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Multiple Layer-by-Layer Lipid-Polymer Hybrid Nanoparticles
for Improved FOLFIRINOX Chemotherapy in Pancreatic

Tumor Models

Feng Li, Xiao Zhao, Hai Wang, Ruifang Zhao, Tianjiao Ji, He Ren, Gregory J. Anderson,

Guangjun Nie,* and Jihui Hao*

The FOLFIRINOX regimen, a combination of three chemotherapy agents
(5-fluorouracil, irinotecan, oxaliplatin) and folinic acid (a vitamin B derivatives
reducing the side effect of 5-fluorouracil), has proved to be effective in the
treatment of pancreatic cancer, and is more efficacious than the long-term ref-
erence standard, gemcitabine. However, the FOLFIRINOX is associated with
high-grade toxicity, which markedly limits its clinical application. Encapsula-
tion of drugs in nanocarriers that selectively target cancer cells promises to be
an effective method for co-delivery of drug combinations and to mitigate the
side effects of conventional chemotherapy. Here we reported the development
of multiple layer-by-layer lipid-polymer hybrid nanoparticles with targeting
capability that show excellent biocompatibility and synergistically combine
the favorable properties of liposomes and polymer nanoparticles. Relative to
nanoparticles consisting of polymer alone, these novel nanocarriers have a
long half-life in vivo and a higher stability in serum. The nanocarriers were
loaded with the three active antitumor constituents of FOLFIRINOX regimen.
Little drugs were released from the nanoparticles in phosphate buffered saline
(PBS) solution, but the cargoes were quickly released after the nanoparticles
were taken up by tumor cells. These innovative drug-loaded nanoparticles
achieved higher antitumor efficacy and showed minimal side effects com-
pared with the FOLFIRINOX regimen alone. Our study suggested that the
multiple layer-by-layer hybrid nanoparticles have great potential for improving
the chemotherapeutic efficacy for the patients with pancreatic cancer. This
platform also provides new opportunities for tailored design of nanoparticles
that may offer therapeutics benefits for a range of other tumors.

1. Introduction

Pancreatic ductal adenocarcinoma is one
of the most lethal human malignancies
with a S-year survival rate of less than
5%.11 In recent decades, treatment with
gemcitabine has become the standard
for advanced pancreatic cancer.’l How-
ever, the median overall survival with
gemcitabine as the sole therapy is only
about 5-7 months.®l Almost all phase III
studies of combinations between gemcit-
abine and other chemotherapeutic drugs
have given disappointing results, with
either no improvement in efficacy or
unacceptable toxicity.*® The most suc-
cessful drug combination tried to date is
FOLFIRINOX, a combination of 5-fluo-
rouracil (5-Fu), irinotecan (Camptosar,
CPT), oxaliplatin (Oxa), and folinic acid
(a vitamin B derivatives reducing the side
effect of 5-Fu). Relative to gemucitabine,
FOLFIRINOX significantly prolongs sur-
vival in patients with metastatic pancre-
atic adenocarcinoma (median survival of
11.1 vs 6.8 months, P < 0.01).”] However,
FOLFIRINOX significantly reduces the
quality of life in those patients as a result
of a range of undesirable and severe side
effects, including neutropenia, febrile neu-
tropenia, thrombocytopenia, diarrhea, and
sensory neuropathy.”®! These have seri-

ously hindered its development as the new standard first-line
option for most patients of pancreatic cancer.l!% Therefore, a
strategy that could simultaneously maintain (or improve) its
therapeutic efficacy, yet decrease the toxicity of FOLFIRINOX
would represent a major development in the chemotherapy for
advanced pancreatic cancer.

Targeted delivery of drugs using nanotechnology has shown
great promise for improving cancer treatment. To date, approxi-
mately 150 nanotechnology-based cancer therapeutic drugs
are in various stages of development, along with some drugs
widely used in the clinic.!’!®! For pancreatic cancer treatment,
Von Hoff et al. (in the MPACT study) showed that patients
treated with gemcitabine together with Abraxane (a nano-
technology-based drug, also known as nab-paclitaxel) had sig-
nificantly longer overall survival than the patients treated with
gemcitabine alone (median survival of 8.5 vs 6.7 months,
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P < 0.001).'" Nanoparticles encapsulation is the most widely
used nanotechnology in drug delivery. Nanoparticles containing
chemotherapeutic drugs potentially can overcome some prob-
lems associated with conventional “free” drugs, including poor
solubility, low bioavailability, limited stability, fast renal clear-
ance, development of drug resistance and/or, in particular, lack
of selectivity, which can result in non-specific toxicity to normal
cells and prevent the dose escalation. The ideal nanoparticles
allow effective encapsulation of the drug cargoes and enable
tailored controlled release of drugs in the diseased area. The
rational design of drug nanocarriers by surface modification
and/or by controlling their size or shape allows them to over-
come various extra- and intra-cellular barriers before they reach
the tumor sites where the therapeutic agents are released.!’]

Liposomes and polymers are the dominant materials used
in the fabrication of drug-containing nanoparticles.l'®'”] These
components are, in general, biodegradable and biocompat-
ible, and readily available. The nanoparticles allow drugs to
be delivered with high efficiency, and in a targeted fashion via
enhanced vascular access of tumor tissues and/or active tar-
geting strategy with tumor targeting motifs on their surface,
which ensures that side effects are minimized compared with
free drug administration.[®8l Liposomes are highly biocompat-
ible and are able to interact with a wide variety of molecules due
to their amphiphilic nature. In addition, the liposome surface
can be functionalized readily with hydrophilic polymers, such
as poly(ethylene glycol) (PEG), to prolong the plasma half-life
and to link targeting molecules to the particle surface to enable
better accumulation in the targeted tumor sites.['”!% However,
liposomes have some less desirable characteristics. The effi-
ciency of drug encapsulation is often low and liposomes are
susceptible to disruption by osmotic stress and shear forces.[?%
Polymer nanoparticles show a number of favorable character-
istics for drug delivery which complement those of liposomes.
They are able to encapsulate drugs with high capacity, and
show strong structural stability.' Unfortunately, polymer nan-
oparticles also have their negative features. For example, these
particles are often heterogeneous and are easily hydrolyzed;
their surface can only be functionalized at low density and the
cargoes are prone to drug leakage before reaching diseased
area.l21-23]

Hybrid lipid-polymer nanocomposites, with a single layer
or bilayer lipid shell around a polymer core, may combine
the advantages of polymer particles with the best attributes of
liposomes for drug delivery applications. Efficient drug encap-
sulation can be achieved both in the polymeric core and in the
lipid shell, and drug release can be controlled by both polymer
degradation and by the presence of the lipid coat which acts as
a diffusion barrier.?*l The lipid shell provides a good platform
for further surface functionalization, and such particles would
be predicted to have improved stability and potential enriched
biological functionality. Although the potential applications
of lipid-polymer hybrid nanoparticles technology to overcome
some of the significant issues associated with chemotherapeu-
tics is huge, the development of methods for the formulation of
lipid-polymer hybrid nanoparticles remains in its infancy.'6:2°]
In particular, there are no reports of hybrid lipid-polymer nano-
carriers being used for three or more drugs with different
physicochemical properties. Herein, our study has showed
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a great success of such a novel strategy for simultaneously
loading multiple chemotherapeutics and mitigating the toxicity
associated with FOLIRINOX treatment, with an even enhanced
antitumor efficacy in pancreatic tumor models.

In the present study, we have extended our previous
studies?®?”] to develop targeted multiple layer-by-layer lipid-pol-
ymer hybrid nanoparticles composed of a polymeric core and a
PEGylated lipid shell. We have used these for the simultaneous
delivery of the three effective constituents of FOLFIRINOX, the
two hydrophilic drugs 5-Fu and Oxa, and the hydrophobic drug
CPT. The solid polymeric core acts as a scaffold to encapsulate
both hydrophilic and hydrophobic drugs. The lipid shell envel-
oping the core prevents drug leakage and contains the drugs
until the nanoparticles enter the target cells.

2. Results and Discussion

2.1. Preparation and Characterization of Lipid-Polymer
Hybrid Nanoparticles

The lipid-polymer hybrid nanoparticles were fabricated repro-
ducibly by combining an improved double emulsion method
for polymer nanoparticles fabrication and the ultrasound
assisted self-assembly of a lipid film.?*?8] The internal polymer
components were constructed based on methoxy polyethylene
glycol (mPEG) and polylactide (PLA), two well-characterized
and biodegradable materials widely used for in vitro and in vivo
drug delivery and approved for clinical use by the US Food and
Drug Administration.?’l The diblock copolymer mPEG-PLA
was synthesized as described previously.’% Nuclear magnetic
resonance (NMR) and Fourier transform infrared spectroscopy
(FTIR) measurement confirmed the successful synthesis of
mPEG-PLGA copolymer (Figure S1, Supporting Information).
We then prepared the polymeric nanocore through an improved
double emulsion strategy (Scheme 1).2°28] This method uses a
two-step process to prepare a water-in-oil emulsion, followed by
generating a water-in-oil-in-water emulsion using surfactants to
form polymeric nanoparticles (PNPs). Encapsulation of a drug
through a traditional double emulsion can be achieved when
the drug is soluble in the inner aqueous phase. To load a hydro-
phobic drug, it can be introduced into the hydrophobic layer
with an improved double emulation method. Therefore, both
hydrophobic and hydrophilic drugs can be loaded in the same
nanocarriers simultaneously.

A  mixture of phospholipids and cholesterol [leci-
thin, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene  glycol)-2000]  (DSPE-PEG-2000),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine
-N-[maleimide(polyethylene glycol)-3400] (DSPE-PEG-3400-Mal)
and cholesterol in a 60:10:2:15 mass ratio] formed lipid film,
was then used to coat the polymeric core by self-assembly of the
lipid film under ultrasound to form lipid-polymer hybrid nano-
particles (LPNPs). The tumor targeting polypeptide Arg-Gly-
Asp (RGD) motif, which specifically recognizes the avb3 inte-
grin overexpressed on various tumor cells and tumor-derived
endothelial cells, was linked covalently to the PEGylated lipid
through reaction between sulfhydryl and maleimide groups.!
The resulting targeted lipid-polymer hybrid nanoparticles
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Scheme 1. Scheme of drug loading of hybrid nanoparticles A) and the proposed blood circulation and intracellular uptake and drugs release B).
A) Schematic representation of the preparation of T-LPNPs with a multiple layer-by-layer structure. B) Schematic illustration of the process of T-LPNPs
circulation in the blood with a long circulation life (1) and accumulation at the site of a tumor through the enhanced access of tumor blood vessel and
active targeting (I1). Subsequently, internalization of the T-PLNPs occurs (111), and the drugs rapidly released inside the cell (V). 5-fluorouracil, 5-Fu;

irinotecan, CPT; oxaliptatin, Oxa.

(T-LPNPs) consisted of multiple layers of mPEG-PLA core and
a bilayer of PEGylated lipid shell, decorated with active tumor
targeting RGD peptides (Scheme 1).

In the improved double emulsion method, 5-Fu was pack-
aged within the hydrophilic core of the PNPs, while CPT was
inserted into the hydrophobic layer (Scheme 1). Oxa will be
wrapped at the interface of the surface lipid and polymeric
core by mixing the pre-prepared polymer nanoemulsion with
an aqueous solution of Oxa, followed by lipid bilayer coating
on the PNPs by sonication (Scheme 1). We hypothesized that
the encapsulation of the three antitumor drugs together would
greatly increase efficacy, as the agents would most likely reach
the tumor sites simultaneously. Oxa functions by forming both
inter- and intra-strand cross links in DNA, CPT prevents DNA
from unwinding by inhibition of topoisomerase, and 5-Fu acts
principally as a thymidylate synthase inhibitor and blocks the
synthesis of the thymidine required for DNA replication.233]

We then examined whether a lipid bilayer assembled
effectively on the surface of the polymeric core. Various
weight ratios of lipid/polymer were explored (Figure la and
Figure S2, Supporting Information). When the lipid/polymer
ratio was as low as 0.05/1, there was a paucity of lipids on the
surface of the PNPs, resulting in a zeta potential of —14.5 mV,
close to that of bare PNPs (Figure S2A, Supporting Informa-
tion). When the weight ratio reached up to 0.30/1, the lipid
bilayer lipid effectively coated the surface of the polymer
nanoparticles as the zeta potential changed gradually to —25.0
from -14.5 mV (Figure 1A). When the lipid/polymer weight

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ratio increased, the zeta potential peak at -14.5 mV decreased,
and then disappeared (Figure 1A). There was a concomitant
increase in the peak at approximately —25.0 mV. The size of
the particles did not change significantly with the lipid coating
(Figure 1A).

The morphology and structure of lipid-polymer hybrid nan-
oparticles was characterized by transmission electron micros-
copy (TEM) (Figure 1B). The hybrid nanoparticles were dis-
persed, with a well-defined spherical core-shell structure, and
an average hydrodynamic diameter (as determined by DLS) of
approximately 160 nm (Figure 1A). A multilayer structure can
be observed clearly (Figure 1B). When we increased the molec-
ular weight of PLA (from 15 000 to 30 000), the middle hydro-
phobic layer (marked as a in Figure S3B, Supporting Informa-
tion) was thicker significantly (from about 15 nm to 35 nm).
We hypothesize that this layer in Figure 1B may be the hydro-
philic layer formed by PLA. When we increased the molecular
weight of PLA (from 15 000 to 30 000), the middle hydrophobic
layer (marked as a in Figure S3B, Supporting Information) was
thicker significantly (from about 15 nm to 35 nm). We hypoth-
esize that this layer in Figure 1B may be the hydrophilic layer
formed by PLA.

2.2. The Stability of LPNPs in Vitro and in Vivo
The stability of LPNPs in serum was investigated by dissolving

the nanoparticles in 10% fetal bovine serum (FBS) at room
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Figure 1. The size, zeta potential, and TEM images of LPNPs. A) Changes in the size and zeta potential of PNPs after modification with different
amount of lipids (lipids/mPEG-PLA at 0/1, 0.15/1, 0.30/1, respectively). B) TEM image of the structure of the hybrid LPNPs. Uranyl acetate was used
to stain lipids to enhance their contrast. 1 and 2 are at different magnifications. The inset marked in 2 is shown at higher magnification in 3 (a, the

hydrophobic layer).

temperature and examining the size of the particles by DLS
over time (Figure 2A). There was no significant change in the
size distribution of LPNPs, even after 72 h incubation, but
bare PNPs treated in the same way were of a much larger size
and broader particle size distribution. This implies that the
external lipid shell provides the better stability of the LPNPs
in serum. As shown previously in Figure 1A, by coating of
lipid bilayer, the zeta potential of LENPs changed from -14.5
to —25 mV. The enhanced surface negative charge increased
repulsive force between the individual LPNP, which made
them hard to aggregate. In addition, the lipid bilayer shell
reduces possible penetration of serum components into the
polymeric core. All factors together lead to decrease the rate
of hydrolysis of mPEG-PLA and contribute to the stability of
LPNPs in the serum.

To examine LPNPs stability in vivo, we loaded the fluorescent
probe rhodamine B (RhoB) into PNPs (PNP-RhoB) and LPNPs
(LPNP-RhoB). BALB/c Mice were separated into three groups
and injected intravenously with free RhoB, PNP-RhoB, or
LPNP-RhoB. At various time points after administration of the
fluorescent preparations, blood was withdrawn from tail veins
for fluorescent imaging (Figure 2B). Free RhoB disappeared rap-
idly from the circulation with fluorescence intensity reduced by
half within 2 h, as did PNP-RhoB, but 63% of the LPNP-RhoB
remained after 5 h. These data suggest that LPNPs had a pro-
longed half-life in vivo, a desirable characteristic for enhanced
nanoparticles designed for cancer therapeutic drugs delivery.

Adv. Funct. Mater. 2015, 25, 788-798
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2.3. Drug Loading and Release Studies in Vitro

High drug loading and controlled release of drugs are advan-
tages of drug-loaded nanoparticles as they improve bioavail-
ability and reduce the toxicity of the drugs to normal tissues.
We confirmed the successful encapsulation of the drugs in
LPNPs by high performance liquid chromatography (HPLC)
spectra (Figure S4A and S4B, Supporting Information), as the
drugs-loaded LPNPs had the characteristic absorption bands
of 5-Fu, CPT, and Oxa. Then the drug encapsulation yields
were examined (Figure S4C, Supporting Information), and
the results showed the hybrid LPNPs were effective for co-
delivery of hydrophilic and hydrophobic drugs, especially the
CPT encapsulation efficiency could be as high as 96%, and the
highest encapsulation efficiencies of 5-Fu and Oxa were 22.6%
and 26.3%, respectively. The size distribution of LPNP-Drugs
was similar with LPNPs (Figure S4D, Supporting Information)
according to the DLS results.

The release profiles of LPNP-5-Fu-CPT-Oxa (LPNPs encap-
sulating 5-Fu, CPT, and Oxa) and PNP-5-Fu-CPT (PNPs encap-
sulating 5-Fu and CPT) in vitro were obtained at pH 7.4 and
pH 4.4 at room temperature (Figure 2C). The lower pH was
chosen as the nanoparticles are mainly taken up by cells and
eventually transferred into lysosomes (pH 4-5), followed by
degradation. The drug release profiles of PNP-5-Fu-CPT were
pH-dependent,?3] with more rapid release being observed at
pH 4.4. Nevertheless, even at pH 7.4, most of the drugs were
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Figure 2. Nanoparticles stability in serum and in vivo and drug release profiles at different pHs. A) The effect of serum on the size distribution of LPNPs
and PNPs over time at room temperature. B) Fluorescence images of blood drawn from the mice injected with free RhoB, PNP-RhoB, or LPNP-RhoB
(left). The fluorescence intensities of the blood samples were quantified at 1, 2, 3, 4, and 5 h after injection (right). C) Drug release profiles of LPNP-
5-Fu-CPT-Oxa and PNP-5-Fu-CPT at pH 7.4 and pH 4.4 at room temperature.

released from PNP-5-Fu-CPT after 2-3 days. In contrast, LPNP-
5-Fu-CPT-Oxa lost only a small proportion (less than 20%) of
their cargoes over 5 days at both pH 7.4 and 4.4. Thus, these
nanoparticles appear to be insensitive to their external envi-
ronment. The lipid bilayer shell may prevent small drug mol-
ecules from freely diffusing out of the polymeric core, and a
decreased rate of hydrolysis of the mPEG-PLA polymers may
reflect reduced water penetration into the polymeric core,
which would be consistent with slower drug release from the
nanoparticles.

The high stability of LPNPs at pH 4.4 in solution raises the
question of whether the drugs loaded into the LPNPs will be
released when they enter cells. To investigate this, we replaced

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Oxa and 5-Fu in the LPNPs with the green dye fluorescein iso-
thiocyanate (FITC) and the red dye rhodamine B (RhoB) (LPNP-
FITC-RhoB). MiaPaCa-2 cells (a human pancreatic ductal car-
cinoma cell line) were incubated with LPNP-FITC-RhoB and
then examined at various time points by confocal microscopy
to determine the intracellular distribution of the fluorescent
compounds. As shown in Figure 3A, the cellular fluorescent
intensity increased over time, suggesting that the LPNPs were
internalized continuously. At 0.5 h, the major fluorescence
signal was orange (indicated by arrows in Figure 3A), con-
sistent with the overlapping fluorescence of the red and green
dyes. Compared to free FITC and RhoB group, the fluorescence
signal was stronger, indicating that LPNPs enhance uptake of

Adv. Funct. Mater. 2015, 25, 788-798
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Figure 3. Fluorescent images of LPNP-FITC-RhoB in cells and in vivo imaging and tumor targeting of free RhoB, LPNP-RhoB, and T-LPNP-RhoB.
A) In vitro fluorescence images of MiaPaCa-2 cells after incubation with LPNP-FITC-RhoB for 0.5 or 3 h to measure intracellular drug release profiles.
As control, the cells were incubated with free FITC and RhoB. B) Whole body dorsal fluorescence images of nu/nu mice bearing subcutaneous tumors
at different time points after the administration of free RhoB, LPNP-RhoB, or T-LPNP-RhoB by tail vein injection. Free RhoB was distributed throughout
the body. LPNP-RhoB and T-LPNP-RhoB were selectively enriched in the tumor region, with T-LPNP-RhoB showing greater accumulation in the tumor.
The tumor sites were marked by white circles. The fluorescent intensities in the tumor site at 3 h were quantitatively analyzed, and the intensity in
T-LPNP-RhoB group was normalized as 100%. The result is representative one of the 3 repeated experiments.

dyes. As time progressed (3 h), however, separate red and green
fluorescence became increasingly apparent at various locations
inside the cells in LPNP-FITC-RhoB group. We also observed
the separate fluorescence when three dyes (hydrophilic FITC,
Cy5.5, and hydrophobic CPT) were encapsulated into LPNPs
(Figure S5, Supporting Information). These data suggest that
internalized LPNPs were broken down in cells to release their
cargoes. Since the in vitro results (Figure 2C) suggest that
LPNPs possess excellent stability in acidic lysosomes (pH 4.4),
it is possible that enzymatic hydrolysis of the nanoparticles
may be involved in the disassembly and degradation of LPNPs.
There are phospholipases in the lysosomes which can degrade
outer lipid bilayer.®* Once the outer lipid shell is degraded,
the cathepsin B in lysosomes may permeate into the polymeric
core to degrade PEG.*! Although there is no specific lysosomal
enzymes which have been reported responsible for the degrada-
tion of PLA, biodegradation of PLA has been studied by ester-
ases, proteases, and lipases secreted from microorganisms.[3¢37]

2.4. Targeting Ligands RGD Conjugation and Accumulation
of Nanoparticles at the Tumor Sites In Vivo

The ability to decorate the surface of LPNPs with specific tar-
geting ligands represents a major advantage of this technology.
In this study, we covalently conjugated tumor targeting RGD
polypeptide to the tails of DSPE-PEG through maleimide-thiol
coupling to enhance targeting efficiency of the LPNPs.B HPLC
analysis was used to monitor the efficiency of RGD binding
(Figure S6, Supporting Information). The characteristic peak of
free RGD was at the beginning of the reaction, but quickly dis-
appeared as the reaction progressed. We next demonstrated the
suitability of these decorated nanoparticles for targeted cargo
delivery in vitro. The RGD polypeptide specifically binds to
avb3 integrin which is overexpressed by most cancer cells.[31:38l
The overexpression of integrin owf3 in cell membrane of
MiaPaCa-2 cells was verified by immunofluorescence imaging

Adv. Funct. Mater. 2015, 25, 788-798
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(Figure S7, Supporting Information). FITC was encapsulated
within the hybrid NPs to enable fluorescent imaging in vitro.
We incubated MiaPaCa-2 cells with LPNP-FITC (LPNPs encap-
sulating FITC) or T-LPNP-FITC (T-LPNPs encapsulating FITC)
at 4 °C. At this temperature, the nanoparticles will bind to the
cells but will not be internalized. Figure S8, Supporting Infor-
mation, shows that T-LPNP-FITC accumulated on the plasma
membrane of the cells, but LPNP-FITC did not. These results
demonstrate that the targeting polypeptide RGD modification
endowed T-LPNPs with the ability to target tumor cells in vitro.
To investigate whether the T-LPNPs could target tumors
in vivo, we established a subcutaneous tumor-bearing mouse
model by inoculating MiaPaCa-2 cells into the upper right
abdominal flank of 6-8 week old female BALB/c nu/nu mice.
Tumor-bearing mice were sorted into four groups and injected
with saline, free RhoB, LPNP-RhoB (RhoB-encapsulated
LPNPs), or T-LPNP-RhoB (RhoB-encapsulated T-LPNPs). Flu-
orescence signals were recorded 1, 2, and 3 h after injection
with a Maestro™ in vivo optical imaging system. As shown in
Figure 3B, free RhoB initially distributed throughout the body,
but then was rapidly degraded and/or cleared. Both LPNP-
RhoB and T-LPNP-RhoB tended to accumulate at the site of the
tumors, but T-LPNP-RhoB accumulated more strongly at this
site and the particles were retained at the tumor site for longer,
with much more weak non-specific targeting signal (Figure 3B).
At 3h, the fluorescent intensity at tumor region in T-LPNP-
RhoB group was more than double of that in LPNP-RhoB group
(100% vs 47%). These results indicate that T-LPNPs preferen-
tially accumulate at the site of the tumor relative to LPNPs and
free drugs, likely mediated through the active targeting motif.

2.5. Cytotoxicity Effects In Vitro
Having established that T-LPNPs were able to effectively

target tumors in vivo, we needed to determine whether
T-LPNPs loaded with various chemotherapeutic agents were
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efficacious in tumor therapy and whether synergies could be
gained by the co-delivery of multiple drugs (5-Fu, CPT, and Oxa)
in a single particle. First, we performed CCK-8 viability assays
and determined that the most effective molar ratio of 5-Fu: Oxa:
CPT for killing MiaPaCa-2 cells was 1: 2: 1 (Figure S9, Sup-
porting Information). Next, MiaPaCa-2 cells were treated with
free or T-LPNP-encapsulated drugs (I-LPNP-Drugs) for 12, 24,
36, or 48 h, followed by quantification of cell viability using
the CCK-8 assay. The same total drug concentration was used
(0.5 x 10° m 5-Fu, 1.0 x 10°® M Oxa, and 0.5 x 10°% m CPT)
for each treatment (Figure 4A). T-LPNPs alone exhibited no sig-
nificant cytotoxicity to MiaPaCa-2 cells, but T-LPNP-Drugs were
highly cytotoxic than free drugs at the 24, 36, and 48 h treat-
ment. These results supported our hypothesis that T-LPNPs
encapsulation could enhance the cytotoxicity of FOLFIRINOX
in vitro. Considering LPNPs can accelerate the cell uptake of
the loaded dyes in a short period of time (0.5 h, Figure 3A), we
hypothesize that the change of cell internalization pathway of
the loaded drugs may play an important role in the enhanced
cytotoxicity of T-LPNP-Drugs.?>*% In addition, unlike the free
drugs, the drugs encapsulated in the nanoparticles can be co-
delivered into each individual cell simultaneously, which can
target multiple essential tumoral metabolic pathways and may
enhance the sensitivity of the tumor cells to the chemothera-
peutics. However, the underlying mechanism of the increased
cytotoxicity of T-LPNP-drugs still need be further explored.

2.6. Antitumor Effect In Vivo

To investigate whether the encapsulation of the FOLFIRINOX
drugs into T-LPNPs could enhance their antitumor effects
in vivo, we took BALB/c nu/nu mice with MiaPaCa-2 sub-
cutaneous xenografts and divided them into five groups:
saline, T-LPNPs, free drugs, LPNP-Drugs, and T-LPNP-Drugs
(n =15, 10 pmol kg% 5-Fu: Oxa:CPT = 1:2:1). When the tumors
reached a predetermined size (33-38 mm?, approximately 20
days after the tumor cells inoculation), we began the intrave-
nous injection of the drug preparations (or saline) and con-
tinued these on every second day thereafter. In the saline and
the T-LPNPs group, tumors grew progressively and rapidly
(Figure 4B). The unencapsulated antitumor drugs reduced
tumor growth to a certain degree, and the LPNP-Drugs group
showed an even slower growth. However, the most dramatic
inhibition of tumor growth was seen in the T-LPNP-Drugs
group. Consistent with the growth curves, the mean weight of
the tumors in the T-LPNP-Drugs group was the lowest of all the
treatments on day 15 (Figure 4C). These results demonstrate
that lipid-polymer hybrid nanoparticles with active targeting
RGD polypeptide are able to further enhance the antitumor
effects of FOLFIRINOX.

The appearance and extent of apoptosis in the tumors after
treatment with various drug formulations were analyzed by
the terminal deoxynucleotidyl transferase-mediated dUTP nick
end-labeling (TUNEL) assay. The apoptotic cells were indicated
by arrows in Figure 4D with a brown staining cell nucleus. The
apoptotic rates were evaluated using the percentage of apoptotic
tumor cells in the total tumor cells. The T-LPNP-Drugs group
showed extensive apoptosis (42%), which was more significant
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than that of LPNP-Drugs group (34%). However, only weak
apoptotic signals (27%) were observed in the tumors of mice
treated with free drugs (Figure 4D). In the group treated with
blank T-LPNPs, only basal level apoptosis (about 15%) was seen.
These results suggest that T-LPNP-Drugs exert their effects on
tumor cells by inducing tumor cells apoptosis.

2.7. Side Effect In Vivo

To determine whether T-LPNPs encapsulation could decrease
the side effect of FOLFIRINOX regimen, we examined the
effects of the drug preparations on healthy BALB/c mice with
normal immunity. Four groups were studied: saline control,
free drugs, T-LPNPs, and T-LPNP-Drugs (n = 3). For investi-
gation of the potential side effect, the dose of combined drugs
were 20 pmol kg™! (5-Fu:Oxa:CPT = 1:2:1). Drug injections were
carried out on days 1, 3, and 5, and on day 6 the animals were
euthanized and various organs, whole blood and serum were
collected. Only mice treated with free drugs lost a significant
amount of weight (Figure 5A). To study potential changes in
organ morphology, we analyzed the postmortem histopathology
of the heart, liver, and kidney. No obvious morphological
changes were observed in heart and kidney tissue (Figure S10,
Supporting Information). However, compared with other three
groups, there was obvious damage in the liver of mice treated
with free drugs: decrease in hepatic cells (Figure 5B, hollow
arrows) and inflammatory cells infiltration (Figure 5B, black
arrows) observed. To further appraise the potential effects of
these drug formulations on the heart, liver, and kidney, we car-
ried out serum biochemical tests. No difference was observed
for most biochemical indexes (Figure S11, Supporting Infor-
mation), except two markers of liver function, ALT (alanine
transaminase) and AST (aspartate transaminase), which were
significantly elevated in the free drugs group (Figure 5C).
Importantly, adverse effects on liver morphology and biochem-
ical parameters were not observed in the T-LPNP-Drugs group
(Figure 5B,C). These data suggest that the severe liver damage
associated with FOLFIRINOX administration was efficiently
alleviated through nanocarriers encapsulation.

Since cytotoxic drugs frequently affect the production of
various blood cell types in the bone marrow, we also carried
out a routine examination of the blood of the mice treated
with different drug formulations. Platelets, white blood cells,
monocytes, and lymphocytes all decreased significantly in the
mice treated with free drugs (Figure 5D), consistent with the
extreme damage to the marrow associated with FOLFIRINOX
administration.®] In contrast, there were minimal changes
in the different cell types and other markers in the T-LPNP-
Drugs group. These data strongly supported our hypothesis
that T-LPNPs are able to reduce the unwanted side effects of
FOLFIRINOX.

Finally, we examined four cytokines (INF-a, TGF-f3, IFN-¢,
and IL-6) by enzyme-linked immunosorbent assay (ELISA) to
determine whether the T-LPNPs had any adverse effects on the
acute immune response. No significant changes in any of the
cytokines were observed in response to T-LPNPs administration
(Figure S12, Supporting Information), suggesting high safety
profiles of the nanomaterials used as drug carriers.
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Figure 4. Antitumor activities of T-LPNPs in vitro and in vivo. A) Viability of MiaPaCa-2 cells was assessed using the CCK-8 assay after exposure to
T-LPNPs (the drug carriers), free drugs and T-LPNP-Drugs for 12, 24, 36, or 48 h. The total drug concentrations was 2 x 107 m, and the 5-Fu:Oxa:CPT
weight ratio was 1:2:1. The cell survival ratio was calculated by the following formula: survival ratio (%) = A490 of treated group/A490 of control
group x 100%, *P < 0.05. B) Tumor growth curves with various drug formulation treatments. Data are presented as mean + S.D. (n = 5), *P < 0.05.
C) After 15 d, the tumor xenografts were excised, and the tumor weights were measured. “P < 0.05 vs saline, #P < 0.05 vs free drugs, &P < 0.05
vs LPNP-Drugs. D) Staining for apoptotic cells (TUNEL assay) in tumor xenografts and quantitative apoptotic cell measurement. The scale bar,
100 pm. Apoptotic cells are indicated by black arrows. The apoptotic rates were evaluated using the percent of apoptotic tumor cells (with a brown
staining cell nucleus) in the total tumor cells in each field. Five random fields were observed under a light microscope. Data are presented as mean
+5.D. “P < 0.05 vs saline, #P < 0.05 vs free drugs, P < 0.05 vs LPNP-Drugs.
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Figure 5. Evaluation of potential side effects of various drug formulations. Healthy BALB/c mice were divided to four groups: saline, free drugs,
T-LPNPs, and T-LPNP-Drugs. Drug injections were carried out on days 1, 3, and 5. The mice were euthanized on day 6, and various organs, whole
blood and serum were collected. A) Body weight of treated mice as a function of time. “P < 0.05. B) Representative H&E staining of liver. Hollow
arrows indicated hepatic cells and black arrows indicated inflammatory cells. Scale bar 100 pm. C) Serum biochemical tests (n = 3). D) Routine blood
examination (n = 3). Data are presented as mean = S.D. “P < 0.05. **P < 0.01. ALT, alanine transaminase; AST, aspartate transaminase; WBC, white

blood cells; MONO, monocytes; LYMPH, lymphocytes; PLT, platelets.
3. Conclusion

In summary, in the current study, we have developed a multiple
layer-by-layer lipid-polymer hybrid nanoparticles formulation
for simultaneously delivering the three effective constituents
of the pancreatic cancer therapeutic FOLFIRINOX regimen.
These nanoparticles showed excellent stability both in vitro and
in vivo and showed almost no aggregation in serum, leading
to prolonged circulation time in vivo. The lipid shell played an
important role preventing drug leakage in blood circulation.
The incorporation of DSPE-PEG-3400-Mal into the lipid shell
and the subsequent linkage of tumor targeting RGD polypep-
tide to the hybrid nanoparticles enhanced their tumor targeting
capability. Due to their longer circulation time and better tumor
targeting ability in vivo, T-LPNP-Drugs exhibited significantly
improved antitumor efficacy compared with free drugs and fur-
ther enhancement compared with LPNP-Drugs, with almost
no side effects on the major organs in the experimental dura-
tion. In contrast, the administration of free FOLFIRINOX led
to its well-known toxic effects against the liver and marrow.!®!
Compared with the previous nanocarriers,!'”-?8 the lipid-pol-
ymer hybrid nanoparticles displayed great advantages in serum

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

stability, blood circulation time in vivo, controlled drug release,
and/or the accumulation ability at tumor sites. The work lays
the foundation for the further development of lipid-polymer
hybrid nanoparticles for drug delivery for pancreatic cancer
therapy.

4. Experimental Section

Assembly of Nanoparticles: mPEG-PLA nanoparticles were prepared
by the double emulsion (W/O/W) method with minor modifications.[?l
Briefly, 20 mg of mPEG-PLA (molecular weight: 5000-15 000) was
dissolved in 1 mL of methylene chloride (containing CPT if required)
and 0.2 mL of water (containing 5-Fu if required), and transferred to
a centrifuge tube. The mixture was emulsified by sonication for 4 min.
The emulsion was added to 2 mL of 2% polyvinyl alcohol (PVA) and
emulsified for a second time by sonication for 5 min. The emulsion was
then slowly dropped into 10 mL of 0.6% PVA and stirred for 10 min at
room temperature. The solvent was be removed by vacuum evaporation.
A mixture of phospholipids and cholesterol [lecithin, DSPE-PEG-2000,
DSPE-PEG-3400-Mal, and cholesterol in a 60:10:2:15 mass ratio] were
dissolved in dichloromethane, and then a lipid film was formed in a
round bottom flask under reduced pressure using a vacuum rotary
evaporator followed by the addition of the polymer emulsion. Oxa was

Adv. Funct. Mater. 2015, 25, 788-798



el
Mt oS
www.MaterialsViews.com

added as an aqueous solution if required. The lipid film will coat on the
PNPs during sonication for 10 min. DSPE-PEG-3400-Mal was introduced
by mixing with lecithin for further functionalization. The targeting
cyclic RGD polypeptide was linked to the end of DSPE-PEG-3400-Mal.
The resulting hybrid lipid-polymer nanoparticles were collected by
centrifugation at 13 000 rpm for 10 min at room temperature and
washed twice with distilled water.

Characterizations: TEM measurement, the nanoparticles were
negatively stained with 2% uranyl acetate solution, deposited on a
carbon-coated copper grid, and examined with a transmission electron
microscope (TEM, JEM-200CX, Jeol Ltd., Japan). For dynamic light
scattering (DLS) measurement, the size distribution and zeta potential
of the nanoparticles was estimated using a Zetasizer Nano ZS90
(Malvern Instruments, Malvern, UK) with 90° optics and a He-Ne Laser
(4.0 mW, 633 nm).

HPLC Analysis: Briefly, a Waters HPLC system, composed of an auto
sampler (model 717 plus), binary pump (model 1525), UV photodiode
array detector (model 996) was used. Samples were applied to a
Symmetry C18 reverse phase column (20 pL, 4.6 x 150 mm) and eluted
using an acetonitrile, water, trifluoroacetic acid gradient. The starting
mobile phase was acetonitrile 5%, water 95%, trifluoroacetic acid (0.1%
v/v), with a linear progression linearly to 80% acetonitrile over 25 min.
The mobile phase composition was then kept constant at 5% acetonitrile
for 1-3 min, followed by a further linear change up to 95% acetonitrile.
The flow rate was 1.0 mL/min and the eluent was monitored at 270, 360,
and 260 nm for 5-Fu, CPT, and Oxa, respectively. All separations were
performed at room temperature.

Encapsulation Efficiency Calculations: The encapsulation efficiency
of the LPNPs was calculated by the following equation. Encapsulation
Efficiency = (A-B)/A x 100%, where A is the initial amount of drug
added in the system and B represents the amount of drug obtained in
the supernatant of the after centrifugation determined by HPLC.

Cell Culture: The human pancreatic ductal adenocarcinoma (PDAC)
cell line MiaPaCa-2 was cultured in Dulbecco's modified Eagle’s
medium (DMEM) (SH30022.01B; Thermo Inc., Bremen, Germany),
supplemented with 10% fetal bovine serum at 37 °C in a humidified
atmosphere containing 5% CO,.

In Vitro Cytotoxicity Studies: For the in vitro cell viability assay,
MiaPaCa-2 cells were seeded into 96-well plates at a density of 5000 cells
per well. Twelve hours after seeding, the cells were treated with various
drug formulations for up to a further 48 h. The final total concentration
of the three drugs was 2 x 107 m. The proportion of viable cells was
evaluated using a CCK-8 assay according to the manufacturer's
instructions (Dojindo, Japan).

In Vitro Imaging of Tumor Cells: MiaPaCa-2 cells were seeded onto a
35 mm borosilicate chambered cover glasses (Nunc, USA.) at a density
of 2 x 10° cells/well and grown at 37 °C for 12 h. The medium was then
replaced with 2 mL of fresh medium containing LPNPs loaded with
FITC and RhoB. The green dye FITC and the red dye RhoB replaced 5-Fu
and Oxa in the LPNPs. After incubation at 37 °C for different times,
the cells were washed three times with PBS and were observed with an
LSM 710 confocal microscope (Carl Zeiss, USA) at 60x magnification.
The excitation wavelengths of FITC and RhoB were 490 and 540 nm
respectively, and the emission filters were 525 and 625 nm. In vivo
fluorescent images of BALB/c nu/nu mice with tumor xenograft were
obtained using a Maestro™ in vivo spectrum imaging system (CRi,
Woburn, MA) at an excitation: emission of 540: 625 nm after RhoB-
encapsulated T-LPNP injection. The fluorescent intensities in the tumor
site at 3h were quantitatively analyzed, and the intensity in T-LPNP-RhoB
group was normalized as 100%.

Xenograft Tumor Model in Nude Mice and in Vivo Treatment with
Chemotherapeutic Agents: To study the efficacy of the chemotherapeutic
drug formulations in vivo, pancreatic cancer tumor xenografts were
formed in female BALB/C nu/nu mice by injecting 5 x 10° MiaPaCa-2
cells into the right flank (5 mice/group). When the tumor volume
reached 33-38 mm?3, 20 pmol kg™' of drugs (5-Fu:Oxa:CPT at 1:2:1
molar ratio, in various drug formulations) were injected through the
tail vein every 2 days. Tumor size was measured using traceable digital
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vernier calipers every 3 days, and tumor volumes were calculated using
the formula V = 1/2ab?, where g is the long axis and b is the short
axis. Mice with tumor implants were euthanized after 15 d, and the
tumor xenografts were excised and weighed. Serum was collected for
biochemical tests. The tumor xenografts were sectioned and stained by
terminal deoxynucleotidyl transferased dUTP nick end labeling (TUNEL)
to determine the level of apoptosis. The apoptotic rates were evaluated
using the percent of apoptotic cancer cells (with a brown staining cell
nucleus) in the total cancer cells. Five random fields were observed
under a light microscope.

Analysis of the Side Effects of Chemotherapeutic Drugs in BALB/c Mice:
To study the side effects of various drug formulations, we divided healthy
female BALB/c mice into four groups: saline, free drugs, T-LPNPs,
and T-LPNP-Drugs (n = 9). Drug injections were carried out on day 1,
3, and 5, and body weights of the mice were measured every day. Six
mice were euthanized on day 6. In each group, serum was collected
from three mice and whole blood from another three, for biochemical
tests and routine blood examination respectively. The hearts, livers, and
kidneys of treated mice were fixed, sectioned and H & E stained to study
potential changes in organ morphology. In addition, the serum from the
remaining three mice in the saline and T-LPNPs groups was collected
for evaluation of acute immune response. Four acute immune response-
related cytokines (TNF-o, TGF-B, IFN-¢;, and IL-6) were measured by
enzyme-linked immunosorbent assay (ELISA, Solarbio S&T Co., Beijing,
China).

Statistical Analysis: Statistical analyses were performed using SPSS
version 18.0 software (SPSS Inc., Chicago, IL). Student’s t-test for
unpaired data was used to evaluate statistical differences between mean
values. All data are presented as the mean =* standard deviation (SD),
and data were considered statistically significant at P < 0.05.
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Supporting Information is available from the Wiley Online Library or
from the author.
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