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Abstract Pancreatic cancer remains one of the most lethal malignancies worldwide. The combina-

tion of the first-line standard agent gemcitabine (GEM) with the molecular-targeted drug erlotinib

(Er) has emerged as a promising strategy for pancreatic cancer treatment. However, the clinical benefit

from this combination is still far from satisfactory due to the unfavorable drug antagonism and the

fibrotic tumor microenvironment. Herein, we propose a membrane-camouflaged dual stimuli-

responsive delivery system for the co-delivery of GEM and Er into pancreatic cancer cells and tissues

to block the antagonism, as well as reshapes profibrotic tumor microenvironment via simultaneous de-

livery of small interference RNA (siRNA) for synergistic pancreatic cancer treatment. This “all-in-one”

delivery system exhibits sensitive GSH and pH-dependent drug release profiles and enhances the inhib-

itory effects on the proliferation and migration of tumor cells in vitro. Excitingly, the systemic injection

of such a biomimetic drug co-delivery system not only resulted in superior inhibitory effects against
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orthotopic pancreatic tumor and patient-derived tumor (PDX), but also greatly extended the survival

rate of tumor-bearing mice. Our findings provide a promising therapeutic strategy against pancreatic

cancer through the enhanced synergistic effect of target therapy, chemotherapy and anti-fibrotic ther-

apy, which represents an appealing way for pancreatic cancer treatment.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction development of extensive fibrosis with stromal components out-
Pancreatic cancer remains one of the leading causes of cancer-
related death worldwide1. Due to the lack of early symptoms,
around 80% of patients are diagnosed with locally advanced or
metastatic disease rendering them inoperable2,3. For decades,
gemcitabine (GEM), which functions as nucleoside anticancer
drug, has been recommended as the standard of care for palliative
and adjuvant treatment in patients with advanced pancreatic
cancer4, yet limited success has been achieved in prolonging the
overall survival of patients by GEM monotherapy5,6. In recent
years, the clinical trials combining GEM with other therapeutic
agents including molecular targeted drugs are conducted in an
attempt to provide more effective treatments7,8. Among the mo-
lecular targeted drugs, epidermal growth factor receptor (EGFR)
tyrosine-kinase inhibitor has been regarded as one of the most
promising drugs for pancreatic cancer therapy. Several researches
indicate that the inhibition of EGFR signaling is closely related to
reduced pancreatic cancer growth and improved patient prog-
nosis9,10. As a result, Erlotinib (Er), a small molecular EGFR
inhibitor, has already been approved in combination with GEM as
first-line therapy for pancreatic cancer based on the results of
increased survival of 10 days in the pivotal phase III of clinical
trial11. Furthermore, the most recent National Comprehensive
Cancer Network (NCCN) Clinical Practice Guideline has rec-
ommended GEM-Er combination therapy as a treatment option for
pancreatic cancer patients with locally advanced or metastatic
disease and good performance status12. Although the combination
strategy exhibits the advantages of significant clinical survival
over GEM alone, for most patients, however, the impact of clinical
benefits appears to be modest11,13. Therefore, deciphering and
blocking the mechanisms responsible for the limited clinical ef-
ficacy may shed lights on expanding the benefit of this
combination.

The unfavorable antagonism between the tyrosine-kinase in-
hibitor and nucleoside chemotherapy drug is considered as one of
the crucial mechanisms to compromise the efficacy of their
combination14e17. It is reported that Er inhibits human equili-
brative nucleoside transporter 1 (hENT1) necessary for the
transportation of nucleoside drugs, resulting in the lowered
intracellular accumulation of cytotoxic GEM metabolites14.
Meanwhile, GEM induces EGFR ligand expression and ERBB2
activation by increasing heterodimer formation with EGFR,
thereby offsetting the antitumor effects of Er16. Although multiple
strategies have been proposed to minimize the antagonism be-
tween the two drugs, the therapeutic effect is still far from satis-
factory18,19, suggesting that the failure may also attribute to other
factors. Most notably, pancreatic cancer is characterized by the
numbering cancer cells20e22. Abundant evidence suggests that the
stromal components play important roles in the chemotherapy and
target therapy resistance by activating signaling pathways that
limit the therapeutic effects and acting as a mechanical barrier to
drug delivery23e26. Various therapeutic strategies have been
developed, specifically targeting profibrotic pathways involved in
tumor desmoplasia to control tumor growth and increase the
antitumor effects of chemotherapeutics or target therapies27e30.
Recent studies identify tumor-stroma IL1b-IRAK4 feedforward
circuitry as a key mechanism that drives tumor fibrosis, chemo-
resistance, and poor prognosis in pancreatic cancer31,32. Pharma-
cologic blockade or silencing of IRAK4 potently suppresses NF-
kB activity, which undermines the fibroblast barrier and abolishes
the tumorigenic potential of human and murine pancreatic cancer
cells, and therefore greatly sensitized pancreatic cancer to various
therapies31,32. These results highlight IRAK4 blockade as a
powerful weapon to deactivate fibroblasts and eliminate stroma,
suggesting IRAK4 blockade as complementary therapeutic strat-
egy for the synergism of GEM and Er. Nevertheless, it remains a
great challenge to develop a functionalized delivery carrier that
can deliver combinational therapeutic agents for above purposes.

In the current study, we propose a proof-of-concept study for
pancreatic cancer therapy through the combinational delivery of
GEM, Er and IRAK4 siRNA (siIRAK4) mediated by cancer cell-
macrophage hybrid membrane-coated nanoparticles (NPs) in an
attempt to initiate the synergistic effect of targeted molecular
therapy and chemotherapy. As shown in Scheme 1, b-cyclodextrin
(b-CD) is assembled with low-molecular-weight poly-
ethylenimine (PEI) as a cationic polymer gene vector (PC), fol-
lowed by conjugating with the chemotherapeutic agents GEM
bridged by a GSH-responsive linker (eSSe) to form a polymer
prodrug (GEM-SS-PC). This prodrug can encapsulate the mo-
lecular targeted drug Er via host‒guest supramolecular interaction
as a co-delivery system (Er@GEM-SS-PC) for the simultaneous
delivery of Er and GEM. Er@GEM-SS-PC is further loaded
with siIRAK4 to form a nano-drug (siIRAK4/Er@GEM-SS-PC)
for attenuating tumor fibrosis and augmenting the synergistic ef-
fect of Er and GEM. It has been reported that cancer cell
membrane-coated delivery systems possess the same cell adhe-
sion molecules as their source cells, thereby exhibiting cancer
cell-specific targeting capability due to the homotypic binding
mechanism33,34. Meanwhile, the delivery vector coated with the
macrophage membrane reserves the proteins like CD45 and
CD14, which help them evade from mononuclear phagocyte
system (MPS)-mediated clearance35. In order to mitigate MPS-
mediated clearance during the systemic circulation and enhance
the tumor-targeting capability of our designed co-delivery system,
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Scheme 1 Construction of cancer cell-macrophage hybrid membrane-coated drug-delivery nanosystem for pancreatic cancer treatment. (A)

Schematic illustration for the preparation of siIRAK4/Er@GEM-SS-PC-M: gemcitabine (GEM) is conjugated with PC by a GSH-responsive

linker to form GEM prodrug, followed by encapsulating the Erlotinib (Er) via host‒guest molecular interaction and loading with the siRNA

to form cell membrane-coated nano-drug (siIRAK4/Er@GEM-SS-PC-M). (B) Schematic illustration of targeted nanoparticles to deliver to GEM,

Er and siIRAK4 against pancreatic tumors including orthotopic pancreatic tumor and patient-derived tumor (PDX).
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the related cancer cell-macrophage hybrid membrane re-
ported previously36 is coated on the siIRAK4/Er@GEM-SS-PC
to form a biomimetic nano-drug (siIRAK4/Er@GEM-SS-PC-M).
Through the simultaneous co-delivery of GEM, Er and siIRAK4
by the biomimetic nanosystem, we expect to demonstrate that the
new therapeutic modality exerts superior anti-stromal activity in
the fibrotic tumor microenvironment and blocks the antagonisms
between GEM and Er as well, and thereby the combined thera-
peutic modality is able to cooperatively prolong the overall sur-
vival of mice bearing orthotopic pancreatic tumor and patient-
derived tumor (PDX). To the best of our knowledge, this is the
first study to explore how the combination of anti-stromal therapy,
chemotherapy and molecular targeted therapy influences overall
antitumor effects through carrier-mediated combinational
delivery.
2. Materials and methods

2.1. Synthesis of PC

The b-CD (4.20 g, 3.8 mmol) was dissolved in DMSO solu-
tion (20 mL), and then added the catalyst CDI (5.00 g,
30.8 mmol). At room temperature, this mixture was stirred for
3 h under N2, the PEI (MW 600 Da, 18.00 g, 30 mmol) was
dissolved in DMSO solution (30 mL) and added dropwise into
the above mixture over 3 h under N2 and then stirred over
24 h. After the completion of the reaction, this mixture was
collected and dialyzed against ultrapure water using the dial-
ysis bag for 2 days. The dialyzate was freeze-dried to obtain
the white power PC. The chemical structures were determined
by 1H NMR.
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2.2. Synthesis of disulfanediylbis(ethane-2,1-diyl) bis
(4-nitrophenyl) bis(carbonate) (1)

2,2ʹ-Disulfanediylbis (ethan-1-ol) (1.54 g, 10 mmol) and DIPEA
(2.58 g, 20 mmol) were dissolved in 50 mL dry DCM under ni-
trogen atmosphere, and then a mixture of pyridine (1.60 g,
20 mmol) and 4-nitrobenzyl chloroformate (10.75 g, 50 mmol) in
25 mL dry DCM were added dropwise to the above solution at
room temperature. After 12 h of reaction, the solvent was removed
under reduced pressure, and the mixture was diluted with 100 mL
ethyl acetate and washed with 200 mL water. The organic solvent
was removed and the crude product was purified by column
chromatography on silica gel (DCM:EtOAc 1:1) to obtain com-
pound 1 (4.02; 83%) as a yellow solid. 1H NMR (500 MHz,
Chloroform-d ) d 8.28 (d, J Z 9.2 Hz, 1H), 7.39 (d, J Z 9.2 Hz,
1H), 4.58 (t, J Z 6.5 Hz, 2H), 3.09 (t, J Z 6.5 Hz, 1H).

2.3. Synthesis of 2-((2-(((4-nitrophenoxy)carbonyl)oxy)ethyl)
disulfaneyl)ethyl (1-((2R,4R,5R)-3,3-difluoro-4-hydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-
dihydropyrimidin-4-yl)carbamate (2)

A solution of GEM (263 mg; 1 mmol) and TEA (303 mg; 3 mmol)
in 10 mL DMF was added slowly to a solution of compound 1
(1.44 mg, 3 mmol) in 5 mL DMF and then stirred for 12 h at room
temperature. Upon completion of reaction, the solvent was
removed and the solid was dissolved in 100 mL DCM. The so-
lution was then washed with ultrapure water and the organic
phrase was then collected and concentrated in vacuo. The crude
product was purified by column chromatography on silica gel
(DCM:MeOH, 20:1) to obtain compound 2 (295 mg, 48.1%) as a
yellow solid. 1H NMR (500 MHz, DMSO-d6) d 8.38e8.29 (m,
1H), 8.14e8.10 (m, 1H), 7.65 (d, J Z 7.5 Hz, 1H), 7.61e7.53 (m,
1H), 7.45 (d, J Z 9.4 Hz, 2H), 6.97e6.89 (m, 1H), 6.23 (d,
J Z 9.9 Hz, 1H), 5.81 (dd, J Z 7.5, 1.3 Hz, 1H), 5.27 (t,
J Z 5.9 Hz, 2H), 4.58e4.27 (m, 4H), 4.25e4.14 (m, 1H), 3.74 (s,
1H), 3.71 (s, 1H), 3.69e3.62 (m, 1H), 3.07 (d, J Z 53.7 Hz, 1H).
MS (ESI): [MþH]þ: 609.8.

2.4. Synthesis of cationic polymer prodrug GEM-SS-PC

Compound 2 (608 mg, 2 mmol) and TEA (1.12 g, 10 mmol) were
mixed in 5 mL DMF, and then added in 10 mL PC solution (3 g,
dissolved in 10 mL DMSO) stirred at room temperature. After
stirring for 12 h, DMF was removed and dialyzed against ultrapure
water for 24 h. The dialyzate was freeze-dried to obtain the white
power PC. The chemical structures were determined by 1H NMR.

2.5. Preparation of Er@PC and the co-delivery system
Er@GEM-SS-PC

The Er@PC and the co-delivery system Er@GEM-SS-PC were
obtained by host‒guest interaction. Briefly, Er (21.5 mg) was
dissolved in acid solution (0.5 mol/L acetic acid), and the Er so-
lution was added dropwise to the PC (100 mg in 0.5 mol/L acetic
acid solution) or GEM-SS-PC solution (200 mg in 0.5 mol/L
acetic acid solution). The above mixture was stirred until all
substances completely dissolved, and then freeze-dried for 48 h to
yield yellowish powders. The chemical structures were deter-
mined by 1H NMR. For determination of Er loading in the
Er@GEM-SS-PC, the freeze-dried Er@GEM-SS-PC (5 mg) was
dissolved in 5 mL DMSO and the concentration of Er in the
Er@GEM-SS-PC was determined based on its UV absorbance
intensity at l Z 330 nm. The drug loading rate (DLR) was
calculated as 26.3% according to the following Eq (1):

DLR (%) Z Mass of loaded Er / Mass of Er@GEM-
SS-PC � 100 (1)

2.6. Electrophoretic gel assay

Free IRAK4 siRNA (siIRAK4), siIRAK4/Er@GEM-SS-PC, and
siIRAK4/Er@GEM-SS-PC-M (in PBS or serum) were mixed with
loading buffer and loaded into 2% agarose gel. Electrophoresis
was conducted in 1 � Tris-acetate-EDTA (TAE) buffer at 120 V
for 15 min in a JUNYI Electrophoresis Equipment (JY300, Bei-
jing Junyi-Dongfang, Beijing, China). The resulting gels were
analyzed using a UV illuminator (FluorChem E System, Pro-
teinSimple, CA, USA). RNA bands were visualized and imaged
by a Gel Documentation System (C150, Azure Biosystems, CA,
USA).

2.7. Cell culture

The human pancreatic cancer cell line PANC-1 and SW1990 were
purchased from the American Type Culture Collection (ATCC,
VA, USA). SW1990-luci (luciferase-expressing SW1990) cells
were purchased from the Sciencelight Biology Science & Tech-
nology Co., Ltd. (Shanghai, China). The cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS) in a humidified atmosphere of 5% CO2

and 95% air at 37 �C. Mycoplasma testing using the MycoAlert
Mycoplasma Detection Kit (LT07-318, Lonza, MD, USA) was
performed every 3 months.

2.8. Western blot analysis

Cells were cleaved with RIPA lysate (R0010, Solarbio, Beijing,
China). The hENT1 membrane protein was extracted according to
the membrane protein extraction kit (P0033, biyuntian, Shanghai,
China). The total protein was quantified by the BCA protein assay
kit (23225, Promega, WI, USA) and equalized before loading.
Equal amounts of protein extracts were subjected to electropho-
resis in SDS-polyacrylamide gels and transferred to poly-
vinylidene fluoride (PVDF) membranes. The membranes were
then blocked with 5% nonfat milk and cultured overnight at 4�C
with the primary antibodies against hENT1 (1:1000), EGFR
(1:1000), p-EGFR (1:1000), IRAK4 (1:1000), NF-kB (1:2000),
NF-kB p65 (1:2000) and GAPDH (1:1000). The blots were
washed, incubated with a peroxidase-conjugated antibody, and
chemiluminescence detection was performed using an enhanced
chemiluminescence kit according to the manufacture’s protocol
(32209, Thermo Scientific™, IL, USA). Band intensity was
quantified by densitometric analysis using the NIH Image J Pro-
gram (http://rsb.info.nih.gov/ij/). The relative expression was
normalized to the expression of GAPDH.

2.9. In vitro cellular internalization of NPs

The cell internalization behaviors of ICG-labeled siIRAK4/
Er@GEM-SS-PC-M were investigated by CLSM. Briefly,
SW1990 and PANC-1 cancer cells were seeded into dishes at a
density of 5 � 104 cells. After 24 h of incubation, siIRAK4/
Er@GEM-SS-PC-M was added and incubated with or without

http://rsb.info.nih.gov/ij/
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the 50 mmol/L dilazep (hENT1 inhibitor) at 37 �C for 12 h. Then,
the medium was removed and washed three times with PBS. The
cancer cells were fixed with 4% formaldehyde and subsequently
stained with DAPI. Fluorescent images were captured by CLSM.

2.10. 3D tumor spheroid culture and penetration assay

The 3D tumor spheroidwas constructed. Briefly, 40mLof hot agarose
solution (2%)was added quickly into the 96-well plate per well. After
the agarose solution was solidified, the spheroid was seeded by sus-
pending the PANC-1 cells and L929 fibroblasts at the ratio of 1:2, and
adding at the density of 104/mL at the volume of 200 mL per well.
Then, the spheroidswere cultured at 37 �Cwith5%CO2 for 10days to
form the 3D tumor spheroid for the penetration study. The penetration
capability of ICG and ICG labeled siNT/Er@GEM-SS-PC-M,
siIRAK4/Er@GEM-SS-PC and siIRAK4/Er@GEM-SS-PC-Mwere
evaluated by the fluorescence intensity at different scanning depth
(from 0 to 75 mm) with confocal microscopy using Z-Stack mode
(LSM880with fast AiryScan, Zeiss, Jena, Germany). Image analysis
of the fluorescence was performed by using ImageJ.

2.11. Biodistribution study

In vivo imaging study of the nanoparticle distribution was per-
formed on mice bearing subcutaneous tumors intravenously
injected with free ICG or ICG labeled NPs. Anesthetized by
isoflurane, the mice were photographed under IVIS spectrum
imaging system at Ex/Em 788 nm/808 nm at 2, 4, 8, 12 and 24 h
post injection. The tissues and main organs (heart, liver, spleen,
lung, kidney and tumor) were collected and photographed at 24 h.

2.12. Immunofluorescence

The specimens were labeled with antibodies against NF-kB p65
(10745-1-AP) or a-SMA (Abcam, ab64693) overnight at 4 �C for
co-localization detection. After washing, the sections were incu-
bated with a mixture of Alexa Fluor 488- and Alexa Fluor 594-
conjugated secondary antibodies for 1 h. Then, the specimens
were washed with phosphate buffered saline (PBS), and then
mounted with fluorescent mounting medium containing 4ʹ,6-
diamidino-2-phenylindole (DAPI). Each section was observed
by using a confocal microscopy (Carl Zeiss, Germany).

2.13. Tumor model and treatment regimes

Athymic BALB/c mice (16e20 g, 4e6 weeks old) were housed on
a 12-h light/12-h dark cycle in a pathogen-free environment, and
allowed ad libitum access to food and water. The animal experi-
ments were approved by the Sir Run Run Shaw Hospital Institu-
tional Animal Care and Use Committee and conducted according
to the Guide for the Care and Use of Laboratory Animals of
Zhejiang University, Hangzhou, China.

To establish the orthotopic pancreatic cancer model, the
luciferase-expressed SW1990 pancreatic cancer cells (2 � 106 in
25 mL of PBS) into the pancreatic tail of BALB/c nude mice. After
injection of the cancer cells for about 7 days, the orthotopic
pancreatic tumor-bearing mice were established, and randomly
divided into five group, and administered intravenously with free
GEM (2 mg/kg per mouse) combined with Er (2 mg/kg per
mouse), siNT/Er@GEM-SS-PC-M (at the dose of 2 mg/kg Er
and 2 mg/kg GEM), siIRAK4/Er@GEM-SS-PC (at the dose of
2 mg/kg Er and 2 mg/kg GEM) and siIRAK4/Er@GEM-SS-PC-M
(at the dose of 2 mg/kg Er and 2 mg/kg GEM) or vehicle once
weekly for two weeks. Animal care technicians were blinded to
the treatment groups. Tumor growth was detected by an ex vivo
luciferase-based noninvasive bioluminescence imaging system
(IVISR Spectrum, PerkinElmer) after injection of 2 mg D-Lucif-
erin potassium salt per mouse. One-half of the mice were sacri-
ficed by cervical vertebra dislocation 21 days after tumor
implantation, the tumor tissues, peripheral blood and the major
organ of mice were collected. The remaining mice were used for
the survival study and sacrificed when the mice became moribund.
Survival rate was determined from the first day of implantation
until Day 60.

For the patient-derived tumor xenograft, the patients were
fully informed and signed a written informed patient consent
form. The Ethics Committee of Sir Run Run Shaw Hospital,
Zhejiang University School of Medicine, approved the experi-
mental protocol. The human pancreatic cancer tissue specimens
were collected under sterile conditions in antibiotic-containing
PBS medium and immediately transplanted as 2e3 mm3 pieces
into subcutaneous pockets of athymic nude mice. Tumors from
the first generation of mice were harvested when the tumor
volume reached approximately 1.5 cm3, following re-implanted
into a new generation of nude mice as the second generations.
The third generation of nude mice bearing tumors were used for
the further experiments and randomly divided into five groups as
indicated above. The mice were administered intravenously
with the combination of free GEM (2 mg/kg per mouse) and Er
(2 mg/kg per mouse), siNT/Er@GEM-SS-PC-M (at the dose of
2 mg/kg Er and 2 mg/kg GEM), siIRAK4/Er@GEM-SS-PC
(at the dose of 2 mg/kg Er and 2 mg/kg GEM) and siIR-
AK4/Er@GEM-SS-PC-M (at the dose of 2 mg/kg Er and
2 mg/kg GEM) or vehicle once weekly for five weeks, starting
on Day 7 after tumor implantation. Animal care technicians
were blinded to the treatment groups. The tumor volume was
measured and calculated by Eq. (2):

Tumor volume Z 0.5 � Length � Width2 (2)

The mice were sacrificed by cervical vertebra dislocation on
Day 45 after the tumor implantation, the tumor tissues, peripheral
blood and the major organ of mice were collected for further
analysis. For the survival study, the mice were sacrificed when the
length of the tumor exceeded 2 cm or they became moribund.
Survival rate was determined from the first day of implantation
until Day 80.
2.14. Immunohistochemistry

For the immunohistochemistry staining of ki67 and a-SMA, the
tumor tissue section was incubated with antibody against rat ki67
(1:200) or a-SMA (1:200) in a humidified chamber overnight at
4 �C. Then followed by incubation with HRP-conjugated sec-
ondary antibody at 37 �C for 1 h and reacted with 3,30-dia-
minobenzidine tetrahydrochloride (DAB). Images were captured
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with a phase-contrast microscope (cx41, Olympus Corporation,
Tokyo, Japan). The numbers of positive cells were recorded.
Every fifth section was used for stereological assessment.

2.15. Statistical analysis

All data were analyzed by Graphpad prism 8.0. Biological rep-
licates were used in all experiments unless stated otherwise. Data
were presented as mean � standard deviation (SD). The
KaplaneMeier method and the log-rank test were used to eval-
uate the survival rates. Unpaired two-tailed Students’ t-test was
used for comparison of two groups. Two-way ANOVA with a
Bonferroni post-hoc test was used when both time and treatment
were compared. The P-value less than 0.05 was considered
significant (*P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001).

3. Result and discussion

3.1. Synthesis and characterization of siIRAK4/Er@GEM-SS-
PC-M

In our study, the b-CD was crosslinked with the low molecular
weight PEI (w600 Da) via CDI-activated condensation reaction
to obtain the cationic polymer vector PC (Supporting
Information Scheme S1) in accordance with our previous
reports37e39. As shown in Supporting Information Fig. S1, 1H
NMR of PC shown that there was about 2.4 mmol of PEI con-
jugated to every 1 mmol of b-CD. For this vector, the hydro-
phobic cavity of b-CD segment displayed the ability to form the
complex with the hydrophobic small molecule drug Er via host‒
guest interaction, which contributed to the improved drug sta-
bility and water solubility. Meanwhile, the PEI segment not only
acted as the delivery carrier for siRNA with high transfection
efficiency, but also exhibited low toxicity due to the low mo-
lecular weight. Notably, the carbamate linkage of b-CD and PEI
had been gradually degraded under the physiological environ-
ment, indicating the good biocompatibility and low cytotoxicity.
The GEM was succeeded in conjugating the polymeric backbone
of PC by eSSe bond linker via 3-step reactions, which formed
a GSH-responsive cationic polymer prodrug GEM-SS-PC
(Supporting Information Scheme S2). The PC, GEM-SS-PC and
its intermediates were characterized by 1H NMR and MS
(Supporting Information Figs. 1‒5). For the co-delivery of Er
and GEM in this polymer prodrug, the Er in acid solution (0.5%
acetic acid) was gradually added to the GEM-SS-PC solution
(0.5% acetic acid) to form the co-delivery system Er@GEM-
SS-PC (Fig. 1A). As shown in Fig. 1B, we could observe a new
multiplet corresponding to the aromatic proton of Er appeared at
s 7.0e8.5 ppm in 1H NMR, which proved that the GEM-SS-PC
could load the Er to form the co-delivery system Er@GEM-SS-
PC. Moreover, the two-dimensional nuclear overhauser effect
spectroscopy (2D-NOESY) further revealed that the aromatic
segment of Er was well correlated with the PC segment of GEM-
SS-PC, indicating that the Er generated supramolecular inclusion
complex with GEM-SS-PC via the host‒guest interaction
(Supporting Information Fig. S6). We also investigated the ratio
of Er to GEM in Er@GEM-SS-PC. Based on 1H NMR, the peak
area of typical protons on H1 (Er) and H2 (GEM) were com-
parable, suggesting that the molar ratio of Er to GEM was close
to 1:1 (Supporting Information Fig. S7 and Table 1). Moreover,
the peak area ratio of typical protons on H3 (PC) to H1(Er) was
6.3:1, indicating that the molar ratio of loaded Er to GEM-SS-PC
was 1.1:1. We also estimated that the molar ratio of GEM in
Er@GEM-SS-PC was 1:5.7, which calculated that 1.25 GEM
molecules were conjugated to one molecule of PC. In addition,
the absorption spectra for Er@GEM-SS-PC shown in Fig. 1C
displayed two absorption bands, one appeared at 330 nm and the
other at 270 nm, which was consistent with the absorption band
of Er (330 nm) and GEM (270 nm), further demonstrated that the
Er was loaded into the cavity of GEM-SS-PC. Due to the posi-
tively charged cationic character of PEI segment in Er@GEM-
SS-PC, this cationic co-delivery system was able to complex
with siRNA and condensed into NPs for achieving the co-
delivery of gene therapeutic agents. By mixing the Er@GEM-
SS-PC with siIRAK4, as shown in Fig. 1D, the resulted com-
plexes (siIRAK4/Er@GEM-SS-PC) were determined by dy-
namic light scattering (DLS) and found that the average particle
size was about w150 nm, and the morphology observed on a
transmission electronic microscope (TEM) displayed compact
spherical NPs. To further examine the ability of Er@GEM-SS-
PC to complex the siRNA, the agarose gel electrophoresis assay
was performed in Fig. 1E, and found that the migration of
siIRAK4 was totally inhibited by Er@GEM-SS-PC when the N/
P ratio reached 8:1 (Fig. 1E). Given that the stimuli-responsive
drug release in nano-drug system can reduce side effect and
enhance accumulation of the active drug in tumor cells, the drug
release behavior of siRNA/Er@GEM-SS-PC was evaluated
under the GSH or acid rich environment. As shown in Fig. 1F,
after incubation with 10 mmol/L GSH in pH 7.4 PBS, the
siIRAK4/Er@GEM-SS-PC progressively released GEM due to
the cleavage of the eSSe bond, and the cumulative percentage
of release was over 50% at 8 h and reached its maximum at
around 12 h, while it is negligible drug release under physio-
logical environment and low drug release in low concentration of
GSH, implying the GSH in high concentration can trigger the
eSSe linker and release anticancer drug GEM. We also
measured the response of siRNA/Er@GEM-SS-PC to GSH by
TEM image, as shown in Supporting Information Fig. S8, which
indicated that the NPs of siRNA/Er@GEM-SS-PC were aggre-
gated and deformed after incubation with 10 mmol/L GSH at the
same condition. Moreover, the release profiles of siRNA were
performed by the agarose gel electrophoresis assay, as shown in
Fig. 1E, the migration was recovered in the GSH rich environ-
ment, suggesting that GSH broke the stability of the nano-
complex and promoted the release of siIRAK4. In our previous
similar study33, the increased water solubility of the hydrophobic
drug within b-CD can trigger the disassembly of the host‒guest
interaction on hydrophobic drug and b-CD, which induces the
hydrophobic drug release from the cavity of b-CD. However, the
Er is difficult to dissolve in physiological environment (pH 7.4),
while the water solubility of Er enhanced quickly when the pH
dropped40,41. As shown in Fig. 1G, the siRNA/Er@GEM-SS-PC
were stable at pH 7.4, and less than 20% of Er was released
within 24 h. By contrast, at pH 5.0, the intracellular endo/lyso-
somal environment, we observed rapidly Er release within the
first 4 h and reached a plateau at 80% within 12 h due to the
enhanced water solubility of Er. Recently, many works proved
that the elevated GSH level in the tumoral and intracellular
environment can cleave the disulfide bonds to disassemble the
nanoparticle and release the drug42e44. The cleavage of the di-
sulfide bond can trigger a cascade of self-eliminations re-
actions45,46, which is likely to cleave the amide ester linking b-



Figure 1 Synthesis and characterization of membrane-coated drug-delivery nano-drug siIRAK4/Er@GEM-SS-PC-M. (A) The preparation of

the co-delivery system Er@GEM-SS-PC and nano-drug siIRAK4A/Er@GEM-SS-PC and the GSH/pH responsive release process of siIRAK4/

Er@GEM-SSPC (Er: triggered by the acid; GEM: triggered by the GSH); (B) The 1H NMR of Er@GEM-SS-PC, Er and GEM; (C) Absorp-

tion spectra for Er@GEM-SS-PC, Er, PC and GEM in pH 7.4 PBS solution (containing 50% DMSO); (D) The diameter distribution as determined

by DLS and the TEM image for siIRAK4/Er@GEM-SS-PC. Scale barZ 200 nm. (E) Agarose gel electrophoresis assay of Er@GEM-SS-PC with

siIRAK4 at different N/P ratios. (F) The cumulative release profiles (by HPLC) for GEM siIRAK4A/Er@GEM-SS-PC, which triggered by

different GSH concentration (0e10 mmol/L); (G) The cumulative release profiles (by HPLC) for Er from siIRAK4/Er@GEM-SS-PC by different

pH values (5.0, 6.5 and 7.4); (H) The diameter distribution as determined by DLS and the TEM image for hybrid membrane-coated nanoparticles

siRNA/Er@M-GEM-SS-PC. Scale bar Z 200 nm. (I) SDS-PAGE analysis of SW1990 cancer cell membrane (CM), RAW264.7 macrophage

membrane (RM), hybrid membranes (CRM) and siIRAK4/Er@GEM-SS-PC-M (hybrid membrane-coated). (J) Western blot analysis of cell

membrane specific proteins of SW1990 (E-cadherin), RAW264.7(CD135), hybrid membranes and siIRAK4/Er@GEM-SS-PC-M. (K) Agarose gel

electrophoresis assay of siIRAK4/Er@GEM-SS-PC-M.
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CD and low-molecular-weight PEI and trigger the release
of siRNA, as shown in Supporting Information Fig. S9A. In
order to verify the release behavior of siRNA, high resolution
electrospray ionization mass spectrometry (ESI-HRMS) was
performed after incubating with siIRAK4@GEM-SS-PC or
siIRAK4/Er@GEM-SS-PC with GSH (10 mmol/L GSH, 12 h).
In Fig. S9B, the anticipated disassembly of siIRAK4/GEM-SS-
PC was observed at ESI-HRMS analysis. We found there was
one ionic peak corresponding to b-CD ([MþH]þ Z 1135.3760)
in ESI-HRMS as well as the other for GEM ([MþH]þ

Z 264.0791), suggesting the cleavage of both disulfide and
methyl carbamate bonds. All these results confirmed that the
high level of GSH can disassemble the polymeric carrier, and
release the GEM and siRNA. These results demonstrate that
Er@GEM-SS-PC can load siRNA to form nano-complexes
(siIRAK4/Er@GEM-SS-PC) and the GSH-overexpression/acid
environment can induce the sustained release of the parent
drugs GEM and Er.



Figure 2 siIRAK4/Er@GEM-SS-PC-M blocks the antagonism between the GEM and Er and facilitates the in vitro antitumor activity. (A) The

SW1990 and PANC-1 cells were incubated with GEM, Er, free GEM and Er, siNT/Er@GEM-SS-PC, siIRAK4/Er@GEM-SS-PC and siIRAK4/

Er@GEM-SS-PC-M for 24 h. The protein expression of hENT1, p-EGFR and EGFRwas determined byWestern blot. G1, PBS; G2, GEM; G3, Er; G4,

freeGEMandEr; G5, siNT/Er@GEM-SS-PC;G6, siIRAK4/Er@GEM-SS-PC;G7, siIRAK4/Er@GEM-SS-PC-M. (B) The SW1990 and PANC-1 cells

were pre-incubated with or without dilazep (a hENT1 inhibitor) and then treated with the free ICG or ICG-labeled siIRAK4/Er@GEM-SS-PC-M for

24 h. Confocal images of the above treated cells. Scale barZ 10 mm. (C) Colony-formation assays were conducted to determine the proliferation of the

SW1990 and PANC-1 cells receiving the above indicated treatment. (D) Scratchwound assaywas performed to determine themigration capability of the

above treated cells. The images in each group were obtained by microscopy at 0 and 48 h after the cells were scratched. Scale bar Z 200 mm.

(E) Apoptosis in SW1990 cells was determined by Annexin-Vand PI staining and detected by flow cytometry analysis (mean � SD, nZ 4).
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Many reported works have proved that cationic polymer can
selectively concentrate drug molecules at the tumor site by
permeability and retention (EPR) effect and functional mod-
ification47e51. To decrease the MPS-mediated clearance during
systemic circulation and enhance the tumor targeting capability,
the related cancer cell-macrophage hybrid membrane reported
previously36 was coated on the siIRAK4/Er@GEM-SS-PC NPs to
form biomimetic nano-drug siIRAK4/Er@GEM-SS-PC-M. The
DLS showed that the size of biomimetic NPs was larger compared
to the siIRAK4/Er@GEM-SS-PC NPs (200 nm vs. 146 nm), and
the surface zeta potential decreased from 17.8 to �16.4 mV after
hybrid membrane coating (Fig. 1H), thus confirming the presence
of the negatively charged outer membrane layer. To confirm
whether the membrane proteins were still reserved after coating
on the NPs, the total proteins of the hybrid membranes were
examined by sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). As shown in Fig. 1I, the protein profiles
from siIRAK4/Er@GEM-SS-PC-M were almost identical to that
of the native hybrid membranes. Furthermore, the specific mem-
brane proteins of both cell types were detected in the hybrid
membranes and siIRAK4/Er@GEM-SS-PC-M (Fig. 1J and
Supporting Information Figs. S10 and S11). Noted that CD45 and
CD14 were still reserved in the CRM-coated NPs, which might
help the nanoparticle evade from MPS-mediated clearance. In
Fig. 1K, we also observed that the hybrid membrane coating did
not affect the capability of Er@GEM-SS-PC to complex siRNA.
The stability of the NPs was analyzed in serum, it was noted that
the siIRAK4/Er@GEM-SS-PC NPs were observable for 24 h in
serum, whereas most of free siIRAK4 was degraded (Fig. S11).
Importantly, the siIRAK4/Er@GEM-SS-PC-M were more stable
at 24 h in the serum as compared with the naked siRNA and
siIRAK4/Er@GEM-SS-PC (Supporting Information Fig. S12). As
shown in Supporting Information Fig. S13, siIRAK4/Er@GEM-
SS-PC-M under GSH concentration (10 mmol/L) can release
about 60% GEM at 36 h, which was less than that released
by siIRAK4/Er@GEM-SS-PC. The similar result was observed
for pH-triggered release of Er in siIRAK4/Er@GEM-SS-PC-M.
Together, these results indicate that the membrane-coated
siIRAK4/Er@GEM-SS-PC-M NPs are successfully synthesized
and maintain the co-delivery function.

3.2. siIRAK4/Er@GEM-SS-PC-M blocks the antagonism
between the GEM and Er in vitro

Previous study suggests that the limited combination efficacy of
GEM and Er attribute to the inhibition effects of Er on the
transportation protein hENT1, which is crucial for GEM accu-
mulating in tumor cells14. We herein investigated whether Er
treatment inhibits the hENT1 expression in SW1990 and PANC-1
pancreatic cancer cells, and found that free Er alone or in com-
bination with GEM could reduce the expression of hENT1 as
compared with the control (Fig. 2A), which was similar with the
previous report14. Meanwhile, the phosphorylation level of EGFR
and the expression of ERBB2 were augmented by free GEM
treatment, and the EGFR and ERBB2 inhibition effects of Er were
attenuated when combined with GEM (Fig. 2A and Supporting
Information Fig. S14). It was evident that siIRAK4/Er@PC and
siNT/Er@PC (siNT refers to scrambled siRNA) could signifi-
cantly decrease the p-EGFR and ERBB2 without inhibiting the
expression of hENT1. By contrast, siIRAK4/GEM-SS-PC and
siNT/GEM-SS-PC enhanced the expression of p-EGFR and
ERBB2 (Fig. S14). Notably, siNT/Er@GEM-SS-PC-M, siIRAK4/
Er@GEM-SS-PC, or siIRAK4/Er@GEM-SS-PC-M treatment
displayed almost no inhibition effect on hENT1 expression, and
the phosphorylation level of EGFR and the expression of ERBB2
were drastically attenuated by the above treatments (Fig. 2A,
Supporting Information Fig. S15), suggesting the unfavorable
antagonism between the free GEM and Er was abolished via the
nano-carrier mediated drug co-delivery system. To elucidate the
potential mechanism of decreased antagonism, we first used
dilazep (an hENT1 inhibitor for GEM intracellular uptake) to
pretreat the pancreatic cancer cells, which were then incubated
with the ICG-labeled siIRAK4/Er@PC, siIRAK4/GEM-SS-PC,
siNT/Er@PC, siNT/GEM-SS-PC and siIRAK4/Er@GEM-SS-PC-M
(Fig. 2B and Supporting Information Fig. S16). We found that
the above NPs were independent of hENT1 in terms of cellular
uptake by pancreatic cancer cells, which indicated that GEM-
loaded NPs have changed the mode of cellular uptake, as
opposed to free GEM and may also contribute to the decreased
antagonism with Er.

3.3. In vitro synergistic anti-proliferation, anti-migration and
pro-apoptosis effects of siIRAK4/Er@GEM-SS-PC-M

Next, the anti-proliferation activity of different treatment groups
was evaluated by pre-incubating pancreatic cells with free or
conjugated drugs and determined by colony formation experi-
ments. As shown in Fig. 2C, the number of colonies was signifi-
cantly diminished by the combination of free GEM and Er
treatment as compared with the control. Interestingly, although the
antagonism between GEM and Er was observed, the combination
of the GEM and Er has been validated to display superior anti-
proliferation effects to gemcitabine alone in PANC-1 cells, as
previously observed in various cell types of cancers including
pancreatic cancer11,14,16. Notably, siIRAK4/Er@GEM-SS-PC-M
treatment drastically decreased the colony number of SW1990 and
PANC-1 cells as compared with other treatment groups. Given
that the pancreatic cancer is highly invasive tumor52, we investi-
gate whether siIRAK4/Er@GEM-SS-PC-M suppresses the
migration of pancreatic cancer cells. As shown in Fig. 2D, the
scratch distance in the GEM and Erl monotherapy was 1.43- and
3.56-fold higher than that in the control group for SW1990 cells,
respectively, whereas the scratch distance in the free drug com-
bination group was only 3.60-fold higher than that in the control.
Importantly, the migration distance was drastically decreased in
the siIRAK4/Er@GEM-SS-PC-M treatment group as compared
with the other groups. Meanwhile, the pro-apoptosis effects of
the co-delivery system were evaluated (Fig. 2E), and we found
that the apoptosis rate of GEM, Er or their combination (GEM
and Er) was 6.23-, 6.38- and 7.91-fold higher than that in the
control group. Notably, the siIRAK4/Er@GEM-SS-PC-M treated
SW1990 cells exhibited an almost 60% apoptosis rate, which was
much higher than that of the other group. To further validate the
synergistic effects of our nanodrugs, the coefficient of drug
interaction (CDI) analysis was performed to determine drug in-
teractions (i.e., additive, synergistic, or antagonistic). We found
that the CDI was 1.06 and 1.15 in the free GEM/Er combination
group in terms of the anti-migration and pro-apoptotic effects for
PANC-1, respectively, indicating the antagonistic interaction be-
tween the free drugs. By contrast, the designed nanosystem
siIRAK4/Er@GEM-SS-PC-M revealed an excellent synergistic
effect, with the CDI value of 0.11 and 0.49, respectively. The
above results supported our hypothesis that the co-delivery
nanosystem led to the synergistic effects. Similar results were
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found in the SW1990 cells. Together, these results suggest that
the siIRAK4/Er@GEM-SS-PC-M nanomedicine exerts superior
synergistic anti-proliferation, anti-migration and pro-apoptosis
effects in vitro.

3.4. siIRAK4/Er@GEM-SS-PC-M promotes deep tissue
penetrate in tumors

Given that fibrotic pancreatic tumor microenvironment acted as a
mechanical barrier to drug delivery, we explored whether our co-
delivery system could impair the barrier and promote the deep
tissue penetration of the nanomedicine. Among various pro-
fibrotic pathways, the IRAK4/IL-1b pathway has been exten-
sively studied due to its great value as a therapeutic target in
pancreatic malignancy31,32. To this end, the specific siRNA
Figure 3 Blockade of IRAK4 pathway by siIRAK4/Er@GEM-SS-PC-

were treated with Gem, Er, free GEM and Er, siNT/Er@GEM-SS-PC, siI

The protein expression of IRAK4 was determined by Western blot. G1, PBS

G6, siIRAK4/Er@GEM-SS-PC; G7, siIRAK4/Er@GEM-SS-PC-M. (B,

staining. Scale bar Z 50 mm. The green arrow indicated nucleus p-65, the

secretion of IL-1b was determined by ELISA. (E) Fluorescence images an

NPs into 3D-cultured tumor spheroids. Images were acquired by CLSM at 0

Scale barZ 100 mm (mean � SD, nZ 3). (F) In vivo fluorescence imaging

Er@GEM-SS-PC, siIRAK4/Er@GEM-SS-PC and siIRAK4/Er@GEM-S

cence imaging. (G, H) Quantitative analysis of in vivo fluorescence inte

(mean � SD, n Z 3).
against IRAK4 was designed and further optimized to achieve
efficient knockdown of IRAK4 (Supporting Information
Fig. S17). As shown in Fig. 3A, the hybrid membrane coated
siIRAK4/Er@GEM-SS-PC displayed optative IRAK4 knock-
down efficiency among groups. Inhibition of IRAK4 suppresses
NF-kB-mediated production of pro-fibrotic cytokines IL-1b31.
We demonstrate that blockade of IRAK4 by siIRAK4/Er@GEM-
SS-PC-M attenuated NF-kB activation as evidenced by the
decreased the nuclear translocation of p65 (Fig. 3B and C).
Furthermore, the secretion of IL-1b were measured by the
enzyme linked immunosorbent assay (ElISA), and we found that
siIRAK4/Er@GEM-SS-PC-M drastically reduced the IL-1b
secretion (Fig. 3D) as compared with the other groups. Next, we
investigated the deep tissue penetration ability of the siIRAK4/
Er@GEM-SS-PC-M NPs by 3D tumor spheroids. The NPs used
M facilitates deep tissue penetrate in tumors. (A) The PANC-1 cells

RAK4/Er@GEM-SS-PC and siIRAK4/Er@GEM-SS-PC-M for 24 h.

; G2, Gem; G3, Er; G4, free Gem and Er; G5, siNT/Er@GEM-SS-PC;

C) The localization of p-65 was examined by immunofluorescence

white arrow indicated cytoplasm p-65 (mean � SD, n Z 3). (D) The

d quantitative analysis of the penetration of free ICG and ICG-labeled

, 25, 50 and 75 mm distance from the top to the middle of the spheroid.

of the tumor bearing mice intravenously injected with free ICG, siNT/

S-PC-M. All delivery vectors were labeled with ICG for fluores-

nsity of dislodged organs harvested 24 h after the injection of NPs



Figure 4 The anti-orthotopic tumor activity of the nano-drug siIRAK4/Er@GEM-SS-PC-M system. (A) The orthotopic pancreatic tumor-

bearing mouse model was established after orthotopically injecting SW1990-luci cells in pancreatic tail for about 7 days. Then the mice were

randomly divided into five groups and administrated twice a week with PBS, free GEM and Er, siNT/Er@GEM-SS-PC, siNT/Er@GEM-SS-PC,

siIRAK4/Er@GEM-SS-PC and siIRAK4/Er@GEM-SS-PC-M for three weeks. (B) Representative in vivo bioluminescence images of mice

receiving the above indicated treatment. (C) Quantitative analysis of bioluminescence intensity of mice bearing orthotopic pancreatic tumor

(mean � SD, n Z 5). (D) The survival rate of the above treated mice was determined (n Z 8, log-rank test). (E) The body weight of mice was
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in this experiment were labeled with ICG and confirmed by the
DLS and the TEM image (Supporting Information Fig. S18). The
SW1990 cells were mixed with fibroblasts at the ratio of 1:2 to
construct 3D tumor spheroids and mimic the morphology and
microenvironment of pancreatic solid tumors. The fluorescence
signal of ICG-labeled siNT/Er@GEM-SS-PC was primarily
distributed on the periphery of the tumor spheroids, indicating
the poor capability of siNT/Er@GEM-SS-PC to penetrate into
deep tumor tissues. By contrast, both siIRAK4/Er@GEM-SS-PC
and siIRAK4/Er@GEM-SS-PC-M could effectively penetrate
deeper into the interior of the tumor spheroids at the distance of
50 mm (Fig. 3E). The in vivo fluorescence images of those NPs
were further evaluated on the subcutaneous SW1990 tumor
model by using the ICG fluorescence. As shown in Fig. 3F, the
in vivo fluorescence in tumor tissue could be observed after
intravenous injection of free ICG and ICG-labeled NPs. It was
noted that mice injected with siIRAK4/Er@GEM-SS-PC-M
displayed the strongest fluorescent intensity at the tumor site
among the groups at 24 h post injection. The mice were subse-
quently sacrificed at 24 h post-injection, and fluorescence images
of the ex vivo organs are displayed in Fig. 3H. Compared with
the other groups, statistically more intense fluorescence signal
from siIRAK4/Er@GEM-SS-PC-M group was distributed in
tumor tissue after intravenous administration (Fig. 3G), indi-
cating the tumor targeting ability by virtue of the immune escape
and homotypic targeting of cancer cellemacrophage hybrid
membrane. Together, these results suggest that siIRAK4/
Er@GEM-SS-PC-M promotes deep tissue penetration in
pancreatic tumors, which greatly encourages us to explore
whether it could be extended to the potential therapeutic appli-
cations for cancer treatment.

3.5. In vivo efficacy in orthotopic pancreatic tumor mode

We subsequently evaluated whether such a co-delivery system
could be translated into improved therapeutic efficacy in BALB/c
nude mice bearing SW1990 orthotopic pancreatic tumors. The
orthotopic pancreatic tumor-bearing mouse model was estab-
lished after orthotopically injecting SW1990-luci cells in
pancreatic tail for about 7 days. Then the mice were randomly
divided into five groups and administrated twice a week with
PBS, free GEM and Er combination, siNT/Er@GEM-SS-PC,
siIRAK4/Er@GEM-SS-PC and siIRAK4/Er@GEM-SS-PC-M for
three weeks (Fig. 4A). The distribution, size, and activity of
orthotopic pancreatic tumors were noninvasively detected by
bioluminescence emission after administration of 2 mg D-luciferin
per mouse. The qualitative and quantitative time-dependent
bioluminescent results of orthotopic pancreatic tumor-bearing
mice in all groups were shown in Fig. 4B. It was noted that the
combination of GEM or Er exhibited tumor growth inhibition,
though statistical analysis did not reach significant (Fig. 4C). The
siNT/Er@GEM-SS-PC treatment led to a significant restraint of
tumor growth as compared with control (Fig. 4C). Importantly,
the silRAK4/Er@GEM-SS-PC-M produced a more pronounced
antitumor growth effect than other groups (Fig. 4C). The survival
time of mice in the siIRAK4/Er@GEM-SS-PC-M was also
greatly prolonged as compared with that in other groups
(Fig. 4D). No significant loss of body weight was observed in the
measured (mean � SD, n Z 5). (F) Incidence of metastases in animals fr

spleens in different treatment groups on Day 21. H&E staining of pancre

different treatment groups on Day 21. H&E staining of liver metastasis. S
mice bearing-SW1990 tumors receiving the above indicated
treatments (Fig. 4E). Given that pancreatic tumors prone to
metastasis to the distant liver tissues, we subsequently detected
the liver metastatic nodules of the mice receiving the indicated
treatments, and found that the siIRAK4/Er@GEM-SS-PC-M
greatly attenuated the liver metastasis of SW1990 tumor cells,
while the hepatic metastatic symptom was obvious in other
groups (Fig. 4F). The anti-tumor effects were also confirmed by
the photograph of ex vivo excised orthotopic tumors, livers and
the HE staining as intuitive evidence (Fig. 4G and H). Further-
more, HE staining revealed the good biocompatibility and safety
by this therapeutic modality in the major organs (Supporting
Information Fig. S19). These results suggest that the siIRAK4/
Er@GEM-SS-PC-M we have developed is effective for the
treatment of SW1990 orthotopic pancreatic tumors.

To further elucidate the mechanisms underlying the superior
antitumor efficacy, we first estimated the expression of hENT and
EGFR in tumor tissue by Western Blot assay. As shown in
Fig. 5A and Supporting Information Fig. S20, the hENT1
expression was decreased by the combination of free GEM and
Er, whereas the siNT/Er@GEM-SS-PC, siIRAK4/Er@GEM-
SS-PC, siIRAK4/Er@GEM-SS-PC-M did not inhibit hENT1
expression with the attenuated phosphorylation of EGFR, sug-
gesting that the antagonisms between the free GEM and Er were
successfully abolished by the nano-carried mediated co-delivery
systems. We then detected the expression IRAK4 and its
downstream signal NF-kB, which contributes to the fibrosis
process of tumor microenvironment. It was noted that the
expression of IRAK4 and the phosphorylation of p65 was dras-
tically downregulated after the siIRAK4/Er@GEM-SS-PC-M
treatment (Fig. 5B, Fig. S20), accompanied by the reduced pro-
fibrotic cytokines IL-1b in the serum (Fig. 5C). Moreover, ana-
lyses of SW1990 tumor sections showed a significantly reduced
degree of fibrosis evidenced by the Sirius Redþ area and the a-
SMAþ fibroblasts (Fig. 5D and E), indicating the superior anti-
fibrotic capability of our nano-drug. Finally, the Ki67 assay,
and terminal deoxynucleotidyl transferase dUTP nick end la-
beling (TUNNEL) assay were conducted to assess proliferation
and apoptosis levels in the tumor microenvironment. As shown
in Fig. 5FeH, lowest proliferation (discerned by Ki67þ staining)
and highest apoptosis (by TUNNELþ staining) levels in tumor
tissues were found in mice receiving siIRAK4/Er@GEM-
SS-PC-M treatment. These results together indicate the suc-
cessful reprogramming of tumor fibrosis microenvironment
jointly by attenuated drug antagonisms in boosting the antitumor
efficacy.

3.6. In vivo efficacy in pancreatic PDX mode

Encouraged by the excellent tumor growth inhibition ability on an
orthotopic pancreatic tumor model, the in vivo antitumor activity
of siIRAK4/Er@GEM-SS-PC-M was further evaluated on a PDX
mode establish by pancreatic cancer patient derived specimens.
Tissue specimens were transplanted as 2e3 mm3 pieces into
subcutaneous pockets of BALB/c nude mice as the first genera-
tion. The third generation of nude mice bearing tumors was used
for further experiments and randomly divided into five groups
(Fig. 6A). As shown in Fig. 6B and C, siNT/Er@GEM-SS-PC
om the above treated groups. (G) Photograph of excised tumors with

atic tissues. Scale bar Z 50 mm. (H) Photograph of excised liver in

cale bar Z 20 mm.



Figure 5 The nano-drug siIRAK4/Er@GEM-SS-PC-M reprograms fibrotic tumor environment. (A) The expression of hENT1 and the

phosphorylation of EGFR were determined by Western blot. (B) The expression of IRKA4 and the phosphorylation of p-65 were determined by

Western blot. (C) The secretion of IL-1b was determined by ELISA. (D) Representative images of Sirius Red positive area in tumors. Scale

bar Z 50 mm. (E) Representative images of a-SMA positive area in tumors. Scale bar Z 50 mm. (F) Representative images of Ki67 positive area

in tumors. Scale bar Z 50 mm. (G) Representative images of TUNNEL positive area in tumors. Scale bar Z 50 mm. (H) Quantitative analysis of

Sirius Red, a-SMA, Ki67, TUNNEL positive area in tumors (mean � SD, n Z 4).
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significantly inhibited tumor growth, whereas the combination of
free GEM and Er did not restraint the tumor growth. The mice
treated with siIRAK4/Er@GEM-SS-PC were more potent in
delaying tumor growth compared with the siNT/Er@GEM-SS-PC
treatment group, implying the complementary of anti-fibrosis
therapy could efficiently initiate the synergistic anti-tumor ef-
fect. Importantly, after coating the cancer cellemacrophage
hybrid membranes on the siIRAK4/Er@GEM-SS-PC, their anti-
tumor growth effects were superior to all other groups due to
the decreased MPS-mediated clearance and increased tumor



Figure 6 The anti-tumor activity of nano-drug siIRAK4/Er@GEM-SS-PC-M against patient-derived tumor xenograft. (A) Illustration of the

therapeutic scheme for the investigation of the antitumor efficacy of nanoparticles against tumor and patient-derived pancreatic tumor. (B)

Photograph of excised tumors in different treatment groups on Day 45 (n Z 5). (C) Tumor growth curves of PDX after being treated by PBS, free

GEM and Er, siNT/Er@GEM-SS-PC, siIRAK4/Er@GEM-SS-PC, siIRAK4/Er@GEM-SS-PC-M (mean � SD, n Z 5). (D) The survival rate of

mice receiving the indicated treatment (nZ 8, log-rank test). (E) The expression of hENT1 and the phosphorylation of EGFR were determined by

Western blot. (F) The expression of IRKA4 and the phosphorylation of p-65 were determined by Western blot. (G) The secretion of IL-1b was

determined by Elisa. (H and J) Representative images of a-SMA (H), TUNNEL (I), Ki67 (J) positive areas in tumors. Scale bar Z 50 mm.
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targeting ability. Furthermore, the survival time of the mice
bearing human pancreatic cancer treated with siIRAK4/
Er@GEM-SS-PC-M was extremely prolonged among the groups
(Fig. 6D). Next, we measured the hENT1 expression and EGFR
phosphorylation in tumor tissues by Western blot, and found that
the inhibition effects of the combination of free GEM and Er on
hENT1was abolished accompanied by the downregulated EGFR
phosphorylation level by the nano-drug treatment (Fig. 6E,
Supporting Information Fig. S21). Moreover, the expression of
IRAK4, the phosphorylation of NF-kB and its downstream cyto-
kine IL-1b was significantly decreased by the siIRAK4/
Er@GEM-SS-PC-M treatment (Fig. 6F, G and Fig. S21). An anti-
fibrosis response was also observed in the tumor sections of mice
that were treated with the siIRAK4/Er@GEM-SS-PC-M and
siIRAK4/Er@GEM-SS-PC, which showed an obviously increased
a-SMA positive activated fibroblasts compared to the control
group (Fig. 6H and Supporting Information Fig. S22). Moreover,
the mice that were pretreated with the siIRAK4/Er@GEM-SS-PC-
M displayed obvious proliferation inhibition and apoptosis levels
in the tumors, as indicated by Ki67þ staining and TUNNELþ

staining, respectively (Fig. 6I, J, and Fig. S22). Finally, no sig-
nificant loss of body weight, impairment of cardiac function, liver
function, renal function, and hematopoiesis were observed in the
mice bearing tumors treated with siIRAK4/Er@GEM-SS-PC-M
(Supporting Information Figs. S23 and S24), suggesting the
excellent biocompatibility and bio-safety of the current nano-drug
therapeutic strategy. Together, these results suggest this nano-drug
siIRAK4/Er@GEM-SS-PC we have developed is effective for the
treatment of pancreatic PDX mode.

4. Conclusions

We have successfully established a new therapeutic strategy that
combines chemotherapy, targeted molecular therapy and anti-
fibrotic gene therapy for the effective combinational treatment of
pancreatic cancer through membrane coated carrier mediated co-
delivery of GEM, Er and siIRAK4. The functionalized nano-drug,
as expected, could block the antagonism between the GEM and Er
as well as modulate the fibrotic microenvironment of pancreatic
cancer, and thereby greatly facilitate the anti-pancreatic cancer
treatment. It was noted that the nano-drug siIRAK4/Er@GEM-
SS-PC-M was independent of nucleoside transporters for entering
into the pancreatic cancer cells and exerted superior ability to
prevent the cell proliferation and migration. Moreover, the
nanosystem-mediated inhibition of IRAK4 suppressed NF-kB-
mediated production of pro-fibrotic cytokines IL-1b, and thereby
promoted the deep-tissue penetration. Most importantly, the de-
livery of siIRAK4/Er@GEM-SS-PC-M substantially restrained
tumor growth and extended the survival time of mice bearing
orthotopic pancreatic tumor and patient-derived tumor. The suc-
cess of this combinational therapeutic strategy not only defines a
unique strategy for effective pancreatic cancer therapy, but also
offers considerable promise in the clinical investigations where
response rate to GEM and Er in pancreatic cancer patients is
currently very limited.
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