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T
he 5 year survival rate of pancreatic
ductal adenocarcinoma has remained
unchanged despite significant pro-

gress for other major cancers.1 One of the
contributing reasons of the poor prognosis
of pancreatic cancer is the resistance
to chemotherapeutic agents, including
gemcitabine (GEM), which is frequently
used as first-line therapy.2,3 This resistance
could result from acquired and/or intrinsic
pathways, a dense dysplastic stroma that
acts as a barrier to vascular perfusion and

drug permeability, as well as unfavorable
GEM pharmacokinetics as a result of insuf-
ficient activation or rapid inactivation.3

Recent progress in pancreatic cancer ther-
apy has been the introduction of stromal-
directed agents that obliterate the dense
stromal microenvironment and improve
chemotherapy drug delivery. For example,
an ongoing clinical trial has demonstrated
that the combination of GEM with PEGy-
lated hyaluronidase can overcome stromal
resistance, allowing chemotherapeutic drug
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ABSTRACT Recently, a commercial albumin-bound paclitaxel (PTX)

nanocarrier (Abraxane) was approved as the first new drug for pancreatic

ductal adenocarcinoma in almost a decade. PTX improves the pharmaceutical

efficacy of the first-line pancreatic cancer drug, gemcitabine (GEM), through

suppression of the tumor stroma and inhibiting the expression of the GEM-

inactivating enzyme, cytidine deaminase (CDA). We asked, therefore,

whether it was possible to develop a mesoporous silica nanoparticle

(MSNP) carrier for pancreatic cancer to co-deliver a synergistic GEM/PTX

combination. High drug loading was achieved by a custom-designed coated

lipid film technique to encapsulate a calculated dose of GEM (40 wt %) by using a supported lipid bilayer (LB). The uniform coating of the 65 nm

nanoparticles by a lipid membrane allowed incorporation of a sublethal amount of hydrophobic PTX, which could be co-delivered with GEM in pancreatic

cells and tumors. We demonstrate that ratiometric PTX incorporation and delivery by our LB-MSNP could suppress CDA expression, contemporaneous with

induction of oxidative stress as the operating principle for PTX synergy. To demonstrate the in vivo efficacy, mice carrying subcutaneous PANC-1 xenografts

received intravenous (IV) injection of PTX/GEM-loaded LB-MSNP. Drug co-delivery provided more effective tumor shrinkage than GEM-loaded LB-MSNP, free

GEM, or free GEM plus Abraxane. Comparable tumor shrinkage required coadministration of 12 times the amount of free Abraxane. High-performance liquid

chromatography analysis of tumor-associated GEM metabolites confirmed that, compared to free GEM, MSNP co-delivery increased the phosphorylated

DNA-interactive GEM metabolite 13-fold and decreased the inactivated and deaminated metabolite 4-fold. IV injection of MSNP-delivered PTX/GEM in a

PANC-1 orthotopic model effectively inhibited primary tumor growth and eliminated metastatic foci. The enhanced in vivo efficacy of the dual delivery

carrier could be achieved with no evidence of local or systemic toxicity. In summary, we demonstrate the development of an effective LB-MSNP nanocarrier

for synergistic PTX/GEM delivery in pancreatic cancer.

KEYWORDS: gemcitabine . paclitaxel . co-delivery . synergy . ratiometric . mesoporous silica nanoparticle . pancreatic cancer
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access to the cancer site.4 In addition to the use of
small-molecule therapeutics, nanotechnology is
poised to make an impact on pancreatic cancer treat-
ment, including the delivery of stromal-targeting
agents. One example is the recent FDA approval for
the albumin-bound paclitaxel nanocomplex, Abrax-
ane, which extends the survival outcome of GEM by a
few months upon coadministration.5,6 The proposed
mechanism of Abraxane action is the suppression of
stromal density as well as reduced expression of
cytidine deaminase (CDA), an enzyme that is respon-
sible for themetabolic inactivation of GEM, including at
stromal and tumor sites.5�7

While drug delivery by a nanocarrier could make a
big impact on cancer treatment, most therapeutic
nanocarriers currently being used in clinical trials are
monocarriers, which are primarily designed for passive
drug delivery and/or reducing drug toxicity.8 Carrier
design often does not address optimal drug loading,
synergistic drug combinations at controlled ratio, or
overcoming tumor-specific impediments, such as the
stromal barrier or unfavorable pharmacokinetics of
cancer drugs.9 Our aim is to advance pancreatic cancer
nanotherapy by our multifunctional mesoporous silica
nanoparticle (MSNP) platform,10�17 which can be de-
signed to circumvent the stromal barrier, improve GEM
pharmacokinetics, and allow contemporaneous deliv-
ery of synergistic drug combinations, such as illus-
trated by the clinical paclitaxel (PTX)/GEM example.
However, while we have previously demonstrated that
GEM delivery to human pancreatic cancer xenografts
can be improved by a copolymer-designed MSNP
carrier that releases a small-molecule TGF-β receptor
kinase inhibitor, it was not possible to achieve high
GEM loading capacity in this platform due to the
inability of the copolymer to securely seal pores and
rapidly entrap the drug.17 It was also difficult to load
PTX in the same carrier in a controlled fashion for
synergistic drug co-delivery. We therefore contem-
plated the design of a novel carrier that can achieve
simultaneous PTX and GEM loading by a MSNP carrier,
which also considers the chemical structure and hy-
drophobicity of these drugs, their combination at an
optimal dose ratio, drug loading capacity, and rapid
and high entrapment efficiency. Since these design
characteristics cannot be achieved by our copolymer-
designed MSNPs, we investigated the use of a sup-
ported lipid bilayer (LB) as proposed by Sackmann
et al.,18 with adaptation to amorphous and mesopo-
rous silica nanoparticles.19�28

Our original attempt to obtain GEM entrapment by
a supported LB that forms when MSNPs are co-
incubated with liposomes was met with limited success
due to the lack of uniform coating. This is likely due to
inefficiency in the stepwise liposomal procedure,
which requires absorption to the particle surface, dis-
ruption, and electrostatic fusion with the particle

surface; moreover, it is often required that defects in
this incomplete LB be filled by the use of a second wave
of liposomes.28 This inefficiencypromptedus to develop
a custom-designed procedure in which we use a
lipid-film-coated on a round-bottomed glass surface
for overlay with drug-soaked MSNPs, which could
subsequently be rapidly sealed through energy input
and with the ability to entrap a high GEM load. This
lipid-film-coating procedure also allowed us to intro-
duce, in a ratiometric approach, co-delivery of the
hydrophobic drug, PTX, which is incorporated in the
LB. We define a ratiometric approach as the in vivo

release of a drug combination from a nanocarrier, with
the purpose of providing a fixed drug ratio at the target
site.29 Following demonstration of in vitro drug
synergy, we asked whether the dual delivery MSNP
could also lead to a synergistic outcome by treating
mice with established human xenograft and orthotopic
pancreatic tumors. We demonstrate the efficacy of
our dual delivery carrier versus the use of free GEM,
combined with Abraxane in the same animal models.

RESULTS

Use of a Supported LB To Develop MSNPs for Synergistic GEM/
PTX Co-delivery. We have previously demonstrated the
use of MSNPs as amultifunctional carrier for delivery of
chemotherapeutic agents to human tumors in nude
mice.10,12,13,17 This includes the use of a PEI/PEG-
coated MSNP for stromal targeting of human pancrea-
tic tumors; this carrier enables the delivery of a small-
molecule TGF-β receptor kinase inhibitor to interfere in
pericyte-mediated stromal vascular obstruction, there-
by improving access to second wave therapeutic
carriers, such as GEM-delivering liposomes.17 While
an ideal delivery systemwould be to combine the ther-
apeutics in a single carrier, copolymer-functionalized
MSNPs cannot effectively entrap a sufficient GEM load
to make therapeutic delivery possible. Although we
have developed a series of nanovalves for drug
encapsulation,14 this approach requires multistep syn-
thesis and proved to be inefficient for loading a high
dose of GEM, a nucleoside analogue. This prompted us
to consider alternative entrapment procedures for
GEM drug delivery. In this regard, it has previously
been reported that the electrostatic attachment of
zwitterionic liposomes to the MSNP surface, followed
by vesicle rupture, can form a supported LB that leads
to pore sealing and drug entrapment.27,28 However,
this synthesis method also requires several steps and
only leads to effective pore sealing if the LB is com-
plete. This was illustrated by our inability to encapsu-
late a high-dose GEM by the liposomal approach in
addition to problems with nonuniform particle coat-
ing, leakiness, nanoparticle aggregation, and insuffi-
cient batch sizes for use in animal experimentation.
This prompted us to develop an alternative sealing
method to rapidly attach a supported LB that can be
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used for high drug loading and therapeutic-scale drug
delivery. A supported LB could also facilitate coentrap-
ment of hydrophobic drugs such as PTX.

Instead of the multistep liposomal approach, we
developed a coated lipid film method in which GEM-
soakedMSNP suspensions were added to a continuous
lipid film coated onto a round-bottom glass surface,
allowing uniform particle coating upon controlled
energy input. This leads to instantaneous and com-
plete particle coating by an intact LB, providing effec-
tive drug sealing and loading without the necessity to
perform multiple washing procedures (Figure 1A).
Briefly, nanoporous silica particles of a uniform particle
size (65 nm) were synthesized according to our stan-
dard sol/gel procedure, in which tetraethyl ortho-
silicate (TEOS) was used as the silica precursor and
cetyltrimethylammonium chloride (CTAC) as the
structure-directing agent. Brunauer�Emmett�Teller
characterization showed a total surface area of
850 m2/g, from which we could calculate a pore
volume of ∼0.7 cm3/g (see the theoretical calcula-
tions in the Supporting Information S1). Figure 1B
shows transmission electron microscopy (TEM) and
cryoEM images of the GEM-soaked particles. These
high-resolution pictures show that the particle cores
represent highly ordered helical hexagonal pore
arrangements with pore sizes of∼2.75 nm in diameter.

To obtain the most efficient LB-coating procedure
and drug-loading/release profiles, we used an iterative
scheme for nanocarrier design. This includes (i) deter-
mination of optimal LB composition (e.g., different
types of lipid, lipid ratios, adjusting the cholesterol
concentration, etc.), (ii) experimenting with different
drug concentrations in the loading buffer, (iii) varying
the loading time, (iv) experimenting with different
drug/particle/LB ratios, and (v) varying the sonication
conditions and power output, etc. In the optimized
protocol, nanoparticle coating was achieved by soak-
ing 200 mg of MSNP in an ethanol/water (7:3, v/v)
solution containing 20 mg/mL of GEM. After centrifu-
gation at 15 000 rpm for 20 min, the pellets were
quickly resuspended in 5 mL of saline by sonication
and immediately added on top of a continuous lipid
film and coated on a round-bottom flask with a 6 cm
diameter (total surface area of ∼75 cm2). The optimal
coated lipid film composition was obtained through
iterative rounds of experimentation to obtain the most
stable bilayer (defined as the absence of leakage and
physical evidence of an intact LB for at least 1 month at
4 �C). The most stable coated lipid film used a DPPC/
cholesterol/DSPE-PEG mixture that contains the var-
ious lipids at a molar ratio of 77.5:20:2.5. Probe sonica-
tion at a power output of 32.5 W for 20 min yielded
5 mL particle suspensions, which were further char-
acterized by TEM (Figure 1C, left) and cryoEM
(Figure 1C, right) to assess the morphology and sur-
face coating. High-magnification cryoEM images

demonstrated primary particle sizes of∼75 nm, show-
ing uniform coating of the surfaces with an intact LB of
7 nm. This is close to the thickness of the bilayer in a
population of adjacent liposomes (7.1 nm), which are
formed during the synthesis process. Because of differ-
ences in their density, the free liposomes and non-
encapsulated GEM could easily be separated from the
GEM-encapsulated LB-MSNPs by centrifugation at
15 000 rpm for 10 min. Following particle washing in
saline, we obtained a population of uniformly coated
and well-suspended GEM-loaded particles, as demon-
strated by cryoEM (Figure 1D).

We used high-performance liquid chromatography
(HPLC) analysis and UV spectroscopy analysis in a
microplate reader to determine the drug loading
capacity of our particles. This involved subtraction
analysis (see Supporting Information S1 for detailed
description), according to which “loading capacity =
[the total amount of GEM introduced for particle
soaking � (non-entrapped GEM in the supernatant
before pore sealing þ GEM in the washings after pore
sealing)]/[the total amount of MSNP] � 100%. This
yielded a GEM loading capacity of 40 wt % (drug:
MSNP), which is ∼10-fold higher than the amount of
drug trapped in the corresponding liposomes.9,17

While it was not possible to characterize the exact
physicochemical state of GEM trapped in the porous
interior, we suspect that the enhanced loading capa-
city of the MSNPs is due to drug interaction with the
walls of the pores through hydrogen bonding, van der
Waals interactions, and electrostatic binding.

As mentioned above, a supported LB can theoreti-
cally be used to copackage a hydrophobic drug, such
as PTX, which could act synergistically with GEM, as
demonstrated by the Abraxane experience. To demon-
strate the synergy in vitro, we initially established the
IC50 of free GEM and PTX in PANC-1 cells, obtaining
values of 18.2 μg/mL (Figure 1E1, top left) and 8 μg/mL
(Figure 1E2, top panel), respectively. We further deter-
mined the synergy of a free GEM/PTXmixture in PANC-
1 cells. The experimental details are described in the
Supporting Information S2. A series of GEM/PTX mix-
tures were prepared in which we initially used a fixed
amount of GEM plus different amounts of PTX to yield
GEM/PTX ratios over the range of 100:1 to 0.2:1. Each
mixture was considered as a starting concentration to
make a series of dilutions. Using these samples to
conduct cell viability (MTS) experiments, we were able
to calculate free GEM/PTX concentrations in the mix-
tures providing 50% killing (Figure 1E1, top panel). To
keep the dose of PTX in the low range, we decided to
use a ratio of 10:1 for further experimentation. At
this ratio, the free PTX concentration is 0.25 μg/mL
and that of GEM is 2.5 μg/mL (Figure 1E, top panel).
Using CompuSyn software to calculate drug synergy,
we obtained a combination index (CI) of 0.5; the
instruction software suggests a synergistic effect when
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Figure 1. Continued
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Figure 1. Synthesis, physicochemical characterization, and in vitro effects of PTX/GEM-loadedLB-MSNP. (A) Schemedepicting
the procedure for LB-MSNP synthesis as a carrier for delivery of GEM only or a combination of GEM and PTX. MSNPs were
synthesizedby a sol/gelmethod.We further developed a coated lipidfilmprocedure inwhichGEM-soakedMSNP suspensions
were added to a continuous lipid film coated onto a glass surface, allowing uniform particle coating upon sonication. The
coated lipid film was developed by mixing dipalmitoylphosphatidylcholine (DPPC)/cholesterol/1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE)-PEG at a 77.5:20:2.5 molar ratio. After sonication, the particle suspension was purified by
centrifugation and washed to separate the coated particles from liposomes and free drug. LB coating also allowed
copackaging of the hydrophobic drug, PTX, with GEM trapped in the pores. This allowed ratiometric incorporation of
25wt%GEM combinedwith 0�5wt%PTX. (B) TEM (left) and cryoEM (right) images of GEM-soakedMSNPs before LB coating.
The MSNP cores show ordered helical hexagonal pore arrangements. (C) TEM (left) and cryoEM (right) images of GEM-loaded
LB-coatedMSNPs before purification. The images demonstrate a particle size of 75 nmwith uniform and intact LB, with 7 nm
thickness; this is equivalent to the thickness of the lipid bilayer in liposomes (7.1 nm) that coform in the synthesis process. (D)
CryoEM picture of GEM LB-MSNP after centrifugation, purification, and washing. (E) Ratiometric design of PTX/GEM co-
delivery. (E1) Series of GEM/PTX combinations at different mixing ratios (100:1 to 0.2:1) were prepared as described in the
Supporting Information S2. Each mixture was considered as a starting concentration to make a series of dilutions. Using the
samples to conduct MTS experiments, we calculated the 50% killing concentrations of these mixtures as shown in the top
panel in E1. To keep the dose of PTX in the low range, we decided on using a ratio of 10:1 in further experimentation. At this
ratio, the free PTX concentration is 0.25 μg/mL, and that of GEM is 2.5 μg/mL (E, top panel). CompuSyn software was used to
calculate combination index (CI). We showed a CI of 0.5 at a 10:1 ratio, which is indicative of strong synergy. The additional
evaluation of the GEM/PTX synergy of the carrier is performed. A series of GEM/PTX LB-MSNPs were prepared using different
encapsulation ratios (100:1, 10:1, and 5:1). Each particle typewas used to assess cytotoxicity and determine the concentration
of each drug in the mixture for a 50% killing effect (see E1, bottom panel). At an encapsulation ratio of 10:1, we reduced the
GEMconcentration required for 50%cell killing from5.2 to 2.3μg/mL. This occurred in the presenceof a PTXdoseof 0.23μg/mL,
which is nontoxic. (E2) Independent cell killing (MTS) experiments using free PTX or PTX-only LB-MSNP in PANC-1 cells. (F)
TEM (left) and cryoEM (right) images of the ratiometric-designed PTX/GEM LB-MSNP, which at the ratio of 10:1 was used in
cellular and animal studies. (G) Detection of CDA and heme oxygenase 1 (HO-1) expression by PTX/GEM LB-MSNP using
Western blotting. PANC-1 cells were treated with PTX/GEM LB-MSNP (particle dose = 25 μg/mL; GEM = 6.25 μg/mL; PTX =
0.625μg/mL) in completeDMEMmedium for 0�24 h. The CDAandHO-1 expressionwas determined by immunoblotting. The
relative density of the protein bands were determined by ImageJ software. Representative immunoblot bands at 0 and 24 h
are shown in the inset. (H) Pretreatment of PANC-1 cells usingN-acetylcysteine at 1.5mg/mL interferedwith the effects of dual
drug delivery on CDA and HO-1 expression.
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CI < 1 and a strong synergy if CIe 0.5. We used the free
drug data as a reference point to design the dual
delivery LB-MSNP, including a 10:1 ratio, which was
compared against 100:1 and 5:1. The additional eva-
luation of the GEM/PTX synergy of the carrier is neces-
sary because the nanoparticle-mediated drug com-
bination is more complex than a physical drugmixture.
In addition to drug ratio, the cytotoxic effect of the dual
delivery nanoparticle may also be influenced by parti-
cle properties (e.g., size, shape, surface, and release
profile, etc.) as well as the rate and abundance of
cellular internalization. A series of GEM/PTX LB-MSNPs
were prepared in which we used a fixed amount of
GEM (25%, w/w) in the presence of 0.25�5 wt% PTX to
yield GEM/PTX ratios of 100:1, 10:1, and 5:1. Each
particle type was used to assess cytotoxicity and to
determine the concentration of each drug in the
mixture for a 50% killing effect (Figure 1E1, bottom
panel). At an encapsulation ratio of 10:1, we reduced
the GEM concentration required for 50% cell killing
from 5.2 μg/mL (using GEM-only particle) to 2.3 μg/mL
(using dual delivery particle). This occurred in the
presence of a PTX dose of 0.23 μg/mL (Figure 1E1,
bottom panel). Please notice that this falls into the low
or nontoxic dose of PTX, as shown by an independent
experiment using PTX-only LB-MSNP (Figure 1E2, bot-
tom panel). CompuSyn software analysis showed a CI
of 0.5 for this ratio. The particle using an encapsulation
ratio of 5:1 also showed potent killing, but we did
not want to use this mixture due to the high dose
of PTX (0.48 μg/mL), which was relatively close to a
PTX cytotoxic dose, as we show in Figure 1E2. The
particles with the 100:1 encapsulation ratio were
not effective at killing and had a CI of∼1, whichmeans
an additive effect. Thus, co-delivery of PTX/GEM by
LB-MSNP could allow an optimal ratio (10:1) to be
obtained, which indicates that the major mechanism
of action of Abraxane in combination with GEM is
not its chemotherapeutic activity, but induction of
oxidative stress (see data in Figures 1G,H and 2D,E).5,6

All considered, the 10:1 GEM/PTX encapsulation
ratio was used in subsequent in vitro and in vivo

experiments.
Physicochemical characterization of the dual-drug-

loaded MSNPs demonstrated that coencapsulation of
PTX did not affect the particle structure or stability of
the LB. TEM (Figure 1F, left) aswell as cryoEM (Figure 1F,
right) images demonstrated the presence of uniform
and complete coating of each particle by an intact
7 nm LB bilayer. We also assessed the hydrodynamic
particle size and ζ-potential in saline and saline plus 5%
serum, yielding sizes of 101 and 112 nm, respectively.
The slightly bigger size during dynamic light scattering
analysis in aqueous suspension reflects the contribu-
tion of the electrical double layer on the particles
as well as the presence of PEG, which is not visible
by electron microscopy. PTX/GEM-loaded LB-MSNPs

exhibited negative ζ-potentials of �27.2 and �5.4 mV
in saline and saline plus 5% serum, respectively.

We also assessed the GEM encapsulation stability
and release profile of LB-MSNPs in the absence or
presence of PTX loading (Figure S3). In both particle
types, GEM encapsulation was stable in phosphate-
buffered saline (PBS) (pH 7.4) for 48 h at 37 �C, with
premature release of <3.6%. GEM LB-MSNPs and PTX/
GEM LB-MSNPs also showed comparable GEM release
kinetics under abiotic conditions using simulated lyso-
somal fluidwith a pH of 5. This resulted in the release of
25.3 and 22.9% GEM, respectively, from LB-MSNP with
PTX and without PTX after 48 h (Figure S3).

Time- and dose-dependent studies were under-
taken in PANC-1 cells to determine the effect of PTX/
GEM co-delivery on CDA and hemeoxygenase 1 (HO-1)
expression. HO-1 is a biomarker of oxidative stress, as
previously demonstrated in experimental Abraxane
studies to explain synergistic interaction with GEM.5,6

When used at a particle dose of 25μg/mL (that includes
0.6 and 6 μg/mL PTX andGEM, respectively) for 0�24 h,
dual drug delivery by LB-MSNP could be seen to induce
a progressive decrease in CDA expression, accompa-
nied by a rapid and sustained increase in HO-1 expres-
sion over time (Figure 1G). Please notice that the PTX
dose of ∼0.6 μg/mL has a negligible killing effect, as
shown in Figure 1E, suggesting a noncytotoxic me-
chanism of action. We also demonstrated dose-depen-
dent (0�25 μg/mL) CDA and HO-1 effects over a 24 h
observation period (Figure S4). These findings are
compatible with the hypothesis that the major phar-
macological action of PTX is delivery of an oxidative
stress stimulus, which leads to the decline in CDA
expression. This was confirmed by the ability of N-
acetylcysteine, a thiol antioxidant and radical scaven-
ger, to negate the particle effects on CDA and HO-1
expression (Figure 1H).

PTX/GEM Co-delivery Synergizes in Inhibiting PANC-1 Tumor
Growth in a Xenograft Model. PANC-1 cells, stably trans-
fected with a luciferase reporter gene, were used to
grow subcutaneous xenografts in nude mice for 14
days. The tumor-bearing mice were intravenously (IV)
injected with PTX/GEM-loaded LB-MSNPs every 3�8
days for 38 days (Figure 2A). Each animal received a
particle dose of 250 mg/kg (GEM, 100 mg/kg; PTX,
10 mg/kg) per injection. The controls included animals
receiving IV injection with saline, free GEM (100 mg/kg),
Abraxane (PTX dose, 10mg/kg), GEM-loaded LB-MSNPs
(GEM, 100 mg/kg; particle, 250 mg/kg), as well as a
mixture of free GEM (100 mg/kg) plus Abraxane (PTX
dose, 10 mg/kg) (we will refer to this as the “1� dose”).
For comparative purposes, we also included a treat-
ment regimen previously reported for preclinical
Abraxane studies, in which PTX is IV injected at
120 mg/kg (“12� dose”) together with the intraperito-
neal (IP) free GEM at 100 mg/kg.6 When comparing the
effects on tumor growth, PTX/GEM LB-MSNP showed a
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significantly higher rate of tumor shrinkage than the
negative control (saline), free GEM, Abraxane alone,
GEM LB-MSNP, and free GEM plus the 1� Abraxane
dose (Figure 2A). A comparable degree of tumor
shrinkage to the GEM/PTX-loaded particles could be
obtained with a 12� Abraxane dose. In addition to the

impact on tumor size, we also assessed the percent
apoptotic cells in the excised xenografts by TUNEL
staining (Figure 2B). This demonstrated that the %
TUNEL-positive cells was significantly higher (p <
0.05) for PTX/GEM co-delivery by LB-MSNPs (36%)
compared to the mice treated with free GEM (16%),

Figure 2. Continued
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Figure 2. Growth inhibition of PANC-1 subcutaneous xenografts in nudemice. (A) PANC-1 cells were subcutaneously injected
14daysbefore commencing treatment (grayboxes). These animals received six intravenous injections (pinkboxes) every 3�8
days (green boxes) for 38 days. Comparisons of the tumor inhibition effect of PTX/GEM LB-MSNP versus other treatment
groups, including saline, free GEM, Abraxane, GEM-loaded particles without PTX, and mixtures of GEM plus Abraxane at 1�
and 12� doses, are shown. Tumor size was measured 1�2 times per week, and tumor weight was calculated by the formula:
tumor weight (mg) = (length in mm) � (width in mm)2/2; *p < 0.05. Biodistribution was studied using IVIS optical imaging
(Xenogen) of NIR-labeled MSNPs (50 mg/kg) injected into the nude mice. At the end of the experiment, the animals were
sacrificed and tumor tissues andmajor organswere collected for themeasurement of the Si content using inductively coupled
plasma optical emission spectroscopy (ICP-OES). Biodistribution of MSNPs was expressed as % of total particle load
distributing to the individual organs. T, tumor; S, spleen. (B) Photographs of excised tumors in each treatment group are
shown at the samemagnification. Quantitative analysis of TUNEL-positive cells for each treatment group. At least three fields
were counted to estimate the%of TUNEL-positive cells. The statistical analysis was performedby Excel software using a t test
(*p < 0.05). (C) Stromal collagen deposition in the tumor tissue, determined by Masson's trichrome staining. The blue color
represents collagen staining. Total collagen content of the tumor tissue was determined using the Sircol soluble collagen
assay kit (Biocolor Ltd., Carrickfergus, UK); *p < 0.05 compared with saline control. (D) Immunohistochemistry staining to
determine the expression of CDA (red) in relation to the oxidative stressmarker, HO-1 (green). Pieces of the tumor tissue from
the saline, GEM LB-MSNP, PTX/GEM LB-MSNP, and GEM/Abraxane (12�) groups were used to make sections that were
overlaid with anti-CDA and anti-HO-1 primary antibodies and subsequently visualized by a rhodamine isothiocyanate-
conjugated and fluorescein isothiocyanate-conjugated secondary antibodies, respectively. Slides were visualized under a
fluorescencemicroscope at 100� (Zeiss, Germany). (E) Quantitative comparison of tumor CDA expression in the dual delivery
group compared to controls using ImageJ software; *p < 0.05.
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GEM plus a 1� dose of Abraxane (17%), or particles
delivering GEM only (23%). However, the co-delivery of
GEM and the 12� Abraxane dose resulted in approxi-
mately the same number of apoptotic cells (35%).
These results demonstrate the efficacy of PTX/GEM
co-delivery by our ratiometric-designed LB-MSNPs.

Our particle synthesis is done with 2.5% DSPE-PEG,
which leads to decreased reticuloendothelial system
(RES) uptake and an increased circulatory half-life. This
resulted in passive retention (a.k.a. an enhanced per-
meability and retention effect) of 6.5% of the adminis-
tered particle dose at the tumor site, as determined by
quantification of the Si content in harvested organs
using ICP-OES (Figure 2A). The ICP data were further
confirmed by live imaging of the xenograft site in mice
injected intravenously with 50 mg/kg near-infrared
(NIR)-labeled PTX/GEM LB-MSNP. Pronate views of
the animals demonstrated a strong nanocarrier signal
at the tumor site, which was maintained for at least
28 h. We also observed considerable particle distribu-
tion to the spleenwithout evidence of systemic toxicity
(see the biocompatibility study in Table S1).

Since previous studies have shown that Abraxane
co-delivery leads to stromal depletion in a pancreatic
cancer murine model,6 Masson's trichrome staining
was performed to analyze the impact of different
treatments on stromal abundance (Figure 2C). In con-
trast to the well-organized and dense desmoplastic
stroma in the saline-treated group, treatment
with PTX/GEM LB-MSNP resulted in clear evidence of
stromal disruption and a significant decrease in the
collagen content in the xenografts. This finding was
corroborated by quantification of the biochemical
collagen content using a Sircol assay. This demon-
strated a significant reduction in collagen content in
the tumors of animals receiving PTX/GEM co-delivery
by LB-MSNP or GEM plus 12� Abraxane. Other treat-
ments had no effect (Figure 2C).

PTX Co-delivery by LB-MSNP Suppresses CDA Expression and
Changes GEMMetabolic Profiling in PANC-1 Xenografts. Figure 1G
and Supporting Information Figure S4 demonstrate a
dose- and time-dependent effect on CDA and HO-1
expression in PANC-1 cells treated with an optimal
GEM/PTX ratio. Similar assessment was performed in
excised tumor tissue, using immunohistochemistry (IHC)
staining by rhodamine isothiocyanate-tagged (red
fluorescence) anti-CDA or fluorescein isothiocyanate-
tagged (green fluorescence) anti-HO-1 antibodies, re-
spectively (Figure 2D). In animals treated with particles
deliveringPTXplusGEM,weobserved a clear decrease in
CDA expression, in parallel with a significant increase in
HO-1 staining. This is in contrast to significantly less
prominent effect onHO-1 and CDA expression in tumors
of animals treated with GEM-loaded LB-MSNP in the
absence of PTX. Use of 12� Abraxane plus GEM had
the sameeffect onHO-1 induction and CDA inhibition as
the dual delivery particle. No change of expression was

observed in the saline control. Use of ImageJ software
analysis to quantify CDA expression demonstrated sig-
nificant reduced expression in response to the dual
delivery LB-MSNP as well as the free GEM plus 12�
Abraxane (Figure 2E).

Deamination of GEM, a nucleoside pro-drug, by
CDA yields an inactive metabolite, difluorodeoxy-
uridine (dFdU). However, cellular uptake of GEM
and drug phosphorylation leads to the formation of
an active metabolite, GEM triphosphate (dFdCTP)
(Figure 3A).30,31 This explainswhy CDAdown-regulation
by PTX could exert a significant effect on the phar-
macokinetics and half-life of GEM.6 Increased bio-
availability of GEM could lead to increased drug con-
version (to dFdCTP) by deoxycytidine kinase (dCK)
at the tumor site.6 HPLC analysis was used to quantify
the levels of GEM, dFdCTP, and dFdU in tumor tissue
obtained frommice, injected intravenously on a single
occasionwith the same amounts of free GEM, free GEM
plus 1�Abraxane, GEMLB-MSNP, or PTX/GEM LB-MSNP
as described in Figure 2A. Approximately 100 mg of
tumor tissue was harvested after 48 h from each
tumor site (n = 3) after animal sacrifice. HPLC analysis
demonstrated that while GEM LB-MSNP or GEM plus
1� Abraxane leads to significant increases in total
GEM, GEM/PTX co-delivery by LB-MSNP showed the
highest total GEM (9-fold) and active metabolite
(13-fold) concentrations compared to free GEM
(Figure 3B). In contrast, while both free GEM plus 1�
Abraxane and GEM LB-MSNP decreased the levels
of the inactive metabolite, PTX/GEM co-delivery by
LB-MSNP was more potent, that is reducing dFdU
levels ∼5-fold (Figure 3B).

PTX/GEM Co-delivery by LB-MSNP Exerts a Synergistic Effect in
an Orthotopic Pancreatic Cancer Model. The orthotopicmodel
is considered to be a more clinically relevant model
because it mimics more closely the human pancreatic
cancer microenvironment and also includes the devel-
opment of metastases. Thus, orthotopic pancreatic
cancer models are more robust and provide a better
prediction of treatment success in humans than xeno-
graft models.29 For logistical reasons (i.e., the number of
orthotopic implants that can be accomplished in one
experiment), we reduced the animal number to three
per group and limited the number of comparative
treatments to saline, free GEM, PTX/GEM LB-MSNP,
and free GEM plus 1� Abraxane (Figure 4A). We used
PANC-1 cells, transfected with a luciferase gene, to
perform noninvasive luminescence imaging of the
orthotopic tumor site after tumor cell implantation in
the tail of the pancreas. The treatment schedule
(Figure 4A) shows that, 14 days after initial implantation,
the tumor-bearing mice received four IV injections of
PTX/GEM LB-MSNP (particles, 250 mg/kg; GEM,
100 mg/kg; PTX, 10 mg/kg, per injection) over a 3 week
period. The same dosing schedule was used for
the control groups, which were treated with saline,
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100 mg/kg free GEM, or 100 mg/kg free GEM plus
1� Abraxane per injection. This was followed by a
19 day observation period before animal sacrifice. Bio-
luminescence signals in the tumor implants became
visible after ∼14 days and remained localized to the
pancreas tail region. At the conclusion of the observa-
tion period, the magnitude of the bioluminescence
signals was quite extensive in the saline-treated group,
with the tendency to spread beyond the primary tumor
site (Figure 4B). While free GEM showed significant
tumor shrinkage, one out of three animals had

metastatic spread. While additional tumor shrinkage
could be seen in animals treated by GEM plus
1� Abraxane, one animal had evidence of metastatic
disease (Figure 4B). In animals treatedwith PTX/GEM LB-
MSNP, only a faint luminescence signal could be seen at
day 38, without any evidence of metastases (Figure 4B).
To quantify the primary tumor size for each group, the
bioluminescence signal intensity was analyzed by IVIS
software, using the “operator defined region of interest”
parameter. This demonstrated that PTX/GEM co-deliv-
ery by LB-MSNP provided the most effective shrinkage

Figure 3. Determination of GEM and GEM metabolites in PANC-1 xenografts. (A) Schematic to show the metabolism and
activation of GEM in pancreatic cancer. After transport into the cells, GEM is phosphorylated by deoxycytidine kinase (dCK),
leading to the formation of the active dFdCTP metabolite. Stromal and cellular CDA convert GEM to an inactive metabolite,
dFdU. CDA leads to GEM inactivation at the tumor site, implying that interference in CDA expression could prolong GEM
pharmacokinetics, leading to increased drug uptake at the tumor site. (B) HPLC and quantification of total GEM and GEM
metabolite (dFdU and dFdCTP) concentrations in the tumor tissue. The HPLC experiment was carried out in a separate batch
of animals that were IV injected with the same amounts free GEM, GEM LB-MSNP, and PTX/GEM LB-MSNP as described in
Figure 2A; *p < 0.05 compared with free GEM, #p < 0.05 compared with GEM plus 1� dose Abraxane.

A
RTIC

LE



MENG ET AL. VOL. 9 ’ NO. 4 ’ 3540–3557 ’ 2015

www.acsnano.org

3550

of the orthotopic cancer mass compared to other treat-
ments (Figure 4C).

Animal autopsy at the conclusion of the experi-
ment demonstrated the presence of large, locally
invasive tumors with metastatic spread in the saline-
treated group (Figure 4D). Other than the pancreas,
the tumors also spread to the spleen and abdominal
cavity. No visible infiltration was seen in the hearts,
lungs, or the kidneys. While considerable tumor
shrinkage was seen in mice treated with free GEM or

GEM plus 1�Abraxane, macroscopically visible tumor
metastasis could still be seen (Figure 4D, arrow
pointed “M”). This contrasted with the treatment
using PTX/GEM LB-MSNP, demonstrating an obvi-
ously smaller primary tumor with no sign of tumor
metastasis. A summary of the autopsy results appears
in Table 1.

Lack of Systemic Toxicity during Treatment with PTX/GEM De-
livering LB-MSNPs. Overcoming or reducing chemotherapy
side effects is an important consideration for cancer

Figure 4. Tumor growth inhibition in the orthotopic PANC-1 tumor model in nude mice. (A) Luciferase transfected PANC-1
cells were orthotopically implanted into the tail of the pancreas, 14 days before the commencement of treatment (gray
boxes). These animals (n = 3) received four IV injections (pink boxes) every 3�6 days (green boxes), followed by a 19 day
nonintervention time period. (B) IVIS optical imaging systemwas used to study the tumor growth in mice. To visualize tumor
growth in vivo, anesthetized mice received IP injection of 75 mg/kg D-Luciferin, followed 8 min later by collecting
bioluminescence data. Representative animal images, collected at day 38, are shown. (C) Bioluminescence intensity in the
operator-defined region of interest (pancreas) was analyzed by Xenogen software and quantitatively expressed; *p < 0.05.
(D) Representative photographs of animals in each group on which autopsy was performed. The primary tumor boundary is
highlighted by a broken line: S, spleen; T, primary tumor; M, metastasis.
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nanotherapeutics.10,32�34 We have previously demon-
strated, in multiple MSNP platforms, that the carrier alone
does not result in any systemic toxicity.12,13 Carrier safety is
likely to be further enhanced by coating with a LB,
which mimics a normal cell membrane. To assess the
biosafety of the LB-MSNP platform, we compared the
impact of the different treatment strategies on the
general well-being, body weight, blood chemistry,
and organ histology. Liver function studies showed
a slight elevation (82.1 ( 18.4 U/L) of alkaline phos-
phatase (ALP) in mice receiving GEM/12� Abraxane,
but this was not seen during co-delivery of PTX/GEM
by LB-MSNP (36.9 ( 18.6 U/L) (Table S1). No statisti-
cally significant change in body weight was observed
between groups. Histological examination of other
major target organs, which can be damaged by
chemotherapy, including the spleen, kidney, liver, or
heart, failed to show any gross pathology in any of the
treatment groups.

DISCUSSION

Inspired by the success of combining Abraxane with
GEM to achieve a synergistic outcome in pancreatic
cancer as a result of improved pharmacokinetics of
GEM, we designed a single carrier to co-deliver these
drugs at an optimized drug ratio. The synthesis of a
MSNP carrier was accomplished by highly efficient
drug encapsulation, using a coated lipid film technique
that leads to rapid entrapment of a highGEMdrug load
through pore sealing by a supported LB. Moreover,
the LB also allowed the incorporation of an optimal
ratio of the hydrophobic drug, PTX, which could be co-
delivered with GEM in pancreatic cells and tumors. We
demonstrated that synergistic PTX/GEM co-delivery
led to dose- and time-dependent CDA inhibition
and induction of oxidative stress in PANC-1 cells. To
demonstrate the in vivo efficacy, mice carrying sub-
cutaneous PANC-1 xenografts received IV injection of
PTX/GEM-loaded LB-MSNP. Drug co-delivery by this
carrier provided more efficient tumor killing than free

GEM, GEM-loaded LB-MSNP without PTX, or free GEM
plus Abraxane. Comparable tumor shrinkage required
coadministration of 12 times the free Abraxane dose.
HPLC analysis of GEM metabolites in tumor tissue
confirmed that, compared to free GEM, LB-MSNP
co-delivery increased the active GEM concentration
13-fold, while decreasing the concentration of the
inactivated (deaminated) GEM ∼5-fold. The impact of
co-delivery was also tested in a more rigorous PANC-1
orthotopic model, demonstrating that PTX/GEM LB-
MSNP can effectively inhibit primary tumor growth, as
well as eliminating metastatic tumor foci. In summary,
we demonstrated the development of a highly effec-
tive LB-MSNP nanocarrier for systemic and synergistic
PTX/GEM co-delivery to pancreatic cancer.
We define a ratiometric approach as the in vivo

release of a drug combination from a nanocarrier, with
the purpose of providing a fixed drug ratio at the target
site.29,35 Combination chemotherapy regimens are
typically developed for cancer treatment by establish-
ing the recommended dose of one drug and then
adding subsequent agents to the mix at incremental
doses until the aggregate cytotoxicity effects become
dose-limiting.29,35 This is done with the assump-
tion that maximum therapeutic activity can be
achieved with maximum dose intensity of all drugs in
themixture andmay overlook the possibility thatmore
subtle concentration-dependent drug interactions
could achieve synergistic outcomes or, in some in-
stances, antagonism. Not only is synergy dependent
on the distinct pharmacological actions of each drug,
but individual agents in a conventional anticancer drug
combination are distributed and eliminated inde-
pendently.35 This could turn out to be essential if the
extent of synergy (or antagonism) depends on the ratio
and concentrations of the drugs in the mixture. A
ratiometric approach to drug delivery could overcome
these problems,35�38 as we demonstrate for the deliv-
ery of a synergistic PTX/GEMcombination in pancreatic
cancer by a LB-MSNP carrier. A number of experimental

TABLE 1. Ex vivo Examination of the Clinical Spectrum in PANC-1 Orthotopic Model after Various Treatments (M,

Metastasis; N, Negative; Y, Detectable/Visible Primary Tumor)
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methods have been developed for drug co-delivery by
nanocarriers, including direct drug encapsulation into
the particle interior, covalent conjugation of drug
combinations to a carrier, surface attachment of drugs
to an existing drug carrier, or supramolecular assembly
of synergistic drug combinations into drug-carrying
nanoparticles.35,39 Examples include liposome encap-
sulation of cytarabine and daunorubicin at molar ratio
of 5:1 for synergistic treatment of leukemia in a mouse
model,40 coencapsulation of irinotecan and floxuridine
in a 1:1 molar ratio in a liposome for treating colorectal
cancer,41 independent coupling of doxorubicin and
camptothecin to a particle with a polymer backbone
for treating human breast cancer,42 and ratiometric
incorporation of GEM monophosphate and cisplatin
drug precipitates into 120 nm PLGA particles at a 5:1
molar ratio for treatment of bladder cancer.43 While
combined drug loading has been attempted for
MSNPs (e.g., porous drug encapsulation with surface
attachment of peptide/siRNA or porous encapsulation
of paired small-molecule drugs),12,39 these studies
have not attempted to achieve ratiometric control
of the delivery to specific cancers. Moreover, we
improved the synergy between GEM and PTX to the
extent that we could achieve the same efficacy in an
animal model as provided by 12 times of the Abraxane
dose. In fact, ratiometric design allowed us to reduce
the PTX dose of the carrier below the level that is
required for cytotoxic killing. This can be explained
by the pharmacological effect of PTX in inducing oxi-
dative stress (HO-1 expression), which suppresses CDA
expression.6,44 HO-1 expression at low levels (tier 1) of
oxidative stress45 is achieved through the transcrip-
tional activation and intranuclear release of the tran-
scription factor, Nrf2.46 Future studies will explore
whether transcriptional activation of the CDA promo-
ter is governed by pathways that are sensitive to the
biological effects of Nrf2, which also regulates cellular
redox equilibrium. It is interesting thatwe could negate
the PTX effect on HO-1 expression by the thiol anti-
oxidant, NAC.
In this study, we achieved high loading of a water-

soluble nucleoside analogue (GEM) into the porous
interior of the MSNP while also able to incorporate the
hydrophobic drug, PTX, into the coated bilayer. This
required the development of coated lipid film tech-
nique that could overcome the problems posed by a
liposome approach to achieve surface coating. Coating
of solid surfaces with supported LBs commenced with
the primary objective to obtain structural models to
study the biophysics of lipid membranes or to provide
biocompatible coatings for synthetic materials, such as
silica.47 Bayerl et al. reported in 1990 the use of lipid
vesicle fusion to coat the surface of silica particles
(0.3�10 μm in size) with a unilamellar lipid bilayer that
is structurally similar to the bilayer forming on planar
SiO2 substrates.48 It was shown subsequently that

coating of silica beads could support the formation of
a LB that exhibits the same diffusion coefficient as
natural bilayers.49 To address the difficulties of visualiz-
ing supported LBs, Mornet et al. provided the first
direct approach to viewing the structural details of an
LB attached to a 110 nm Stober silica nanoparticle
surface, using cryoEM imaging.50 Recently, LB coating
has been applied as a design feature of drug delivery
carriers, including MSNP20,21,23�28,51,52 and chitosan
particles.53 One approach has been to use MSNP,
synthesized by an aerosol-assisted self-assembly
method, for the sequential adhesion, rupture, and
fusion of electrostatically charged liposomes to the
particle surfaces.28 Another approach uses a solvent
exchange reaction in which EtOH-dispersed lipid solu-
tions are added to a pellet of centrifuged particles.20

Our attempts to coat different batches of MSNPs with
presynthesized liposomes were inefficient for GEM
entrapment, likely due to leakage of the incompletely
sealed LBs as well as the multiple washing steps to
prepare the particles.28 For ease of controlling the
desired amount of PTX in the LB, we did not use EtOH
dispersion, which could be another promising method
to achieve LB coating.20 Instead, our procedure in-
volves the use of a one-step coated lipid film tech-
nique, which leads to rapid pore sealing and complete
surface coverage, beyond which washing and purifica-
tion can be performed without jeopardy of drug loss.
This allowed us to prepare 200 mg of LB-MSNP per
batch, enough to perform comprehensive animal ex-
periments. Although we suspect that electrostatic
charge plays a role in LB adhesion to the particle
surface, it is likely that van der Waals forces contribute
to the rapid and complete coating of the MSNP
surface.47 A better understanding of the mechanics
and physical processes involved in surface coating by
the LB necessitates further biophysical studies to look
at the contribution of free energy change between the
membrane and the particle surface, the thickness of
the hydration layer, LB fluidity and stability, and diffu-
sivity, etc.47 An additional advantage of our approach is
the ability to introduce hydrophobic drug components
that can incorporate into the LB, as we demonstrate
for PTX.
Our study addresses the importance of designing

the nanocarrier to address the specific biological and
clinical challenges posed by each cancer type. In the
case of pancreatic cancer, it is important to consider
the role of a dysplastic stromal barrier, abnormal
vascular perfusion, high pericyte coverage, early
metastasis, and cancer-specific drug resistance among
the challenges.3,54 Regarding drug resistance, for in-
stance, the rapid deamination of GEMbyCDA limits the
circulatory half-life to 0.28 h,55 while intracellular acti-
vation is dependent on phosphorylation by the kinase,
deoxycytidine kinase (dCK), for generating the active
DNA-binding metabolite, dFdCTP.56 Thus, in addition
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to carrier design suppressing CDA activity by co-in-
corporation of PTX, it is also possible to consider the
role of dCK as a rate-limiting step in GEM activation.
This can be addressed by designing the carrier to
deliver the prodrug, GEM-bisphosphonate, which by-
passes dCK.43,56 This modification could be applicable
to treating a subset of patients with GEM resistance
due to low dCK expression and potentially discover-
able by performing PET imaging with fluorinated GEM
analogues.56

We have previously demonstrated how stromal
vascular access in pancreatic cancer can be improved
by a MSNP that delivers a small-molecule inhibitor to
the TGF-β receptor kinase, which results in the detach-
ment of stromal pericytes from endothelial cells.17 The
improved vascular access allows increased GEM deliv-
ery to the tumor site by a liposomal carrier.17 We now
demonstrate the design of an additional carrier that
provides stromal targeting through co-delivery of PTX
and could serve as a “second wave” drug carrier
following the stromal delivery of a small-molecule
TGF-β inhibitor by a “first wave” PEI/PEG-MSNP
carrier.17 This is in line with our thinking of an “en-
gineered approach” to pancreatic cancer by nanocar-
riers; we define an engineered approach as the
dynamic integration of the drug delivery properties
with additional nanocarrier properties that address
tumor-specific challenges. We envisage further im-
provement of our platform through the addition of
design features such as targeting, inclusion of activated

GEM metabolites, or delivering additional synergistic
drug combinations. This could include the co-delivery
of GEM with erlotinib (a hydrophobic EGFR kinase
inhibitor),57 ubiquitin ligase inhibitors,58 or incorporat-
ing oxidative-stress-inducing metal oxide nanoparti-
cles that suppress CDA expression.59 We can also in-
clude Gd-based imaging components or up-conversion
lanthanides,60 as well as targeting ligand such as iRGD
peptides.61,62 However, it is important to consider the
design complexity and the cost of each component in
terms of clinical use potential. Minimally, the use of a
supported LB introduces amodification that holds a lot
of advantages, including high loading drug capacity
and drug co-delivery. The LB also allows the addition of
targeting ligands and imaging agents and contributes
to the platform safety. Moreover, LB-MSNPs hold
several advantages over liposomes, including drug
loading capacity, stability, and the ease of achieving
multifunctionality.

CONCLUSION

In conclusion, we have developed an effective pro-
cedure for rapid pore sealing and uniform surface
coating of MSNPs by a LB, which allows high GEM
loading and colloidal stability, with the ability to
copackage PTX. PTX/GEM co-delivery by LB-MSNP acts
synergistically in suppressing pancreatic cancer stro-
mal volume and tumor size, outperforming the deliv-
ery of free GEM plus Abraxane in xenograft and
orthotopic animal models.

METHODS

LB-MSNP Synthesis and Drug Loading. MSNP cores were synthe-
sized by slight modification of our sol/gel procedure. Five
milliliters of CTAC (25%) was mixed with 15 mL of H2O and
was stirred for 15 min at 75 �C at 350 rpm. This was followed
by the addition of 0.8 mL of 10% TEA at 75 �C for an additional
15 min. The silica precursor, TEOS (1.5 mL), was added to the
mixture dropwise at a rate of approximately 30 drops per
minute. To achieve the synthesis of particles with a primary
size of 60�70 nm, the solutionwas stirred at 350 rpmat 80 �C for
1 h. To remove the surfactant, the particles were washed by
menthol and HCl (500:19, v/v) at room temperature for 24 h. The
particles were centrifuged at 10 000 rpm for 60min andwashed
three times in menthol.

To attach a surface LB coating, we developed a coated lipid
film procedure in which GEM-soaked MSNP suspensions were
added to a large lipid film surface, coated on a round-bottom
flask. Using different lipid bilayer compositions, we performed a
series of experiments to find a composition that provides rapid
and uniform particle coating. Briefly, 200 mg of empty MSNPs
was soaked in 10 mL of a GEM ethanol/water (7:3, v/v) solution
for 48 h, with the GEM concentration kept at 20 mg/mL by
gentle shaking. After centrifugation at 15 000 rpm for 20 min,
the soaked pellet was presuspended in 5 mL of saline by 30 s
sonication. The suspension was immediately added on top of
the coated lipid film, which occupied a∼75 cm2 surface area at
the bottom of a round-bottom flask. After experimenting
with different lipid mixes, we decided on a combination of
DPPC/cholesterol/DSPE-PEG at a molar ratio of 77.5:20:2.5.
These components were suspended in chloroform at 10 mg/mL.
Lipid film formation was achieved by solvent evaporation over

∼1 h using a rotary evaporator connected to a vacuum system
at room temperature. These films were placed in a chemical
hood overnight to remove trace amounts of organic solvent
impurities. At the time of coating, we used a MSNP/LB ratio of
1:1.1 (w/w). Following the addition of the 5 mL of particle
suspension to the coated lipid film, probe sonication was used
for 20 min with 15/15 s on/off working cycle at a power output
of 32.5 W. Since the suspension contains coated particles,
liposomes, and free drug, the particles were separated by
centrifugation at 15 000 rpm for 10 min, followed by washing
three times in saline. To achieve PTX/GEM co-delivery, the
procedure was adapted to include 0.1�5 wt % PTX in a chloro-
form solution to the lipid mixture. After the formation of a PTX-
containing lipid film, the GEM-soaked particle suspension was
added to the flask, followed by rehydration, sonication, centri-
fugation, and washing, similar to what was described above.

Physicochemical Characterization. Uncoated and coated parti-
cles were characterized for morphology, size distribution, and
surface charge. The shape and structure were characterized
using regular TEM (JEOL 1200-EX) as well as in a cryo-electron
microscope (cryoEM, TF20 FEI TecnaiG2). For TEM analysis,
microfilms weremade by placing a drop of the respectiveMSNP
suspensions onto a 200 mesh copper TEM grid (Ted Pella, CA)
and then drying at room temperature for 2 h. A minimum of
three images for each sample was captured, and representative
images were included in Figure 1. To visualize the LB coating
with higher resolution and contrast in saline, we also performed
cryoEM analysis. Each MSNP saline suspension was adsorbed
onto a holey carbon-coated grid (Ted Pella, CA) and vitrified
into liquid ethane at�178 �C. To preserve the vitrification of the
saline sample, frozen grids were carefully transferred onto a
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cryoEM equipped with a cryo-holder. Electron micrographs
were recorded at an accelerating voltage of 200 kV, keeping
the sample at�175 �C through the use of liquid N2. CryoEMwas
also used to check the efficiency of liposome removal after
centrifugation and washing steps. Particle size and ζ-potential
in solution were measured by ZetaSizer Nano (Malvern Instru-
ments Ltd., Worcestershire, UK). The measurements were per-
formed with the nanoparticles suspended in saline plus 5%
serum at 100 μg/mL nanoparticle concentration. The loading
capacity was determined by a subtraction method. The de-
tailed descriptions as well as a flowchart outlining the major
steps are included in the Supporting Information S1. Briefly,
the non-encapsulated GEM content in the supernatant before
pore sealing (m1) and GEM content in the collected washing
buffer during purification after pore sealing (m2) were deter-
mined by OD at 265 nm using a microplate reader (M5e,
Molecular Device, USA) or HPLC (C18 column equipped with
a K-2600 spectrophotometer). We defined loading capacity =
[the total amount of GEM (m0)� (m1 þm2)]/[the total amount
of MSNP (mNP)] � 100%. This experiment was repeated three
times.

Cell Culture. PANC-1 cells were purchased from American
Type Culture Collection (ATCC). The cells were cultured in
Dulbecco's modified Eagle medium (DMEM) (Carlsbad, CA),
containing 10% FBS, 100 U/mL penicillin, 100 μg/mL strepto-
mycin, and 2 mM L-glutamine. For tumor visualization in mice
using optical imaging, permanent transfection was performed
in the UCLA vector core facility using a luciferase-based lentiviral
vector. Following a limiting dilution protocol to select single
cell clones, the PANC-1-luc cell populations were used for
creating subcutaneous xenograft and orthotopic models, which
could be studied by bioluminescence imaging, as well as
determining carrier biodistribution.

Assessment of Cytotoxicity in PANC-1 Cells Treated by PTX/GEM Co-
delivery. Please see the detailed methods for the in vitro cyto-
toxicity assay, including the dosimetry calculation for free drug
mixtures and dual delivery LB-MSNPs, that are provided in the
Supporting Information S2.

Assessment of CDA and HO-1 Expression via Immunoblotting. PANC-1
cells were plated at 2� 105 cells per well in 6-well plates. In one
experiment, the cells were treatedwith a fixed dose of 25 μg/mL
LB-MSNPs (GEM= 10 μg/mL; PTX = 1 μg/mL) in complete DMEM
medium for 0�24 h. In a second experiment, the cells were
treated with a 0�200 μg/mL dose of particles for 24 h. To assess
CDA expression, the cells were washed in PBS and the pellets
lysed in a buffer containing Triton X-100 andprotease inhibitors.
Following centrifugation, the protein content of the super-
natants was determined by the Bradford method. Eighty micro-
grams of protein was electrophoresed by 12% SDS-PAGE and
transferred to a PVDF membrane. After being blocked, the
membranes were incubated with 1:1000 dilution of primary
monoclonal antibody to CDA (anti-CDA, Abcam). The mem-
branes were overlaid with secondary antibody (1:1000 dilution)
before the addition of the HRP-conjugated streptavidin�biotin
complex. The proteins were detected by the ECL reagent
according to the manufacturer's instructions. Using the same
membrane, HO-1 protein was detected by anti-HO-1 mono-
clonal antibody (1:1000 dilution), followed by the incubation of
rabbit anti-mouse HRP-conjugated antibody before the addi-
tion of ECL reagent. The signal intensity was calculated using
ImageJ software.

Establishment of a PANC-1 Subcutaneous Xenograft Model. Athymic
BALB/c nu/nu female mice (6�8 weeks) were purchased from
the Charles River Laboratory and maintained under pathogen-
free conditions. All animal experiments were performed using
protocols approved by the UCLA Animal Research Committee.
To grow subcutaneous tumor xenografts, female mice were
implanted with 2 � 106 cells in Matrigel (BD Biosciences, 1:1
dilution) subcutaneously in the right flank. To determine treat-
ment efficacy in the subcutaneous xenograft model, the mice
received a series of treatments, starting 14 days after initial
tumor implantation. To perform the imaging experiments, the
tumor-bearing animals were used approximately 4 weeks after
tumor implantation, by which time point the tumors had grown
to a size of ∼0.8 cm.

Subcutaneous Xenograft Studies To Determine Treatment Efficacy of
LB-MSNPs. Two weeks after tumor implantation, the PANC-1
tumor-bearing mice were randomly divided into seven groups
to compare the treatment effects of saline, free GEM, free
Abraxane, GEM loaded LB-MSNPs without PTX, PTX/GEM co-
delivery by LB-MSNPs, and two mixtures of free GEM plus
Abraxane. Each animal in the PTX/GEM LB-MSNP group re-
ceived a particle dose of 250 mg/kg, which delivers 100 mg/kg
GEM and 10 mg/kg PTX per IV injection. A total of six injections
were performed over a 38 day time interval. Animals injected
with free GEM or GEM-loaded LB-MSNP received 100 mg/kg
GEM. For comparison,we included thegroup receiving 100mg/kg
GEM plus 10 mg/kg Abraxane (1� dose) IV, as well as a
separate group receiving 100 mg/kg free GEM IP together with
120mg/kg Abraxane (12� dose) IV, as reported in the literature.6

Saline-treated animals were regarded as a negative control.
Animal body weights and tumor sizes were recorded 1�2 times
per week. For tumor size measurement, the length and width
axes of each tumorweremeasured by an electronic caliper to the
nearest 0.1 mm. Tumor weight, assuming a tissue density of
1mg/mm3,was calculatedaccording to the formula tumorweight
(mg) = (length in mm) � (width in mm)2/2.63 The statistical
analysis of the differences between the groups was performed
by using a t test, with a p level of 0.05 (Excel software, Microsoft).

After animal sacrifice, a piece of tumor tissue from each
animal was used for TUNEL staining according to the manufac-
turer's instructions (Invitrogen, Carlsbad, CA). Nuclear staining
was performed with Hoechst 33342 dye (blue) to locate the
cells, whereupon the percentage of TUNEL-positive (green
stained) cells was obtained by fluorescence microscopy
(200�). Separate tissue sections were stained with Masson's
trichrome to visualize the stromal elements, while pieces of
homogenized tumor tissue (Fisher Scientific homogenizer)
were used to assess the biochemical collagen content using a
Sircol collagen assay.

Systemic Biodistribution. IVIS optical imaging (Xenogen) was
used to study the biodistribution of NIR-labeled MSNPs in the
PANC-1-luc subcutaneous xenograft model in nude mice. To
visualize luciferase expression in the cancer cells, the anesthe-
tized mice received D-Luciferin before collection of the biolumi-
nescence images. Reference fluorescence images were captured
before IV injection of 50 mg/kg NIR-labeled particles into the
tumor-bearingmice. This was followed by the capture of another
image at 28 h post-injection. At the end of the experiment, the
animals were sacrificed and tumor tissues aswell asmajor organs
were collected for the measurement of the Si content using ICP-
OES. The biodistribution of MSNPs was expressed as % of total
particle load distributing to the individual organs.

HPLC Analysis. To determine the effectiveness of GEM deliv-
ery, its bioinactivation, and its bioactivation, HPLC analysis was
used to quantify total GEM content as well as its metabolites
(dFdU and dFdCTP) in excised xenograft tissue. The HPLC
experiment was carried out using a separate batch of animals,
which received IV injection of a single dose of free GEM, GEM LB-
MSNP, and PTX/GEM LB-MSNP, as described in Figure 2A. The
total dose of GEMwas 100mg/kg per injection. The tumor tissue
was harvested 48 h after injection, weighed, and homogenized.
GEM and GEM metabolites were extracted from the homo-
genates by the addition of 1.5 mL of methanol/acetonitrile
(1:9, v/v). The samples were vortexed for 1 min and then
centrifuged at 5000 rpm for 10 min. Supernatants were col-
lected, and extraction was repeated three times. The super-
natants were combined and evaporated to dryness under a
gentle stream of nitrogen at 60 �C. The residue was dissolved in
a 0.2 mL mobile phase (ammonium acetate buffered H2O/
MeOH = 93:7, v/v, pH = 5.5) and then centrifuged at
15 000 rpm for 10 min before use. The HPLC system is a Knauer
Smartline Pneumatic Pump, C18 column, and K-2600 spectro-
photometer with data acquisition software. The flow rate of the
mobile phase was 1.00 mL/min. Twenty microliter sample
aliquots were used to measure drug absorption at 268 nm.
Standard curves for GEM, dFdU, and dFdCTP were generated
using pure, commercially available compounds. This allowed us
to determine the retention time of each compound and calcu-
late the area under the curve values for known quantities of

A
RTIC

LE



MENG ET AL. VOL. 9 ’ NO. 4 ’ 3540–3557 ’ 2015

www.acsnano.org

3555

standardmaterials. We also calculated the concentrations of the
GEM andGEMmetabolites in each tumor by regression analysis.

Blood Biochemistry To Assess the Toxicity of the Delivery Platform.
Following animal sacrifice at the conclusion of the xenograft
experiment on day 38, cardiac puncture was performed and
serum collected for biochemical analysis by the UCLA Division
of Laboratory Animal Medicine (DLAM) diagnostic laboratory
services. Appropriate slices of tumor tissue, liver, kidney, spleen,
and heart were fixed in 10% formalin, followed by paraffin
embedding or direct freezing using the Tissue-Tek O.C.T. re-
agent. Tissue sections of 4 μm thickness weremounted on glass
slides. The sections were stainedwith hematoxylin�eosin (H&E)
and/or trichrome and examined by light microscopy.

Establishment of a PANC-1 Orthotopic Pancreatic Tumor Model. To
grow orthotopic xenografts, the animals were anesthetized
with isoflurane, followed by IP injection of 50 mg/kg ketamine
and 10 mg/kg xylazine. The surgical site was sterilized by
repetitive application of betadine and 70% ethanol. Animals
were placed in an appropriate position for surgery on a water
heating pad in the tissue culture hood, and the surgical site was
drapedwith sterile gauze. A surgical incision of 1 cmwasmade in
the left flank to expose the injection site, followingwhich 50μL of
DMEM/Matrigel (1:1, v/v) containing 2 � 105 PANC-1 cells was
injected into the tail of the pancreas by a 27 gauge needle. After
orthotopic implantation, the fascial layers were closed with
absorbent sutures (LOOK Plain Gut) and the skin was closed with
nonabsorbent sutures (PROLENE polypropylene, Ethicon). The
external sutureswere removed after 7 days. The entire procedure
was accomplished within 45 min for each animal. The animals
were kept on the warming pads for the duration of recovery.
Once fully recovered, animals were individually moved to clean
cages and maintained in a pathogen-free facility.

Determination of Treatment Efficacy in the Orthotopic Tumor Model.
Because of the labor intensiveness, cost, and limitation of the
number of animals that canbe handled in a single experiment, it
was not possible to use the same treatment groups as in the
xenograft model. Thus, we limited treatment to injection with
saline, free GEM, PTX/GEM LB-MSNP, and free GEM plus Abrax-
ane (1�). The tumor-bearing mice were randomly allocated to
each of the four groups, which included three animals per
group. Each animal in the PTX/GEM LB-MSNP group received IV
injection of a particle dose of 250 mg/kg (100 mg/kg GEM and
10 mg/kg PTX) per injection. A total of four injections were
administered over a 19 day time period, followed by a 19 day
nonintervention period. The free GEM and GEM plus 1� Abrax-
ane groups received the same GEM dose. Tumor visualization
was accomplished by performing bioluminescence imaging on
days 1 and 38 in anesthetized mice, after IP injection with
75mg/kg D-luciferin. Eightminutes after injection, animals were
placed in an IVIS imaging system and bioluminescence images
were collected using an acquisition time of 10 s. To estimate the
primary tumor size, bioluminescence intensity in the “operator
defined region of interest” was quantified by IVIS software.
Upon animal sacrifice at day 38, we also obtained ex vivo
bioluminescence images of the primary tumor tissue as well
as major organs such as liver, spleen, lung, kidney, GI tract, and
heart, with a view to look for metastases. Pieces of the tissue
samples were fixed for histological analysis.
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