature
for 12 h. The resulting particles were centrifuged and washed
with H,O.For NP2 and NP3, 10 mg each were suspended in T mL
of DMF and mixed with 0.1 mg of DyLight 680. After 12 h, the
particles were washed with H,0.

Physicochemical Characterization. All MSNPs were characterized
for size distribution, shape, and surface charge. The shape and
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structure were characterized using a transmission electron
microscope (JEOL JEM 2010, JEOL USA, Inc.,, Peabody, MA).
TEM samples were prepared by placing a drop of the nanopar-
ticle saline suspension at a concentration of 100 ug/mL onto a
200-mesh copper grid (Electron Microscopy Sciences, Washing-
ton, PA) and then drying at room temperature overnight.
Primary particle size was measured by random sampling of at
least 10 particles that were imaged on a TEM grid. Image J
software was used to determine the average MSNP diameter.
Particle size and zeta potential in solution were measured by
ZetaSizer Nano (Malvern Instruments Ltd., Worcestershire, UK).
All of the measurements were performed with the nanoparticles
suspended in filtered water or saline at 100 #g/mL nanoparticle
concentration. Similar analysis was also performed on the
doxorubicin-loaded particles.

Drug Loading and Loading Yield Measurement. A 10 mg sample of
various particles was suspended in 0.5 mL of 5 mg/mL doxor-
ubicin aqueous suspension. The solution was stirred for 24 h,
and the nanoparticles were collected through centrifugation
and carefully washed with H,0. To measure the loading yields of
the various particles, 1T mg of doxorubicin-loaded MSNP was
resuspended and sonicated in 1 mL of heated 0.1 M HCI for
15 min. After centrifugation, another 1 mL of fresh HCl aqueous
solution was added. This process was repeated at least for five
times. The pH of the supernatant was readjusted to 7.0 by 1 M
NaOH, and the fluorescence spectrum of doxorubicin was
measured at excitation and emission wavelengths of 485/
550 nm in a microplate reader (SpectraMax M5 microplate
reader, Molecular Devices, USA).

Cell Culture and Luciferase Transfection. KB-31 cancer cells were
maintained in 25 cm? or 75 cm? cell culture flasks in which the
cells were passaged at 70—80% confluency every 3 days. The
cells were cultured in Dulbecco's modified Eagle medium
(DMEM) (Carlsbad, CA) containing 10% FBS, 100 U/mL penicillin,
100 ug/mL streptomycin, and 2 mM L-glutamine (complete
medium). To generate a stable cell line constitutively expressing
luciferase, 1.5 x 10* KB-31 cells in 40 uL of complete DMEM
(supplemented with 10% FBS, 100 U/mL penicillin, 100 xg/mL
streptomycin, 2 mM -glutamine, and 8 uL/mL Polybrene) were
transduced with 10 uL of a lentivirus (Cignal Finder Lenti
Pathway Reporter Qiagen/SA Biosciences; 1.4 x 107 TU/mL)
in 96-well tissue culture plates. Spinoculation (centrifugal
inoculation) was performed at 1200g for 60 min. The viral-
containing media was removed after 16 h, and the cultures were
replenished with fresh DMEM media. Cells were allowed to
proliferate to a population size of 1.2 x 10° cells. A hetero-
geneous pool of transduced cells was selected by using 1 #g/mL
puromycin for at least 14 days prior to tumor implantation.

Establishment of the KB-31-luc Tumor Xenograft Model. Athymic
BALB/c nu/nu female mice (6 weeks) were purchased from the
Charles River Laboratory and maintained under pathogen-free
conditions. All animal experiments were performed using pro-
tocols approved by the UCLA Animal Research Committee. The
tumor cell suspension (0.1 mL, 5 x 106 cells/mL) was injected
subcutaneously into the mice. To perform imaging, the tumor-
bearing animals were used 2.5 weeks after tumor implantation.
In the tumor growth inhibition experiments, the nude mice
were randomly divided into four groups and received the listed
range of treatments, which commenced 1 week after tumor
implantation.

Determining MSNP Biodistribution. The tumor-bearing mice
were randomly divided into three groups (n = 3). To visualize
the tumor, anesthetized mice were i.p. injected with 75 mg/kg
p-luciferin. Eight minutes after injection, bioluminescence
images were acquired using an IVIS Imaging System (Xenogen).
Acquisition time was 10 s. Subsequently, the mice were intra-
venously administered with NIR dye-labeled NP1, NP2, or NP3 at
doses of 50 mg/kg (~1 mg nanoparticles per mouse), and the
fluorescence images were taken at indicated time points. Then
72 h after injection, the tumor tissue together with major organs
(heart, lung, spleen, liver, kidney, brain, and cardiac muscle)
were collected and used for ex vivo imaging. Around ~100 mg of
tissue for each organ was accurately weighed out, washed, and
homogenated, and the fluorescence intensities per unitary
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amount of each organ were measured by a microplate reader
(Molecular Devices, M5e).

Immunohistochemical Staining to Determine (D31 Expression in the
Tumor Tissue. The tumor-bearing mice were randomly divided
into three groups (n = 3) and intravenously administered with
the doxorubicin-loaded NP1, NP2, or NP3 at doses of 50 mg/kg
(~1 mg nanoparticles per mouse). The tumor tissues were
rapidly collected after 72 h, frozen, and OCT embedded before
sectioning to provide 4 um thick slices. The slices were washed
three times in PBS and fixed in cold acetone for 15 min, and the
slide was subsequently blocked using 1% normal goat serum at
room temperature for 10 min. The sections were overlaid with
rat-anti-mouse CD31 monoclonal antibody (1:500) at 4 °C over-
night. After removal of the primary antibody and washing in PBS
three times, FITC-labeled goat-anti-rat IgG (1:500) was added
and incubated for 1 h at room temperature. The slides were
visualized under a fluorescence microscope (Zeiss, Germany).

Nude Mouse Studies to Determine the Effect of Doxorubicin-Loaded
NP3 on Tumor Shrinkage. One week after tumor implantation, the
KB-31 tumor-bearing mice were randomly divided into four
groups of five animals each. These groups were used for
comparing the effects of saline, empty nanoparticles, free
doxorubicin, and doxorubicin-loaded NP3, respectively. The
latter group received intravenous administration of 120 mg/
kg (~2.4 mg per animal) NP3, which is equivalent to a doxor-
ubicin dose of 4 mg/kg (~0.08 mg per animal), weekly for 3
weeks. The free doxorubicin group received the same drug dose
weekly for 3 weeks, while the group receiving empty NP3 was
treated with 120 mg/kg on a weekly basis. The fourth group was
treated with saline as control. The body weight and tumor size
were accurately recorded twice per week. Tumor weight was
calculated according to the formula Tumor weight (mg) =
(length in mm) x (width in mm)%/2.5*

TUNEL Staining of the Tumor Tissue. A section of the tumor from
each animal was used for TUNEL staining. The slides containing
the tumor section were washed, fixed, and permeabilized
before performance of TUNEL staining according to the man-
ufacturer's instructions (Invitrogen, Carlsbad, CA). Nuclei were
stained by Hoechst 33342 dye. The number of TUNEL-positive
cells (green staining) was assessed under a fluorescent micro-
scope (200x ). The same sections were also used for recording of
the red fluorescent images of the doxorubicin that was present
in the particles or the tissues. At least three fields were counted
by the same investigator to calculate the percentage of TUNEL-
positive cells.

Blood Biochemistry to Assess Possible Toxicity. Following the
animal experiments described above, the mice were sacrificed
on the 21st day and serum was collected by centrifuging the
whole blood at 5000 rpm for 15 min. The biochemical para-
meters, including cholesterol (CHOL), triglycerides (TRG), ala-
nine aminotransferase (ALT), aspartate aminotransferase (AST),
total bilirubin (TBILI), glucose (GLU), inorganic phosphorus
(PHOS), total protein (TPR), calcium (CAL), blood urea nitrogen
(BUN), creatinine (CRE), and albumin (ALB), were assayed by
UCLA Division of Laboratory Animal Medicine (DLAM) diagnos-
tic laboratory services.

Tumor and Major Organ Histology. Appropriate size sections of
the tumor, liver, kidney, spleen, lung, heart, and brain were fixed
in 10% formalin and then embedded into paraffin. Tissue
sections of 4 um thickness were mounted on glass slides by
the UCLA Division of Laboratory Animal Medicine (DLAM)
diagnostic laboratory services. The sections were stained with
hematoxylin-eosin (H&E) and examined by light microscopy.
The slides were read by an experienced veterinary pathologist.
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