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H
uman pancreatic ductal adenocar-
cinoma (PDAC) is the fourth leading
cause of cancer-related death in the

United States, with a median survival of <6
months.1 Since PDAC is typically diagnosed
at a late stage, many PDAC cases cannot be
considered for surgery because of metas-
tases and spread to the mesenteric circula-
tion and regional lymph nodes at the time
of diagnosis.2,3 Although chemotherapy is

often the only treatment option, this ap-
proach is characterized by poor efficacy and
serious side effects. While most cultured
PDAC cells are relatively sensitive to cancer
drugs such as gemcitabine (GEM), paclitax-
el, and 5-FU, clinical treatment is often un-
successful because of the dense stromal
barrier, which is a histological hallmark of
PDAC.4 The desmoplastic stroma comprises
a dense extracellular matrix, as well as a
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ABSTRACT Pancreatic ductal adenocarcinoma (PDAC) elicits a

dense stromal response that blocks vascular access because of

pericyte coverage of vascular fenestrations. In this way, the PDAC

stroma contributes to chemotherapy resistance in addition to

causing other problems. In order to improve the delivery of

gemcitabine, a first-line chemotherapeutic agent, a PEGylated

drug-carrying liposome was developed, using a transmembrane

ammonium sulfate gradient to encapsulate the protonated drug up

to 20% w/w. However, because the liposome was precluded from entering the xenograft site due to the stromal interference, we developed a

first-wave nanocarrier that decreases pericyte coverage of the vasculature through interference in the pericyte recruiting TGF-β signaling

pathway. This was accomplished using a polyethyleneimine (PEI)/polyethylene glycol (PEG)-coated mesoporous silica nanoparticle (MSNP) for

molecular complexation to a small molecule TGF-β inhibitor, LY364947. LY364947 contains a nitrogen atom that attaches, through H-bonding,

to PEI amines with a high rate of efficiency. The copolymer coating also facilitates systemic biodistribution and retention at the tumor site.

Because of the high loading capacity and pH-dependent LY364947 release from the MSNPs, we achieved rapid entry of IV-injected liposomes and

MSNPs at the PDAC tumor site. This two-wave approach provided effective shrinkage of the tumor xenografts beyond 25 days, compared to the

treatment with free drug or gemcitabine-loaded liposomes only. Not only does this approach overcome stromal resistance to drug delivery in

PDAC, but it also introduces the concept of using a stepwise engineered approach to address a range of biological impediments that interfere in

nanocancer therapy in a spectrum of cancers.

KEYWORDS: nano-engineered approach . two-wave . pancreatic cancer . pericyte and stroma . TGF-β . gemcitabine .
mesoporous silica nanoparticles . liposome
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variety of noncancerous cells, including pericytes,
which block vascular fenestrations and prevent vascu-
lar access of cancer drugs and other therapeutics.4�8

This includes interference in the delivery of drug-
transporting nanocarriers in animal PDAC models.5�8

Pericyte (PC) coverage of more than 70% of the tumor
vasculature significantly differentiates PDAC from
other cancer types that exhibit a lesser stroma, such
as glioblastoma or renal carcinoma. The percent of per-
icyte coverage in the latter tumors is only 10�20%,4�6

with mammary and colon carcinoma occupying an
intermediary position.4�6 Thus, the development of
efficacious and safe chemotherapy for PDACpresents a
major challenge as a result of the stromal effects.
A number of strategies have been pursued to im-

prove chemotherapy in PDAC patients. These efforts
have involved improvement of the pharmacokinetic
profile, tumor-specific targeting, and attempts to over-
come the resistance of the stromal barrier.9�12 One
promising approach is to take advantage of the ability
of nanocarriers to encapsulate and deliver chemother-
apeutic agents to improve drug stability and cytotoxic
killing. For instance, free GEM, which is a first-line
chemotherapeutic agent in PDAC, has a very short
half-life in vivo (on the order of minutes) and is rapidly
degraded by cytidine deaminase (CDA) in the circula-
tion and at the tumor site.13 Use of a nanocarrier, such
as a unilamellar PEGylated liposome, has been shown
to increase GEM plasma half-life and intratumoral drug
concentration, to the extent that a 10-fold lower drug
dose could be used to achieve tumor inhibition inmice,
without signs of toxicity.11 Nanocarriers could, how-
ever, also be used to overcome stromal resistance by
alteration or elimination of the reactive stromal com-
partment, which can increase the bioavailability of
cancer drugs at the PDAC site.14 Tumor angiogenesis,
blood vessel stability, and vascular access are con-
trolled by a number of important growth factors,
including a key contribution by transforming growth
factor beta (TGF-β), which promotes pericyte coverage
of vascular fenestrations, among other biological
effects.15 TGF-β plays an important role in the differ-
entiation and PC coverage of endothelial cells (EC) in
the tumor vascular bed and does so by activating a
complex signaling pathway that is illustrated in
Scheme 1. TGF-β binds to type I and type II receptors;
the former propagates TGF-β signal transduction
through Smad proteins. The binding of TGF-β leads
to phosphorylation and activation of type I receptor,
which contains an intracellular kinase domain
that further phosphorylates Smad2 and Smad3. The
phosphorylated pSmad proteins subsequently com-
plex to Smad4 to form a transcriptional activation
complex that is responsible for the expression of
genes in PC differentiation, EC coverage, and blood
vessel stabilization.16,17 Based on this vascular biology,
intervention in the TGF-β signaling pathway presents

a promising opportunity to achieve vascular access
and delivery of cancer drugs and nanocarriers
to the tumor site.7 This can be achieved in a number
of ways, including the use of receptor kinase
inhibitors.16 Vascular access can also be improved
by reducing the collagen content of the stroma
through the use of antifibrogenic drugs, such as losar-
tan (a clinically approved angiotensin II receptor
antagonist), targeting stromal fibroblasts and stromal
depletion.18

Against this background, we hypothesized that an
integrated nanotherapy approach could potentially
achieve two objectives in PDAC drug delivery, namely,
a carrier that targets the stroma to gain vascular access,
followed by a carrier that delivers GEM to the tumor
site. Such an engineered approach can be accom-
plished by separate waves of therapy, in which the
first wave targets PCs' coverage of the tumor vascu-
lature through delivery of a small molecule inhibitor of
TGF-β receptor kinase, followed by a second GEM-
delivering carrier that is able to deliver a therapeutic
drug load (Scheme 1). In this article, we show the
development of a copolymer-coated mesoporous silica
nanoparticle (MSNP) carrier that could be used for high
efficiency molecular attachment of LY364947, a small
molecule inhibitor of the TGF-β signaling pathway
(TGFβi). Our research demonstrates that delivery of
the inhibitor to the PDAC vasculature is capable of
interfering in PC recruitment and EC coverage within
2 h of injecting the TGFβi-MSNP. This allowed access of
second-wave nanocarriers (liposomes and MSNPs) at
the tumor site. We could also show a dramatic increase
in the uptake of a liposome with high GEM loading
capacity to the PDAC xenograft sites in animals
receiving prior injection of TGFβi-MSNP. This leads
to effective PDAC shrinking in a xenograft model and
provides proof-of-principle testing for dual-wave in vivo
therapy. We propose that this engineered approach can
also be considered for a range of additional cancers in
which the tumor stroma and other inferring biological
components result in heterogeneous treatment effects
in the tumor microenvironment.

RESULTS

Development of an Efficient MSNP Carrier through Molecular
Complexation of a TGFβi. The highly coordinated action of
various growth factors contributes to the formation
and stabilization of tumor blood vessels.19 This in-
cludes an important contribution by TGF-β, which
controls various processes involved in vessel matura-
tion, EC migration, PC differentiation, PC coverage of
EC, and determining the permeability of tumor blood
vessels.19�21 A number of small molecule inhibitors
have been developed to interfere in the TGF-β signal
transduction pathway, including SB505124, LY580276,
LY550410, and LY364947.22 LY364947 is a heterocyclic
nitrogenous compound (Figure 1A), which acts as a
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potent inhibitor of the type I receptor-associated
Smad kinase in vitro and in vivo.7,22,23 Because of
its nitrogen display, we could attach LY364947 to a
50 nm MSNP carrier that has been coated with a
polyethyleneimine/polyethylene glycol (PEI/PEG) co-
polymer. The PEI coating provides a number of non-
complexed hydrogens that attach to the nitrogen
atom in LY364947 through H-bonding (Figure 1A).
PEI-PEG-coated MSNPs are also preferred for systemic
inhibitor delivery because these nanoparticles remain
monodispersed in biological fluids and have a long
circulatory half-life due to decreased opsonization as a

result of PEG coating.24,25 This leads to optimal
passive delivery and retention at the experimental
tumor site in mice.24,25 In order to determine the
degree of molecular complexation of LY364947 to
the MSNP surface, a fixed amount of particles (500 μg)
was incubated with incremental amounts (50 to
400 μg) of the inhibitor at 25 �C for a 24 h time period.
After washing, spectrophotometric analysis at 269 nm
showed an exceptionally good capacity of the coated
MSNP to bind to LY364947, culminating in a loading
capacity of ∼74% w/w (inhibitor/particle) and only
a slight increase in particle hydrodynamic size (from

Scheme 1. Role of TGF-β signaling pathway in PC biology and the effects of inhibiting this pathway on drug delivery in the
PDAC.64,65 TGF-β plays an important role in the differentiation and PC coverage of EC in the tumor blood vessels. This role is
achieved by a complex signaling pathway as shown in this scheme. TGF-β binds to type II and type I receptors; the latter
propagates TGF-β signal transduction by activation of a Smad signaling cascade. Upon binding, the phosphorylated type I
receptor, which contains an intracellular kinase domain, further phosphorylates Smad2 and Smad3. The phosphorylated
pSmad proteins subsequently complex to co-Smad element, Smad4. The Smad complex is transported into the nucleus,
where it interactswithDNA and transcription factors to form a transcriptional activation complex, which is responsible for the
expressionof genes in PCdifferentiation, EC coverage, andbloodvessel stabilization. LY364947, a smallmolecule that inhibits
type I receptor kinase activity and prevents the activation of Smad2/3, is systemically delivered and released by a MSNP
carrier at PDAC tumor site. Due to the acidic pH in the PDAC tumor microenvironment, we expect an acidic stromal pH to
contribute to the release of TGFβi. Due to the possible MSNP uptake in PC, another hypothesis is that the TGFβi can be
released intracellularly and inhibits TGF-β pathway. Use of LY364947-MSNP as a first-wave particle efficiently decreases PC
coverage of the vasculature and allows the IV-injected GEM liposomes find their vasculature access at the PDAC tumor site.
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120 to 143 nm). This reflects the abundance of
H-binding donors on PEI and nitrogen acceptors on the
small molecule inhibitor (Figure 1B). While the empty
particles exhibited a ζ-potential value of þ45 mV in
water, LY364947 binding decreased this value to þ30
mV (Figure 1B). Figure 1C demonstrates that the drug-
boundparticles can be stably suspended inwater, saline
(plus 2% serum) and cell culture medium for 72 h.
A subsequent release study showed that LY364947
could be released from the MSNP in a time-dependent
manner upon lowering the pH of the solution to
5.5 (Figure 1D). Approximately, 40 wt % of the inhibitor
was releasedwithin the first 24 h. This release character-
istic is relevant from the perspective of a low stromal pH
due to increased lactic acid production as a result of
glycolysis (Warburg effect).26

LY364947-Attached MSNPs Disrupt PC Interactions with EC in
Vitro and in Vivo. To investigate the effects of the TGFβi
on co-migration of cultured human vascular smooth
muscle cells (phenotypically similar to PC, which shares
the same lineage27,28) and human microvascular EC,
we used a Matrigel assay27 to compare the effect of
nanocarrier to free inhibitor. Figure 2A, in which ECs
and PCs were stained with CellTracker Green and
CellTracker Red, respectively, demonstrate that the

percent of PC/EC colocalization was significantly de-
creased by TGFβi delivery through the nanocarrier as
compared to the effect of free inhibitor (at 1 μM).
Representative fluorescent images of the cellular co-
migration are shown on the right-hand side of the
figure. Upon ligation of the type I receptor by TGF-β,
the TGF-β receptor kinase phosphorylates the post-
receptor Smad2 and Smad3 proteins (Scheme 1).29

Looking at Smad2 phosphorylation in PCs by using
an immunoblotting approach todiscern FITC-conjugated
anti-pSmad2,30 this demonstrated efficient and sus-
tained inhibition of Smad2 phosphorylation for up to
24 h in PCs treated with TGFβi-MSNP compared to
cells exposed to free inhibitor only (suppressing
pSmad2 for 6 h) (Figure 2B). Quantitative assessment
of the green fluorescence intensity by ImageJ soft-
ware confirmed a statistically significant and sus-
tained inhibition of Smad2 phosphorylation by
TGFβi-MSNP (Figure 2C).

In order to determine whether TGFβi delivery to the
PDAC tumor site will exert the same effect, we estab-
lished BxPC3 xenografts in nude mice. These xeno-
grafts are known to elicit a dense infiltrating stroma,
which surrounds nests of cancer cells and also covers
tumor blood vessel fenestrations.31 The presence of a

Figure 1. Development of an efficient TGFβi carrier, using molecular complexation to attach LY364947 to PEI-PEG-coated
MSNP. (A) Graphical presentation of the particle showing H-bonding of LY364947 to the PEI polymer (see the inset box). We
also show a TEM image of the MSNP carrier. (B) Assessment of the maximum loading capacity for LY364947 to the particle.
Fixed amounts of the particle (500 μg) were used for incubation with incremental amounts (50�400 μg) of LY364947. The
loading capacity (w/w) was quantitatively assessed using the LY364947 OD value at 269 nm. Particle size and ζ-potential in
solution were measured by a ZetaSizer Nano and are indicated in brackets. The size and ζ-potential prior to dug attachment
were 118 ( 3 nm and þ45 mV. (C) Stability of LY364947 attachment in different solutions. The % LY364947 release was
studied in deionizedwater, salinewith 2% serum, andDMEMsupplementedwith 10%FCS at different timepoints at 37 �C. (D)
LY364947 release was studied in pH 5.5 aqueous solution for 24 h and compared with the release profile in PBS (pH 7.4).
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Figure 2. Use of a Matrigel coculture assay and immunofluorescencemicroscopy to show dissociation of PC binding to EC by
TGFβi-MSNPs. (A) HDME (104 cells/mL) and HSM cells (5� 103 cells/mL) were stained with green and red fluorescent markers,
respectively. ECs were treatedwith 2 ng/mL of TGF-β for 3 h, and PCs were treatedwith free TGF-β or TGFβi-MSNP at inhibitor
dose of 1 μM for 3 h. Subsequently, both cell types were cocultured in Matrigel-coated plates for 16 h at 37 �C. PC/EC
adhesions were quantitatively determined in five fields using fluorescence microscopy (Zeiss, Germany); *p < 0.05. (B) Use of
fluorescence microscopy to determine the level of Smad2 phosphorylation. PCs were treated with 2 ng/mL TGF-β for 3 h.
Subsequently, the cells were treatedwith TGFβi-MSNP at an inhibitor dose of 1 μM for 1�24 h. For comparison, free LY364947
was used to treat cells at the same dose. These cells were stained with primary anti-pSmad2 antibody that was detected by a
FITC-conjugated secondary antibody. The nucleus was stained by Hoechst 33342. (C) Signal intensity of the green channel,
reflecting activated Smad2 (pSmad2), was calculated, using Image J software (version 1.37c, NIH); *p < 0.05.
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dense stroma in our animal model after 25 days
was confirmed by Masson's trichrome staining, which
shows heavy collagen deposition in the BxPC3 tumor
site (Figure 3A). To achieve effective LY364947 delivery,
we made use of the previously demonstrated biodis-
tribution properties and circulatory half-life of the PEI/
PEG-coated MSNPs.24,25,32 The TGFβi-MSNP nanocar-
riers were freshly prepared at 50% inhibitor/particle
ratio before the animal experiment. TGFβi-MSNP was
injected intravenously at an inhibitor dose of 1 mg/kg
(delivered by 2 mg/kg MSNP) in nude mice expressing
tumors ranging from 0.8 to 1.0 cm in diameter. Tail vein
injections of saline or the free inhibitor (at the same
dose) were used as controls. To demonstrate what
impact the inhibitor may exert on PC/EC colocalization,
dual-color immunohistochemistry was used to detect
EC (FITC-conjugated antibody, recognizing CD31) and
PC (Alexa Fluor 594-conjugated antibody, recognizing
NG2) fluorescence (Figure 3).7 This demonstrated that
IV-injected TGFβi-MSNP could disrupt the composite
(yellow) fluorescence staining that results from the
merging of green (EC) and red (PC) fluorescence
(Figure 3B). No separation of the green and red fluo-
rescence distribution was observed in saline-treated
animals, while injection of the free inhibitor resulted in
a slight but nonsignificant reduction of the composite
fluorescence staining pattern (Figure 3B). We could
observe the presence of the MSNP nanocarrier in the
tumor vasculature by electron microscopy; this de-
monstrated the presence of monodispersed, porous
nanoparticles in small tumor blood vessels (Figure 4).
Additional TEM images are shown in section S1 in the
Supporting Information. Drug release at this site is
likely promoted by the anoxic conditions and drop in
pH at the tumor site and in the stroma.26

All considered, above data provide proof-of-
principal testing that complexation of LY364947 to
the MSNP surface can be used to target the PDAC
stromal barrier and potentially useful for promoting
vascular access to the tumor.

LY364947-Bound MSNPs Improve PDAC Access of IV-Injected
“Hard” and “Soft” Nanoparticles in BxPC3 Xenografts. Since
PCs regulate capillary blood flow as well as vascular
access, we asked whether TGFβi-MSNP could improve
the egress of nanocarriers at the BxPC3 xenograft
site.33 Two types of particles were used for this biodis-
tribution study, namely, fluorescent labeled “hard”
(120 nm PEI-PEG-coated MSNP) and “soft” (137 nm
liposome) nanocarriers. These second-wave MSNPs
and liposomes were designed with near-infrared (NIR)
tags to provide high photon penetration in animal
tissues, as previously described by us.24,25 Detailed
characterization of the particles is described in section
S2 in Supporting Information, while TEM or cryoEM
images are shown in Figure 5A,B. To visualize tumor
growth, BxPC-3 cells were stably transfected with a
luciferase vector to obtain bioluminescence images in

mice following intraperitoneal (IP) injection of
D-Luciferin (Figure 5A,B, first row). Baseline images
showed very low NIR background in the nontreated
tumor-bearing animals (Figure 5A,B, second row). Sub-
sequently, these animals were IV-injected with TGFβi-
MSNP (containing 1 mg/kg of the inhibitor), followed
after a 2 h interval, by IV injection of 50 mg/kg NIR-
labeled MSNPs or liposomes. The biodistribution of
these materials was compared to mice in which IV
injection of NIR-labeled MSNP was performed without
prior administration. NIR fluorescence images, cap-
tured at different time points, are shown in the third
and fourth rows in Figure 5A,B (the full panel of NIR
images is shown in section S3 online). In the absence of
prior administration, labeled MSNPs were mostly dis-
tributed to the liver, spleen, and kidney in the first 24 h
(Figure5A, first column).AlthoughPEI-PEG-coatedMSNPs
were optimized for effective biodistribution and pas-
sive delivery to non-PDAC tumors,24,25 there was lim-
ited egress in stroma-rich BxPC3 xenografts (Figure 5A,
first column). In contrast, in mice injected with TGFβi-
MSNP, there was prominent particle uptake in the
xenograft sites by 24 h, suggesting enhanced vascular
access (Figure 5A, second column). Software analysis of
the NIR fluorescence intensity at different time points
demonstrated that prior TGFβi-MSNP administration
resulted in a significant increase in the fluorescence
intensity by 40 h. This signal was sustained for at least
60 h (Figure 5A, lower panel). Very little change in
fluorescence intensity was observed in the tumor
tissues of mice receiving NIR-MSNP alone. Similar
enhancement of tumor uptake by a second hydro-
thermally synthesized 50 nm MSNP (decorated with
quaternary amines and PEG) could be seen at the
xenograft site following first-wave TGFβi-MSNP admin-
istration (section S4 in the Supporting Information).

In parallel experiments, we assessed the effect of
TGFβi-MSNP on the biodistribution of a liposomal
carrier (DPPC/cholesterol/DSPE-PEG = 7:2:1) to the
BxPC3 xenograft site. Detailed information about lipo-
some synthesis and characterization is available in
Supporting Information S2. For ease of particle imag-
ing in mice, a NIR-labeled liposome was developed by
incorporating Dylight 680-DMPE (<0.1%, w/w) into the
lipid mixture. Compared to the biodistribution of the
IV-injected liposomes alone (Figure 5B, first column),
there was a significant increase in fluorescence inten-
sity at tumor sites in mice injected with TGFβi-MSNP
(Figure 5B, second column). Interestingly, the liposomes
accumulated at the tumor site withmore rapid kinetics
than MSNP (i.e., 1 h post-IV injection). These images
also demonstrate a faster rate of disappearance of the
liposomes compared to the silica nanoparticles. The
more rapid removal kinetics of the liposomes is likely
due to their increased degradation rates in vivo as well
as reduced mechanical stiffness as compared to MSNP
(Figure 5B and Supporting Information S5). Similar to
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Figure 3. Immunohistochemistry staining of BxPC3 xenograft sections to show TGFβi-MSNP disrupting PC interactions with
EC. (A) StainingwithMasson's trichrome to showprominent interstitial collagendeposition (in blue). “T” indicates tumor cells.
Arrows are pointing to the stroma. (B) Tumor-bearing animals were divided into two groups and received IV-injected TGFβi-
MSNP at an inhibitor dose of 1 mg/kg (MSNP dose of 2 mg/kg). Saline and IV injection of the same dose of the free inhibitor
were used as controls. Tumor tissues (0.8�1 cm diameter) were collected 1�2 h post-injection andOCT embedded for frozen
section and dual-color immunohistochemistry staining. The EC marker (CD31) was labeled green (FITC), and the PC marker
(NG2) was labeled red (Alexa Fluor 594). Further imagemagnification shows the extent of PC/EC colocalization in each group.
PC coverage of EC was quantified in three random fields in each group; *p < 0.05.
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MSNPs, semiquantitative imaging analysis showed that
TGFβi-MSNPs significantly increased liposome reten-
tion at the tumor site compared to injecting the
liposomes alone (lower panel of Figure 5B).

The mice receiving the NIR-labeled MSNPs were
sacrificed at 60 h post-injection, and ex vivo fluores-
cence images were obtained for tumor tissue as well as
major organs (Figure 5C, upper panel). Consistent with
the live animal imaging data, prior TGFβi-MSNP treat-
ment was associated with increased fluorescence in-
tensity in tumor tissue compared to animals receiving
the second-wave treatment alone. Both animal groups
showed abundant particle distribution to the liver,
spleen, lung, and the kidney. Following ex vivo imag-
ing, the collected organs were weighed and used for
Si elemental analysis by inductively coupled plasma
optical emission spectrometry (ICP-OES). This allowed
quantitative analysis of particle distribution, expressed
as a percentage (%) of the total mass of administered
particles. While ∼7% of the particles could be seen to
be retained at the tumor site at 60 h in animals treated
with TGFβi-MSNP, this amount increased at least
10-fold compared to animals receiving the NIR-MSNP
alone (Figure 5C, lower panel). As a result of the
shorter retention time for liposomes, the experiments
in Figure 5B were repeated in a separate batch of
animals in which the tumor tissue and organs were
harvested at 24 h to perform ex vivo imaging. Consis-
tent with the live imaging results, prior treatment with
TGFβi-MSNP significantly increased fluorescence inten-
sity at the tumor site compared to animals injected with

liposomes alone. Both groups showed abundant dis-
tribution to the liver, spleen, lung, and kidney (Figure 5D,
upper panel). Please notice that no NIR signal could be
obtained in brain tissue following two-wave treatment.
Calculation of fluorescence intensity, using our estab-
lished protocol,25 demonstrated that prior treatment
with TGFβi-MSNP leads to the retention of∼7% of the
administered liposomes as compared to ∼1.8% of the
injected dose in animals not receiving the inhibitor.
This amounts to a 4-fold increase (Figure 5D, lower
panel).

TGFβi-MSNPs Improve the Extent of Liposome Intratumoral
Distribution in BxPC3 Xenografts. In order to determine
whether two-wave therapy changes the biodistribu-
tion inside the tumor, Texas-red-labeled liposomes
were IV-injected into BxPC3 tumor-bearing mice in
the absence or presence of prior TGFβi-MSNP treat-
ment. Visual inspection of the fluorescence distribution
under low magnification demonstrated a rim-like dis-
tribution of the injected liposomes in animals not
receiving any inhibitor treatment (Figure 6A, upper left
panel). This distribution is characteristic of the rim-like
particle distribution in human xenograft models (e.g.,
colorectal, breast, and prostate cancer) in mice, in
which a spatially heterogeneous particle distribution
and high tumor rim particle content have been
reported.34�37 High-magnification images further de-
monstrated that the liposomes could be visualized as
fluorescent intracellular dots in the cytosol and peri-
nuclear regions (Figure 6A). We expect that some of
these liposomes are taken up in acidifying endosomal

Figure 4. TEM ultrastructural analysis to elucidate the presence of TGFβi-MSNP in BxPC3 xenografts. Electron microscopy to
determine the ultrastructure of the tumor 2 h after administration of TGFβi-MSNP. RBC denotes red blood cell. The porous
structure of the nanocarrier can be seen inside the tumor blood vasculature. Additional TEM images are displayed in Figure S1.
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compartments in tumor cells.38 In contrast, there was
a dramatic change in the intratumoral distribution of
liposomes injected after first-wave delivery of TGFβi-
MSNP (Figure 6A, upper right panel). Additional
immunohistochemical staining to localize CD31 with

a FITC-conjugated antibody and NG2 with a pacific-
blue-conjugated antibody, allowed us to determine
liposomal localization in relation to ECs and PCs
(Figure 6B). Compared to single-wave liposomal ad-
ministration, two-wave treatment resulted in more

Figure 5. TGFβi-MSNP improves access of IV-injected “hard” and “soft” nanoparticles in BxPC3 xenografts. (A,B) IVIS optical
imaging systemwas used to study the biodistribution of the NIR-labeled particles in BxPC3 tumor-bearingmice. To visualize
the luciferase expression at the cancer site, anesthetized mice received IP injection of 75 mg/kg D-Luciferin, followed by
collecting the bioluminescence images. Reference fluorescence images were captured before treatment. The tumor-bearing
animals were first treated by IV injection of TGFβi-MSNP (inhibitor: 1 mg/kg) followed after a 1�2 h interval by IV injection of
50 mg/kg NIR-labeled PEI-PEG-MSNPs or NIR-liposomes. The in vivo biodistribution was compared with themice receiving IV
injection of 50 mg/kg NIR-labeled particles alone. A full panel of NIR images at different time points is shown online in
Supporting Information, S3 and S5. Software analysis of NIR fluorescent intensities at different time points and shown in the
lower panel in (A) and (B). Filled boxes are two-wave, and open boxes are single-wave; *p < 0.05. (C,D) For PEI-PEG-MSNP, 60 h
after injection, the animals were sacrificed and tumor tissues as well as major organs collected for ex vivo imaging. ICP-OES
was used to quantify the Si abundance in themajor target organs using our established procedure.24As a result of the shorter
retention time of liposomes, we repeated the experiments in (B) by harvesting the tumor tissue and organs after 24 h for
ex vivo imaging. Approximately 100 mg of tumor, spleen, liver, and kidney tissue was weighed out accurately, washed,
and homogenized, and the fluorescence intensities per unit amount of each organ were measured by a microplate. The
biodistribution of each particle was expressed as percent of total particle dose that was distributed to individual organs;
*p < 0.05, two-wave compared to use of particle alone.
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Figure 6. Fluorescent images of tumor tissue sections to show that TGFβi-MSNPs improve the extent of liposome
intratumoral distribution in BxPC3 xenografts. (A) BxPC3 tumor-bearing mice received IV injection of TGFβi-MSNP
(inhibitor dose: 1 mg/kg; MSNP dose: 2 mg/kg) followed by IV injection of 50 mg/kg Texas-red-labeled liposomes. Tumor
tissues were collected 5 h post-liposome injection and embedded in OCT for frozen section. Slides were visualized under
a fluorescence microscope. The liposome biodistribution in the tumor section was compared with the mice receiving IV
injection of 50 mg/kg Texas-red-labeled liposomes alone. (B) Higher level magnification to show the localization of
the liposomes in the tumor in relation to EC (CD31) and PC (NG2) fluorescent markers. CD31 was visualized by a
FITC-conjugated secondary antibody and a NG2 by pacific-blue-conjugated secondary antibody. The fluorescent signal
from the Texas-red-labeled liposomes was captured in the same view. Zoom-in images, labeled as i�iii, were obtained
in an animal injected with liposomes alone, while iv�vi represent images from animals receiving two-wave therapy
(lower panel).
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abundant and homogeneous liposome distribution in
the xenograft tissue. Moreover, merging of blue and
green fluorescent images demonstrated the disap-
pearance of EC/PC colocalization during two-wave
treatment (Figure 6B, regions “iv”, “v”, and “vi”). This
stands in contrast to the effective colocalization of
these cells (Figure 6B, regions “i”, “ii”, and “iii”) in
animals injected with liposomes in the absence of
the inhibitor. All considered, these data demonstrate
that TGFβi-MSNP pretreatment allows vascular access
and homogeneous intratumoral distribution of engi-
neered nanoparticles. This prompted the question of
whether two-wave therapy can be used to improve the
efficacy of GEM delivering to the PDAC tumor site.

Two-Wave Treatment Improves the Efficacy of Gemcitabine
Delivery to BxPC3 Tumors. To demonstrate the possible
therapeutic benefit of TGFβi-MSNP in the treatment of
BxPC3 xenografts, we looked at whether it is possible
to trap GEM in the pores of these particles, providing
us with a dual delivery nanocarrier such as we demon-
strated for doxorubicin and Pgp siRNA in a breast
cancer xenograft model.25 However, different from
doxorubicin, we could not achieve sufficient GEM
retention in MSNP pores and therefore decided to
develop a liposome carrier instead (Figure 5B). The
drug-loading capacity of the liposome was optimized
by entrapping (NH4)2SO4 in the included central vo-
lume in the liposome.39 This allowed free and lipophilic
GEM to diffuse through the liposomal membrane,
whereupon the protonation inside the liposome leads
to GEM retention (Supporting Information S2).39�42

We optimized the GEM loading procedure by systemi-
cally varying the loading time, transmembrane salt
gradient, extent of salt washout, temperature, and
amount of free GEM offered for loading (Supporting
Information S2). This allowed us to achieve a GEM
loading capacity of 19.8% w/w, which is much higher
than the loading capacity that can be achieved with
conventional methods. Full details about the liposome
design, detailed physicochemical characterization,
optimization of drug loading, stability check, cellular
uptake, and ability to protect the drug against
cytidine deaminase (CDA) inactivation are described
in section S2 in the Supporting Information.

Xenograft-bearing nude mice were IV-injected with
101 mg/kg of the liposomes (GEM dose: 20 mg/kg)
1�2 h after the IV injection of TGFβi-MSNP (TGFβi dose
of 1 mg/kg). This paired set of injections was repeated
every 3�6 days for 38 days (Figure 7A). The controls
included animals injected with saline, free GEM, empty
liposomes, TGFβi-MSNP alone, or GEM liposomes alone.
Because our previous studies have shown that the
empty MSNP carrier lacks anticancer activity,24,25 we
did not include this negative control. Since the free
inhibitor resulted in less potent effects in the Matrigel
assay and did not significantly affect PC blood vessel
coverage in xenografts (Figure 3B), we did not include

the free inhibitor in the efficacy experiment for logistic
reasons. When comparing the effect on tumor size, the
GEM liposomes showed a significantly higher rate of
tumor shrinkage than the free drug (Figure 7A). This
effect was further enhanced by two-wave treatment
but could only be seen beyond 25 days. This delay
likely reflects the effect of tumor stage on stroma
development. No tumor inhibition was found with
saline treatment, TGFβi-MSNP alone, or the use of
empty liposomes (Figure 7A).

Two-Wave Therapy Reduces the Systemic Toxicity of GEM.
The safety of the nanocarrier delivery system is of key
importance, including the inherent safety of the deliv-
ery vehicle as well as the encapsulated drug. Safety
assessment was performed by monitoring total body
weight, blood chemistry, and histological examination
of major organs. Compared to saline-treated tumor-
bearing mice, no significant body weight changes
were observed during the administration of empty
liposomes, GEM liposomes, or paired TGFβi-MSNP/
GEM liposomes delivery. In contrast, animals receiving
free GEM administration showed reduced weight
gain (Figure 7B). While none of the animals showed
a significant elevation of biomarkers associated with
target organs (Supporting Information S6), free GEM
resulted in some nephrotoxicity.43 This manifested as
glomerular swelling and edema of Bowman's space in
renal glomeruli (Figure 7C). This histological change
was not seen in other groups and was not accompa-
nied by urea and electrolyte disturbances. Histological
examination of the liver and spleen did not show any
gross pathology in any of the experimental groups.

DISCUSSION

In this study, we developed an engineered approach
wherein TGFβi-MSNP treatment was used to target the
tumor stroma by decreasing PC coverage of tumor
vascular fenestrations, followed by the delivery of
drug-encapsulating liposomes that could effectively
penetrate the tumor site, resulting in enhanced cancer
inhibition. In order to achieve optimal in vivo efficacy,
both the first- and second-wave carriers were designed
to prolong circulation time through PEGylation as well
as using methods to optimize the drug-loading effi-
ciency. In the case of the copolymer-coated MSNP,
a high drug load was achieved through chemical com-
plexation to PEI, from which LY364947 was released to
interfere in the TGF-β receptor signaling and sub-
sequent PC differentiation and attachment to EC
(Scheme 1). This allowed second-wave nanocarriers
access through the open vascular fenestrations, with
the ability to increase GEM delivery by a liposome.
Optimal liposome design was achieved by using a
transmembrane ammonium sulfate gradient to trap
GEM inside the liposome. Effective release of the
encapsulated GEM throughout the tumor interstitium
and cancer cells was associated with enhanced tumor
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shrinkage and the reduction of GEM toxicity compared
to free drug. All considered, these data provide proof-
of-principle testing for two-wave nanotherapy that
targets the stroma and provides protected delivery of
GEM to the tumor site. This advance will now allow us
to test the dual-wave approach in a more rigorous
orthotopic pancreatic cancer model.
Utilizing our multifunctional MSNP platform to

conduct proof-of-principle testing of various human

cancer models in mice, a number of biological impedi-
ments as well as heterogeneity of the tumor micro-
environment have surfaced to challenge nano cancer
drug delivery beyond the traditional concept of pas-
sive and active delivery. While vascular abnormali-
ties such as large fenestrations could contribute to
nanocarrier egress at the cancer site (enhanced perme-
ability and retention effect, EPR effect), there are a
number of tumor-specific biological impediments to

Figure 7. Tumor growth inhibition and assessment of animal weight and kidney histology in BxPC3-bearing mice. (A) Detailed
animal treatment procedures are described in theMaterials andMethods section. BxPC3 cells were subcutaneously injected into
mice 7 days before treatment (gray boxes). Animals then received six IV injections (red boxes) every 3�6 days (green boxes) for
38 days as shown. The effect of two-wave therapy on tumor weight was compared to animals receiving saline, GEM liposome
alone, free GEM, empty liposome, and TGFβi-MSNP. Tumor size was measured twice a week. Tumor weight was calculated
according to the formula: tumor weight (mg) = (length in mm) � (width in mm)2/2;60�63 *p < 0.05, compared to GEM
liposome group. (B) Recorded animal weights were expressed for the duration of the experiment; *p < 0.05, compared to
saline; #p < 0.05, compared to GEM liposome. (C) Histological sections were stained with hematoxylin/eosin (H&E) and
examined by light microscopy. Representative images are shown. Higher magnification images were also obtained to
show the swelling and edema of Bowman's space, representing free drug toxicity. The white arrows point to normal
glomeruli, and the black arrows point to swelling and edema in Bowman's space as an indication of free GEM toxicity.
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overcome before achieving homogeneous distribution
of the nanocarrier or widespread killing of tumor cells.
In the case of PDAC, the display of a dysplastic stroma
(which includes PC coverage of vascular fenestrations)
is a key consideration (see Figure 8). It is important to
consider this barrier in designing a nanocarrier for
PDAC drug delivery. One consideration, demonstrated
in the current study, is to use an engineered approach
that makes use of a primary nanocarrier to provide
vascular access by perturbing the stroma, followedby a
second nanocarrier that is retained and deliver GEM at
the tumor site. This is in agreement with other creative
ideas for multistage and combination nanotherapeu-
tics to provide an impact on blood vessel permeability,
blood vessel patency, inhibition of drug-inactivating
enzymes, and/or target specific biological factors that
play a role in the heterogeneity of the tumor micro-
environment in multiple cancer types.7,14,44,45 These
include biophysicochemical factors (hypoxia, acidosis,
high interstitial fluid pressure) that interfere in drug
delivery, heterogeneous cellular components other
than cancer cells (endothelial cells and pericytes, can-
cer-associated fibroblasts, and inflammatory cells), as
well as noncellular components (extracellular matrix,
matrix metalloproteinase, soluble growth factors and
their receptors, and integrins)46 that could be targeted
by an engineered approach. One example is the use
of macrolide-modified gold nanorods that were de-
signed to target and activate the antitumor potential of

macrophages.47 This research demonstrated that nano-
rods preferentially accumulate in tumor-associated
macrophages, leading to significant enhanced killing of
breast cancer cells.47 The importanceofmanipulating the
tumor microenvironment is further illustrated by our
study in which we achieved enhanced vascular perme-
ability in the stromal barrier through the delivery of a
small molecule inhibitor. While we have demonstrated
similar, but less prominent, stromal effects in drug-resis-
tant human breast cancer xenografts, microvascular
heterogeneity and delivery of the MSNP played an
important role in decreasing the effectiveness of the
treatment.25 Since the stromal contribution is accentu-
ated in PDAC, it is less likely that this cancer will be
affected by nanocarriers that rely on the EPR effect alone.
Based on our discovery, it is reasonable to envisage the
development of a number of second-wave systems that
carry and deliver a drug, drug combination (e.g., GEM/
paclitaxel and FOLFIRINOX), or a drug plus a nucleic acid
to treat PDAC. Reliance on an EPR effect is more likely to
be effective in tumors with a lesser stroma.7

In clinical studies, the idea of targeting the PDAC
stroma has been addressed by using PEGylated hy-
aluronidase PH20 (PEGPH20), which targets a tumor
matrix component (hyaluronan) that plays a role in
generating high interstitial fluid pressure (IFP). The
high IFP interferes in drugs and nanoparticles penetra-
tion.48 Results froman ongoing clinical trial have demon-
strated that the combination of GEM with PEGPH20

Figure 8. Changing the PC coverage of vascular fenestrations is important for delivery of the liposomal GEM carrier. This
fluorescent stained histological section shows that the PDAC tumor uses a dense stromal barrier, which includes PCs blocking
the vascular access of IV-injected redfluorescent liposomes. Thefluorescencemicroscopy imageobtained from the tumor site
of an animal receiving prior TGFβi-MSNP therapy shows a region of a blood vessel where PCs are trapping some liposomes
just beyond their point of egress from the vascular fenestrations. In contrast, other blood vessel regions not showing PC
coverage allow liposome extravasation to the tumor interstitium and cancer cells.
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treatment can improve the stromal barrier, allowing
chemotherapeutic agents to freely permeate the can-
cer site.49,50 However, this approach differs from our
study in which we did not observe a significant change
in the collagen content (data not shown) as a result of
the relatively short duration of treatment. In a recent
phase III clinical trial in untreated PDAC patients
with metastatic disease, it has been demonstrated
that the combination of Abraxane (paclitaxel/albumin
complex) with GEM could induce a statistically signifi-
cant improvement in overall survival compared to
patients receiving GEM alone (median of 8.5 vs 6.7
months).51 In an accompanying animal study, it was
demonstrated that paclitaxel is capable of suppressing
the desmoplastic stroma and increasing the intratu-
moral GEM content 2.8-fold as a result of reducing
CDA enzyme levels.44,52 Therefore, it will be interesting
to test, in the future, whether combined delivery of
GEM and paclitaxel by a nanocarrier could be used
as a second-wave therapy that advances PDAC
treatment.
The TGF-β superfamily plays an important role in

cancer biology.22 This includes effects in PC interac-
tions with ECs during neo-angiogenesis.17 Inhibition
the TGF-β signaling pathway has been studied in
tumor xenograft models, retinal vasculature, and
a three-dimensional PC/EC coculture model.7,17,21,53

Collectively, these studies indicate that TGF-β plays a
key role in microvasculature and that inhibition of the
TGF-β signaling pathway can disrupt the integrity and
function of small blood vessels by dissociating PC
interactions with EC.7,17,21,53 Our results also confirm
previous studies showing that intraperitoneal injection
of free drug inhibitor promotes vascular access and
accumulation of nanoparticles and macromolecules
in BxPC3 xenografts and an OCUM-2MLN orthotopic
gastric cancer model.7 TGF-β also suppresses local
tumor immune responses, and one can envisage that
TGFβi-MSNP could also be used to boost the function
of tumor antigen-specific CD8þ T cells by interfering
with the immunosuppressive environment.54,55

It is important to comment on how TGFβi may
be released at the xenograft site. Our hypothesis is
premised on in vitro release data showing that LY364947
could be released from the MSNP in a time-dependent
manner by lowering the pH of the solution to 5.5
(Figure 1D). It is known that the pH value of malignant
tumors, including PDAC, is acidic.26,56 This is due to
the increased glucose uptake, glycolysis, and lactic
acid production (Warburg effect), which combined
with poor perfusion results in an acidic tumoral pH

compared to normal tissue (pH 7.2�7.4).26 The pH
classically drops to ∼6.5, but can be as low as ∼5.5 in
mesothelioma xenografts.57 Moreover, compared to
cancers with well-developed vasculature, we expect an
even lower pH in pancreatic cancer due to significant
hypoxia, presence of a dense stroma, and poor tumor
perfusion.58 While the local pH value in PDAC blood
vessels, the stroma, and fenestrations is unknown,
lactic acid is also produced in the tumor stroma.59

The fact that this pH-dependent releasemay be absent
in the noncancerous tissue (i.e., blood brain barrier)
could explainwhywedo not observe aNIR signal in the
brain (Figure 5).
Finally, it is worth reflecting on the importance of an

optimal loading capacity for drugs encapsulated in or
assembled on the nanocarrier. Optimal drug loading is
important for efficacious cancer cell killing as well as
limiting toxicity by decreasing the amount of nanocar-
rier and drug that are injected systemically. Loading
capacity is also an important consideration for manu-
facturing purposes. Through the use of efficient mo-
lecular complexation, we were able to optimize the
attachment of LY364947 to MSNP. Using H-bonding
of PEI to the electronegative nitrogen atoms in the
inhibitor, we could achieve a 74% (w/w) loading
capacity. While it is reasonable to postulate a high
loading for other PEI-PEG-decorated particles (including
nonporous particles), it would require new and expen-
sive biodistribution studies without a guarantee of
safety, good dispersal, and long circulatory half-life.
In addition to applications in cancer, the TGFβi-loaded
MSNPs could also be useful for the treatment of
inflammatory disease, pulmonary fibrosis, and arthritis.
In the case of a liposomal carrier, a high loading
capacity (∼20%) for GEM was achieved by creating
an ammonium sulfate gradient across the liposomal
membrane, which allowed intraliposomal retention of
the drug after protonation.39 This leads to stabilization
of the encapsulated GEM as a gel-like precipitate in the
liposome (Supporting Information S2).39

CONCLUSION

In conclusion, by addressing a specific, major biolo-
gical impediment to drug delivery, we developed an
engineered approach to the PDAC stromal barrier
through a nanoparticle that allows vascular access, there-
by facilitating the entry of a liposomal GEM carrier.
We propose that this approach should be considered
as an important design feature for nanocarriers in
addition to traditional consideration of passive and
active drug delivery approaches.

MATERIALS AND METHODS

Synthesis of PEI-PEG-Coated Mesoporous Silica Nanoparticles and NIR
Labeling. The synthesis of the 50 nm MSNP core was carried out

as previously described by us, using a sol�gel chemistry pro-

cedure.24,25 The particle surface was modified using electro-

static attachment of a 1.8 kDa PEI polymer, which was
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subsequently used for covalent attachment of 5 kDa PEG. To
perform PEI coating, 10 mg of MSNP was suspended in 1 mL of
an ethanol solution containing 2.5 mg/mL of PEI of MW 1.8 kDa.
The solution was sonicated and stirred for 30 min. The particles
were further washed in ethanol to remove excess PEI and trace
amounts of surfactant. The PEI-coated particle was subse-
quently transferred into 1.5 mL of DMF, mixed with 50 mg of
activated NHS-poly(ethylene glycol)methyl ether (m-PEG, MW
5 kDa), and stirred for 24 h. The nanoparticles were washed
with DMF and ethanol and resuspended in water.24,25 The NIR
fluorescent dye, DyLight 680 NHS ester, was used for particle
labeling. Ten milligram particles were suspended in 1 mL of
DMF and mixed with 0.1 mg of Dylight 680. The reaction
took place under an inert atmosphere during stirring at room
temperature for 12 h. The particles were centrifuged and
washed with deionized water.24

Assessment of TGFβi Loading Capacity and Binding Stability. Various
volumes (10, 20, 40, 80 μL) of 5 mg/mL LY364947 in DMSO
solutions were mixed with 1 mL of a 0.5 mg/mL MSNP aqueous
suspension. The mixed solutions were stirred at 25 �C for 24 h
and washed three times with deionized water. After centrifuga-
tion at 15 000 rpm for 30 min, the supernatants were collected
to obtain LY364947 OD values at 269 nm (M5e, Molecular
Devices, USA). The loading capacity was calculated as follows:
loading capacity (%, w/w) = total minus non-encapsulated
LY364947 by weight/MSNP weight � 100%. In order to deter-
mine the stability of LY364947 attachment, the drug releasewas
studied in deionized water, saline containing 2% serum, or
DMEM supplemented with 10% serum for time periods ranging
from 0 to 72 h at 37 �C. Following sample centrifugation at
15 000 rpm for 30 min, the release percentage was calculated
according to the following equation: release percentage = the
weight of LY364947 in the supernatants/the total weight of
attached LY364947 at t = 0 � 100%.

Cell Lines and Cell Culture. Human microvascular endothelial
cells (HDME) were purchased from ScienCell Research Labora-
tories (Carlsbad, CA). The ECs were cultured in endothelial cell
medium (ECM, Carlsbad, CA) containing 5% FBS, 1% endothelial
cell growth supplement (ScienCell, Carlsbad, CA), 100 U/mL
penicillin, and 100 μg/mL streptomycin. Human smoothmuscle
cells (HSM, exhibiting a pericyte-like phenotype27) were pur-
chased from American Type Culture Collection (ATCC). The PCs
were cultured in ATCC-formulated F-12K medium containing
0.05 mg/mL ascorbic acid, 0.01 mg/mL insulin, 0.01 mg/mL
transferrin, 10 ng/mL sodium selenite, 0.03 mg/mL endothelial
cell growth supplement, 10 mM 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES), 10 mM 2-[(2-hydroxy-1,1-bis-
(hydroxymethyl)ethyl)amino]ethanesulfonic acid (TES),
and 10% FBS. BxPC3 cells were purchased from ATCC and
cultured in Dulbecco's modified Eagle medium (DMEM)
(Carlsbad, CA) containing 10% FBS, 100 U/mL penicillin,
100 μg/mL streptomycin, and 2 mM L-glutamine.

Matrigel Assay. To study the effect of TGFβi-MSNP on PC/EC
interactions, theMatrigel assay was performed using amodified
method.27 In order to distinguish the PCs and ECs in theMatrigel
assay, HDME cells (104 cells/mL) andHSMcells (5� 103 cells/mL)
were stained with CellTracker Green CMFDA (Invitrogen, Grand
Island, NY) and CellTracker Red CMTPX (Invitrogen, Grand
Island, NY) 24 h before the experiment. After the staining, ECs
were treated with 2 ng/mL TGF-β for 3 h, and PCs were treated
with free TGF-β or TGFβi-MSNP at an inhibitor dose of 1 μM
for 3 h. Subsequently, both cell types were cocultured in
Matrigel-coated 6-well plates for further incubation of 16 h at
37 �C. PC/EC adhesions were quantitatively determined from
five fields obtained from three independent samples with a
fluorescence microscope (Zeiss, Germany).

Smad2 Activation Assay. Smad2 activation was determined
using immunofluorescent staining in 8-well chamber slides in
which 4� 104 PCs were cultured in each well containing 0.4 mL
of culture medium. Sixteen hours post-cell seeding, PCs were
treated with 2 ng/mL TGF-β for 3 h. Subsequently, the cells
were treated with TGFβi-MSNP at an inhibitor dose of 1 μM
for 1�24 h. For comparison, free TGFβi was used to treat
the cells at an identical dose. Subsequently, PCs cells were
fixed, permeabilized, and stained for pSmad2 with a standard

immunocytochemistry protocol. This staining was performed
by using a 1:500 dilution of primary anti-pSmad2 antibody
(Abcam, Cambridge, MA) for 16 h at 4 �C. This was followed
by a 1:500 dilution of a FITC-conjugated secondary antibody
(Santa Cruz, CA) for 1 h. The nuclei were stained with Hoechst
33342. Slides were visualized under a confocal microscope
(Leica Confocal 1P/FCS). The signal intensity of the green
channel, revealing activated Smad2, was calculated by ImageJ
software (version 1.37c, NIH).

Establishment of a BxPC3 Tumor Xenograft Model. Athymic BALB/c
nu/nu female mice (6 weeks) were purchased from the Charles
River Laboratory and maintained under pathogen-free condi-
tions. All animal experiments were performed using protocols
approved by the UCLA Animal Research Committee. For tumor
visualization in mice using optical imaging, permanent trans-
fection of a luciferase construct by a lentiviral vector was
performed in BxPC3 cells. The detailed procedure is described
in Supporting Information, S7. To grow tumor xenografts,
BxPC3-luc cell suspension (0.1 mL, 5 � 106 cells/mL) was
injected subcutaneously in the mice. To determine treatment
efficacy, the mice received a series of treatments 7 days post-
tumor implantation. For performance of the imaging experi-
ments, the tumor-bearing animals were used 3�4 weeks after
tumor implantation, at a stage when tumor size measured
0.8�1 cm.

Biodistribution. Imaging studies were performed to deter-
mine the effect of the TGFβi-delivering particle on the biodis-
tribution of secondary nanocarriers to the BxPC3-luc tumor. To
visualize the tumor, the mice were IP-injected with 75 mg/kg
D-Luciferin, and bioluminescence images were acquired. Sub-
sequently, the mice were IV-injected with TGFβi-MSNP at an
inhibitor dose of 1 mg/kg (MSNP dose, 2 mg/kg). One to two
hours later, the mice were IV-injected with 50 mg/kg NIR-
labeled MSNP or liposomes. NIR fluorescent images were
acquired at the indicated time points, using an IVIS Imaging
System (Xenogen, Toronto, ON, Canada). This treatment was
compared to the mice receiving IV injection of NIR-MSNPs or
liposomes alone at 50 mg/kg. The tumor tissue together with
major organs (heart, lung, spleen, liver, kidney, brain, and
cardiac muscle) was collected and used for ex vivo imaging.

Transmission Electron Microscopy of the BxPC3 Tumor in Mice Receiving
TGFβi-MSNP Injections. BxPC3 tumor-bearing mice (tumor size:
0.8�1 cm in diameter) were IV-injected with TGFβi-MSNP at
an inhibitor dose of 1 mg/kg (MSNP dose, 2 mg/kg). The tumor
biopsies were rapidly collected 2 h post-injection, washed in
PBS, and immediately fixed with 2.5% glutaraldehyde in PBS
at room temperature for 2 h and stored at 4 �C. Further
sample preparation and sectioning were performed by the
Electron Microscopy Services Center in Brain Research Insti-
tute at UCLA. Briefly, after further fixing with 1% OsO4 in PBS,
the samples were dehydrated in a graded ethanol series,
treated with propylene oxide, and embedded in resin. Ap-
proximately, 60�80 nm thick sections were cut on a Leica
ultramicrotome and picked up on Formvar-coated copper
grids. The sections were examined in a CM120 electron
microscope (Philips).

Determination of EC/PC Colocalization in Tumor Tissues. The tumor
tissues were embedded with an OCT reagent before sectioning
to provide 4 μm thick slices. The slices were washed three times
in PBS and fixed. For EC staining, the sections were first
incubated with rat-anti-mouse CD31 monoclonal antibody
(1:500) at 4 �C overnight. After removal of the primary antibody
and washing in PBS three times, FITC-conjugated goat-anti-rat
IgG (1:500) was added and incubated at room temperature for
1 h. For PC staining, the same sectionwas further incubatedwith
primary antibody of NG2 (1:500) at 4 �C overnight and followed
by Alexa594- or pacific-blue-conjugated secondary antibody
(1:1000) at room temperature for 1 h. All the incubations
were performed in the dark. The slices were visualized under
a fluorescence microscope. The PC coverage was counted in
three randomly selected fields.

Xenograft Studies To Determine the Efficacy of Two-Wave Treatment on
Tumor Shrinkage. One week after tumor implantation, the BxPC3
tumor-bearing mice were randomly divided into six groups.
These groups were used for comparing the effects of saline, free
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liposome, TGFβi-MSNP alone, free GEM, GEM liposome alone,
and two-wave treatment. Each animal in the two-wave group
received IV injection of TGFβi-MSNP at an inhibitor dose of
1 mg/kg (MSNP dose, 2 mg/kg) followed by a liposome dose
of 101 mg/kg (GEM dose, 20 mg/kg) after a 1�2 h interval.
Altogether, these animals received six paired injections over a
38 day time period (Figure 6A). The free GEM and GEM-loaded
liposome groups received the same drug dose in the absence of
TGFβi-MSNPpretreatment. The groups treatedwith saline, empty
liposome, and TGFβi-MSNP were used as controls. The body
weight and tumor size were recorded once or twice per week.

For tumor size measurement, the length and width axes of
each xenograft tumor were precisely measured to the nearest
0.1 mm by a caliper. Tumor weight was calculated according to
the formula: tumor weight (mg) = (length in mm) � (width in
mm)2/2.60�63 This formula was also used to calculate tumor
weight, assuming a tissue density of 1 mg/mm3. The statistical
significance of the changes between two-wave group and GEM
liposome group was analyzed using a t test (Excel software).
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