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ABSTRACT: Pancreatic ductal adenocarcinoma, as one of the most
aggressive cancers, is characterized by rich desmoplastic stroma that
forms a physical barrier for anticancer drugs. To address this issue, we
herein report a two-step sequential delivery strategy for targeted therapy
of pancreatic cancer with gemcitabine (GEM). In this sequential
strategy, metformin (MET) was first administrated to disrupt the dense
stroma, based on the fact that MET downregulated the expression of
fibrogenic cytokine TGF-β to suppress the activity of pancreatic stellate
cells (PSCs), through the 5′-adenosine monophosphate-activated
protein kinase pathway of PANC-1 pancreatic cancer cells. In
consequence, the PSC-mediated desmoplastic reactions generating α-
smooth muscle actin and collagen were inhibited, which promoted the
delivery of GEM and pH (low) insertion peptide (pHLIP) comodified
magnetic nanoparticles (denoted as GEM-MNP-pHLIP). In addition, pHLIP largely increased the binding affinity of the nanodrug
to PANC-1 cells. The targeted delivery and effective accumulation of MET/GEM-MNP-pHLIP in vivo were confirmed by magnetic
resonance imaging enhanced by the underlying magnetic nanoparticles. The tumor growth inhibition of the sequential MET and
GEM-MNP-pHLIP treatment were investigated on both subcutaneous and orthotopic tumor mice models. A remarkably improved
therapeutic efficacy, for example, up to 91.2% growth inhibition ratio over 30 d of treatment, well-exemplified the novel cascade
treatment for pancreatic cancer and the innovative use of MET.

■ INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is an extremely
malignant cancer with an overall five-year survival rate lower
than 10%.1,2 PDAC does not show any symptoms until
reaching advanced stages, which makes the early diagnosis
extremely difficult. In consequence, most PDAC patients are
restricted to chemotherapy, because they are not eligible for
surgical resection anymore.3

Gemcitabine (GEM), a cytidine nucleoside analogue, has
become the standard first-line treatment of PDAC since 1977.
However, because of very fast metabolic deactivation by
cytidine deaminase, the clinical performance of GEM remains
poor, with median survival time only extendable for a few
weeks.4,5 Loading chemotherapeutic drugs with nanocarriers
has been proposed, because improved stability and tunable
releasibility, apart from the increased half-life and tumor
concentration of the loaded drugs, are reasonably expected in
vivo.6−9 Nevertheless, the therapeutic performance of GEM-
loaded nanoagents against PDAC remains unsatisfactory.
In fact, PDAC as the most stroma-rich cancer contains as

high as 90% stroma besides ∼10% cancer cells.10,11 Pancreatic
stellate cells (PSCs) play a critical role in establishing the

stromal compartment of PDAC. Upon activation by
profibrogenic mediators such as transforming growth factor β
(TGF-β), PSCs will secrete excessive extracellular matrix
(ECM) proteins, including collagen, fibronectin, laminin, and
glycoproteins, which are the predominant source of stroma.
The dense stroma produced by PSCs leads to high interstitial
fluid pressure, which severely hinders the effective extrava-
sation of therapeutic (nano)agents from blood vessels to tumor
tissues. Moreover, the abundant stromal cells form a physical
barrier, together with the high-density ECM, to inhibit the
penetration of given (nano)drugs for PDAC treatment.12−14

Different strategies, including vascular normalization, degrada-
tion of stromal barrier, and inhibition of stromal synthesis,
have been considered to remodel the tumor microenvironment
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for optimizing the pharmacokinetic behaviors of nano-
drugs.15−24 For example, nanoparticles of semiconducting
polymer with photothermic activity in response to near-
infrared irradiation were used to digest collagen for enhancing
the tumor accumulation of particles.25 Quercetin nanoparticles
were reported to modulate the tumor microenvironment for
improving the penetration of cisplatin nanoparticles in bladder

cancer therapy.26 Vitamin D receptor-mediated stromal
reprogramming showed great potentials in improving pancre-
atic cancer therapy.27 The blockade of TGF-β was considered
as an effective way to remodel the tumor microenvironment for
potentially improving the therapeutic efficacy of many kinds of
cancers.28,29 All above studies suggest that stroma-selective

Scheme 1. Illustration of MET-Induced Stromal Depletiona

aIllustration of MET-induced stromal depletion for enhancing the penetration and cathepsin B-triggered release of gemcitabine carried by Fe3O4
nanoparticles in the lysosome of PADC cells.

Figure 1. Hydrodynamic size profile of GEM-MNP-pHLIP conjugates in water (a). (inset) TEM image and T2-weighted images of aqueous
solutions containing GEM-MNP-pHLIP with different Fe concentrations as indicated. Temporal hydrodynamic sizes of the GEM-MNP-pHLIP
conjugates in water and PBS buffer, respectively (b), and HPLC traces showing the release of GEM upon incubation in the presence (upper) or
absence (lower) of cathepsin B at pH 5.5 for different periods of times (the concentration of GEM-MNP-pHLIP with respect to GEM was of 0.1
mg mL−1, and the concentration of cathepsin B was of 0.5 UN mL−1) (c).
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modulation may provide a promising avenue toward improved
PDAC treatment by further taking advantage of nanodrugs.
Metformin (MET), a commonly prescribed antidiabetic

drug, is recently receiving increasing attention in suppressing
cancer initiation and progression.30−33 MET can suppress
tumor growth by activating adenosine monophosphate-
activated kinase (AMPK) pathway and subsequent p53
pathway, inhibiting the electron transport chain (ETC) and
adenosine triphosphate (ATP) synthesis, suppressing ERK/
P70S6K signaling, and so on.34−36 The AMPK pathway is
closely related with desmoplastic reaction by downregulating
TGF-β, which plays an important role in the synthesis of
extracellular matrix.37,38 Therefore, MET might be a potential
candidate as a stromal modulator to remodel the tumor
microenvironment for improving the penetration of chemo-
therapeutic nanodrugs in PDAC therapy, which has never been
reported.

Toward efficient treatment of PDAC, we herein propose a
sequential therapy combining a smart and innovative GEM
nanocarrier with MET to facilitate the delivery of GEM and
eradicate the tumor burden. Specifically, MET is adopted to
inhibit the production and secretion of TGF-β via the AMPK
pathway of PANC-1 cells for promoting the stromal depletion
by inhibiting the activity of PSCs. The smart nanocarrier
comprising of pH-responsive transmembrane unit and
controlled release unit, apart from Fe3O4 nanoparticles
(MNPs) that can be used for monitoring the targeted drug
delivery through magnetic resonance imaging (MRI), was
designed. It was then prepared by covalently conjugating pH
(low) insertion peptide (pHLIP)a water-soluble membrane
peptide and GEM via a cathepsin B-cleavable GFLG peptide
sequence to the surface of MNPs. The pHLIP is known to gain
transmembrane ability in acidic tumor microenvironment
owing to the formation of stable transmembrane α-helix that

Figure 2. (a) Prussian Blue staining and (b) Fe concentration of PANC-1 cells incubated for 4 h with GEM-MNP-pHLIP and GEM-MNP (10 mg
Fe L−1) at pH 7.4 and 6.5, respectively (n = 4). (c) The viability of PANC-1 cells treated with GEM, GEM-MNP, and GEM-MNP-pHLIP,
respectively, at pH 6.5 for 72 h (n = 4). (d) Western blot results of MPK, P-MKP, and TGF-β1 levels after PANC-1 cells were incubated with 10
μM GEM or 5 mM MET for 24 h. (e) Quantitative analysis of P-AMKP and TGF-β1 levels from western blot assay. (f) Immunofluorescent images
of TGF-β1 protein in PANC-1 cells after treated with 10 μM GEM or 5 mM MET for 24 h. (g) Western blot assay shows the expression of α-SMA
and collagen I in PSCs. PSCs were incubated with MET-treated supernatant of PANC-1 cells (MET-PS) or PBS-treated supernatant of PANC-1
cells (PBS−PS) for 24 h. (h) Quantitative analysis of α-SMA and collagen I levels from western blot assay. (i) Immunofluorescent images of α-
SMA in PSCs after PSCs were treated with PANC-1 cells-derived supernatants for 24 h. * p < 0.05, ** p < 0.01.
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facilitates the internalization of the underlying nanoparticles by
inserting into cell membranes, on account of the protonation
of aspartate and glutamate residues.39−41 Once internalized
into the cancer cells, GEM will be released in lysosome upon
cleavage of its linker (i.e., GFLG peptide) by cathepsin B. In
the animal experiments, MET was intraperitoneally injected to
deplete the dense stromal barrier of PDAC prior to the
injection of the above nanoagents to facilitate the effective
delivery of GEM. The overall concept and working mechanism
are schematically given in Scheme 1.

■ RESULTS AND DISCUSSION
PEGylated Fe3O4 nanoparticles with surface carboxyl groups
stemming from the poly(ethylene glycol) (PEG) ligands were
prepared through the pyrolysis of ferric acetylacetonate in the
presence of α,ω-dicarboxyl-terminated PEG according to our
previous work.42 The PEGylated MNPs dispersed in water
showed a number-averaged hydrodynamic size of 18.9 nm
(Figure S1). A cathepsin B cleavable GEM derivative, that is,
GEM-GFLG-NH2 and pHLIP (NH2 -AEQNPIY-
WARYADWLFTTPLLLLDLALLVDADEGT), were then
conjugated to the surface of MNPs via amidation reaction, as
confirmed by Fourier transform infrared spectroscopy (FTIR)
and thermogravimetric analysis (TGA) results given in Figures
S2 and S3. Further high-performance liquid chromatography
(HPLC) analysis revealed that each nanoparticle carried ∼137
GEM and 11 pHLIP molecules on average, which increases the
hydrodynamic size to 22.9 nm as shown in Figure 1a, larger
than that determined with transmission electron microscopy
(TEM), that is, 10.3 ± 1.1 nm, owing to the hydration of the
surface PEG ligands. To evaluate the MRI contrast enhance-
ment effect of the GEM-MNP-pHLIP conjugates, a series of
aqueous solutions of the conjugates with Fe concentration
ranging from 0.01 to 0.5 mM was prepared and then subjected
to T2-weighted MR imaging (inset of Figure 1a). By fitting the
curves of 1/T1 and 1/T2 against Fe concentration, the molar
relaxivities of r1 and r2 were extracted as 6.7 and 153.5 mM−1

S−1, respectively. It is worth mentioning that the GEM-MNP-
pHLIP conjugates exhibit excellent colloidal stability in both
water and phosphate buffered saline (PBS), as the hydro-
dynamic sizes in both media remain nearly unchanged over 30
d (Figure 1b).
The target-triggered release of GEM is an essential part of

the current design, because GEM is prone to be metabolized
by cytidine deaminase during blood circulation. On this
account, GEM was conjugated to MNPs, hopefully to improve
its metabolic stability, via the GFLG linker, which is cleavable
between phenylalanine and leucine by cathepsin B overex-
pressed in pancreatic cancer cells. To verify the target-triggered
release, HPLC was used to quantitatively detect the released
GEM after the GEM-MNP-pHLIP conjugates were incubated
with cathepsin B. As shown in Figure 1c, 42.7%, 68.6%, and
83.7% of the loaded GEM was released over 8, 16, and 24 h of
incubation, respectively, while no GEM was detected if the
conjugates were incubated in the absence of cathepsin B. Since
cathepsin B is overexpressed in cancer cells, GEM-MNP-
pHLIP conjugates can achieve minimal drug leakage during
circulation and simultaneously effective drug release in the
targeted site, which is crucial in reducing the side effects of
GEM.
Owing to the pH-dependent configuration, pHLIP as well as

the GEM-MNP-pHLIP conjugates are expected to gain active
targeting ability to tumor cells at acidic pH. To demonstrate

this ability, GEM-MNP-pHLIP conjugates were incubated
with PANC-1 cells for 4 h at pH 7.4 and 6.5, respectively. In
parallel, MNPs solely modified with GEM (i.e., GEM-MNP)
were prepared, according to the same procedures for GEM-
MNP-pHLIP conjugates, except that pHLIP was not added
(Figure S4) and was used as control. The cancer cells were
then subjected to Prussian Blue staining to show the influence
of pH on the internalization of MNPs, as given in Figure 2a.
The concentration of Fe in the cells was quantitatively
determined by inductively coupled plasma mass spectrometry
(ICP-MS). As presented in Figure 2b, the cellular uptake of the
GEM-MNP conjugates was nearly pH-independent at pH 7.4
and 6.5, which indicated that the solution pH hardly affected
the internalization ability of PANC-1 cells in the absence of
pHLIP. However, the quantity of GEM-MNP-pHLIP con-
jugates uptaken by PANC-1 cells at pH 6.5 was 3.2-fold higher
than that obtained at pH 7.4. Meanwhile, the cellular uptake of
the GEM-MNP conjugates at pH 6.5 is as low as that of GEM-
MNP-pHLIP conjugates at pH 7.4, suggesting that lowering
pH can promote the cell binding affinity of the GEM-MNP-
pHLIP conjugates to PANC-1 cells. Therefore, GEM-MNP-
pHLIP conjugates exhibit enhanced cellular uptake in acidic
tumor microenvironment due to pH-dependent configuration
of pHLIP, which plays a key role in efficient tumor retention
and enhanced cytotoxicity.
The methyl thiazolyl tetrazolium (MTT) method was

adopted to study the cell viability after different treatments.
The blank nanocarriers without GEM conjugation (MNP-
pHLIP) did not show any toxicity toward human umbilical
vein endothelial (HUVEC) cells, indicating excellent bio-
compatibility of the mother MNPs (Figure S5). Meanwhile,
after incubation of MNP-pHLIP with PANC-1 cells at pH 7.4
and 6.5, the viability of PANC-1 cells was not affected by
solution pH and concentration of MNP-pHLIP, ruling out the
effects of solution pH and the mother MNPs on the viability of
PANC-1 cells (Figure S6a). Compared with GEM-MNP
conjugates, the GEM-MNP-pHLIP conjugates exhibited high-
er cytotoxicity at pH 6.5, which was probably caused by the
enhanced cellular uptake of the GEM-MNP-pHLIP conjugates
in acidic pH (Figure 2c). At the same time, the cytotoxicity of
GEM-MNP conjugates was almost unchanged from pH 7.4 to
6.5 (Figure S6b). However, the GEM-MNP-pHLIP conjugates
exhibited higher cytotoxicity at pH 6.5 than that at pH 7.4,
which might be attributed to pH-dependent enhanced cellular
uptake (Figure S6c). To investigate the effect of cathepsin B-
triggered drug release, PANC-1 cells were pretreated with
cathepsin B inhibitor CA-074Me to downregulate intracellular
cathepsin B. As shown in Figure S7, the cytotoxicity of GEM-
MNP-pHLIP conjugates is greatly suppressed, indicating that
the efficient drug release is very important for inhibiting cancer
cell proliferation. Another proof came from the much lower
cytotoxicity of GEM-MNP-pHLIP conjugates to HUVEC cells
owing to the low cathepsin B level in the latter cells, which
indicated low side effects of GEM-MNP-pHLIP conjugates
(Figure S8). Therefore, pHLIP-triggered cellular uptake and
cathepsin B-sensitive drug release of GEM are rationally
integrated for achieving enhanced anticancer capacity and
reduced side effects.
It is known that the dense stroma of PDAC is a serious

obstacle in chemotherapy.10 The antistromal therapeutic
strategy has therefore become a hot topic in PDAC therapy
in recent years.19,27 The activation of AMPK pathway plays an
important role in inhibiting desmoplastic reaction.38 Therefore,
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it is interesting to show the effect of MET on the AMPK
signaling pathway. Because the phosphorylation of AMPK is a
necessary step to activate the loop of AMPK, the AMPK and
phosphorylated-AMPK (P-AMPK) levels were then deter-
mined after PANC-1 cells were treated with MET. As shown in
Figure 2d,e, GEM treatment cannot affect the AMPK and P-
AMPK level. However, a 2.3-fold increase in P-AMPK level
was observed after PANC-1 cells were incubated with 5 mM
MET for 24 h, indicating that MET can activate the AMPK
pathway. The activation of AMPK pathway is known to be
related with TGF-β induced fibrogenesis.43 As expected, the
expression level of TGF-β, a very important cytokine that plays
a critical role in fibrotic processes,44 was also found to decrease
by 47.6% according to the western blot assays (Figure 2d,e),
which was further confirmed by immunofluorescent imaging
(Figure 2f). The following enzyme-linked immunosorbent
assay (ELISA) results revealed that concentration of TGF-β1
in the cell culture media was decreased from 418.6 pg per 105

cells to 217.5 pg per 105 cells (Figure S9). It is known that

TGF-β as the most important mediator for PSCs activation can
stimulate the activated PSCs to secrete excessive extracellular
matrix proteins.45,46 Since production and secretion of TGF-β
can be inhibited by MET, it is interesting to show the effects of
MET on the interaction between PANC-1 cells and PSCs in
tumor stroma. To do so, PANC-1 cells were incubated with 5
mM MET for 24 h with PBS as control. Then, the resulting
supernatant of the cell culture media was collected and
incubated with PSCs for another 24 h. The α-smooth muscle
actin (α-SMA) and collagen I secreted by PSCs were
determined by western blot assay. As presented in Figure
2g−i, the expression level of α-SMA and collagen I was
reduced by 58.1% and 60.4%, respectively, after the PSCs were
incubated with supernatant of PANC-1 cells receiving MET
treatment. However, the α-SMA level was not changed if PSCs
were directly incubated with 5 mM MET (Figure S10).
Therefore, it can be concluded that MET cannot directly
stimulate PSCs to inhibit the stromal formation. However,
MET can stimulate PANC-1 cells to inhibit the secretion of

Figure 3. (a) Tumor tissues subjected to immunohistochemical staining (α-SMA), Picrosirius red staining, and Masson’s trichrome staining after
receiving different treatments as indicated (scale bar: 50 μm). (b) Western blot results of the expression of AMPK, P-AMPK, TGF-β1, α-SMA, and
collagen I of tumor tissues receiving different treatments as indicated. (c) Collagen content in tumor tissues was determined through Sircol collagen
assay after receiving different treatments as indicated (n = 5). (d) Prussian Blue staining of tumor tissues after receiving different treatments 12 h
postinjection. Scale bar: 100 μm. (e) Fe content in tumor tissues after different treatments was determined through ICP-MS (n = 5). (f) Temporal
evolution of dFdU in tumor tissues after receiving different treatments as indicated (n = 5). (g) Temporal evolution of dFdCTP in tumor tissues
after receiving the treatments indicated in frame f (n = 5). * p < 0.05, ** p < 0.01.
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TGF-β. As TGF-β plays a critical role in PSCs-mediated
stromal reaction by regulating α-SMA expression and collagen
I synthesis,13 MET exhibits remarkable inhibition effects on
PSCs-mediated stromal synthesis.
On the basis of the above in vitro cell studies, it is interesting

to show if MET can deplete the dense stromal barrier to
promote the penetration of GEM-loaded MNPs for improving
the treatment of PDAC. The oncotherapy experiments were
then conducted on stromal-rich PDAC mouse model
established by subcutaneously inoculating a mixture of
PANC-1 cells and PSCs (2:1).21 The tumor-bearing nude
mice were randomly divided into seven groups. Six of them
were treated with PBS (control), MET (100 mg/kg), low-
dosage GEM (GEM6, 6 mg/kg body weight), high-dosage
GEM (GEM15, 15 mg/kg), GEM-MNP (GEM, 6 mg/kg),
and GEM-MNP-pHLIP (GEM, 6 mg/kg), respectively. The
last group was sequentially treated with MET followed by
GEM-MNP-pHLIP (MET/GEM-MNP-pHLIP, 6 mg/kg
GEM). The treatment effects on stroma are shown in Figure
3. For example, the untreated stroma (PBS group) is dense and
well-organized as depicted by α-SMA brown staining, rather
similar to the structure of collagen fibers outlined by
Picrosirius red and Masson staining (Figure 3a). However,
the collagen fibers in tumor tissue were remarkably decreased
upon treatment with MET (i.e., MET and MET/GEM-MNP-
pHLIP group), strongly indicating that the dense stroma was
obviously disrupted, while the tumor stroma from the
remaining four groups remains almost unchanged.
To disclose the underlying molecular mechanism for stromal

modulation induced by MET in vivo, western blot studies were
performed at first to show its effect on the expression levels of
AMPK and P-AMPK. The results given in Figure 3b and
Figure S11 apparently support that MET can effectively
activate the AMPK pathway as it does for PDAC cells in vitro.
Twofold increase of P-AMPK level was observed when the
mice were treated with MET, while the remaining four groups
did not show obvious change in P-AMPK expression. The
expression level of TGF-β1 determined in tumor tissue was
found to be decreased by 40% upon MET treatment,
indicating that TGF-β expression can effectively be inhibited
by MET in vivo.
To quantitatively analyze the collagen content upon MET

treatment, the tumor tissues extracted after different treatments
were subjected to Sircol assay. As shown in Figure 3c, MET
treatment can reduce the collagen content by up to 40%, well
in accordance with western blot and immunohistochemistry
results. Therefore, it can be concluded that MET treatment can
effectively activate AMPK pathway and then downregulate the
expression of TGF-β in tumor tissue in vivo, leading to the
inhibition of α-SMA expression and collagen I synthesis. In this
context, MET treatment is reasonably expected to deplete the
dense stroma of PDAC to facilitate the delivery GEM carried
by MNP nanocarriers.
To verify the effect of MET treatment on the penetration

efficacy of nanoparticles, the tumor tissues from mice receiving
different treatments were stained with Prussian Blue to show
the impact of MET on the eventual accumulation of MNPs in
tumors. Apparently, as shown in Figure 3d, the accumulation
of MNPs in tumor tissues is increased if comparing GEM-
MNP-pHLIP group with GEM-MNP group. Interestingly, the
accumulation of MNPs in tumor tissues can further be
increased if MET is administrated prior to the GEM-MNP-
pHLIP conjugates (MET/GEM-MNP-pHLIP). This tendency

is quantitatively confirmed by ICP-MS analysis on the Fe
content of tumors in mice receiving the corresponding
treatments. As shown in Figure 3e, the Fe accumulation in
tumors from MET/GEM-MNP-pHLIP group is increased by a
factor of 2.4 in comparison with that from GEM-MNP-pHLIP
group 24 h postinjection. The temporal variation of Fe content
also reflects the retention of the nanodrugs. For example, the
Fe content drops by 49.2% from 6 to 24 h postinjection for
MET/GEM-MNP-pHLIP group, much smaller than 68.3% for
GEM-MNP-pHLIP group and 75.6% for GEM-MNP group.
The enhanced retention of MNPs from GEM-MNP-pHLIP
group, compared with that from GEM-MNP group, can
reasonably be attributed to pHLIP that gains transmembrane
ability in acidic environment and consequently enhances the
uptake of the underlying MNPs, while the remarkably
increased penetration and retention of MNPs in the MET/
GEM-MNP-pHLIP group strongly supports that MET can
effectively increase the tumor accumulation of MNPs loaded
with GEM by depleting the dense stromal barrier of PDAC.
Combination therapy is regarded as an indispensable

strategy for cancer therapy in clinical practice.47 However,
the sequence of combination treatments is very critical for
satisfying the spatiotemporal needs of each drug due to their
differences in pharmacokinetics, mechanism of action, and
action sites.48,49 In this context, it is interesting to know if the
cascade treatment based on sequential administrations of MET
and pHLIP prodrug can effectively suppress the deaminization
of GEM in vivo. In principle, GEM undergoes two different
metabolic pathways in vivo, that is, being converted into
inactive 2′,2′-difluorodeoxyuridine (dFdU) by cytidine deam-
inase or being phosphorylated into triphosphate form
(dFdCTP) that kill cancer cells by inhibiting ribonucleotide
reductase.5 To disclose the pathway dominating the metabo-
lism of GEM loaded by MNPs, quantitative analysis on dFdU
and dFdCTP in tumor tissues of mice receiving different
treatments was performed by HPLC. The results shown in
Figure 3f,g reveal that free GEM is prone to be transformed
into dFdU rather than dFdCTP in tumor in vivo. For example,
the dFdU concentration in GEM6 group is 4.3-fold of that of
GEM-MNP-pHLIP group 6 h postinjection, and the dFdCTP
concentration is only half of that from the latter group,
suggesting that the immobilized GEM is more metabolically
stable than free GEM. This can probably be interpreted by the
fact that the cytidine deaminase/GEM binding site is taken by
the conjugation of GEM to MNPs, which increases the
metabolic stability of immobilized GEM in vivo. Moreover, the
MET pretreatment further raises the dFdCTP concentration in
tumor if GEM-MNP-pHLIP treatment is followed. As a result,
the MET/GEM-MNP-pHLIP group presents the highest
dFdCTP concentration, ∼20-fold higher than that of the free
GEM groups (i.e., GEM 6 and GEM 15) 24 h postinjection.
This dramatically increased dFdCTP concentration can
reasonably be attributed to both enhanced penetration through
the tumor stroma barrier and improved internalization into
PANC-1 cells of the GEM-MNP-pHLIP conjugates, in
consequence of MET pretreatment.
All this evidence suggests that combination of GEM-MNP-

pHLIP prodrug with MET may maximize the therapeutic
efficacy of GEM by avoiding its deamination. To show the
anticancer performance of this cascade treatment, the in vivo
oncotherapy experiments were then performed with different
formulations based on the major components of the GEM-
MNP-pHLIP conjugates and MET as well. As shown in Figure
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4a, MET and GEM6 groups present little tumor inhibition
effect in comparison with PBS group. This effect is enhanced
by increasing the concentration of GEM up to 15 mg/kg
(GEM15 group), while it is still weaker than those obtained
with the nanodrug groups, that is, GEM-MNP, GEM-MNP-
pHLIP, and MET/GEM-MNP-pHLIP. The enhanced ther-
apeutic efficacy in nanodrug groups might be ascribed to the
effective tumor accumulation and inhibition of GEM
deaminization. In addition, among all the nanoprodrug groups,
the MET/GEM-MNP-pHLIP group apparently exhibits the
best therapeutic efficacy as shown in Figure 4a,b, which can be
quantitatively expressed by tumor growth inhibition ratio
(TIR) given in Figure S12. Over 30 d treatments, the TIR ratio
was calculated to be 91.2%, 77.3%, 60.7%, 49.1%, 24.7%, and
9.8% for MET/GEM-MNP-pHLIP, GEM-MNP-pHLIP,
GEM-MNP, GEM15, and GEM6, respectively.
The antitumor effect of different treatments was also

investigated by analyzing the proliferation and apoptosis levels
in tumor tissues using immunohistochemistry, including
hematoxylin-eosin (H&E) staining, Ki67 assay, and terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end
labeling (TUNEL) assay. In brief, the tumor tissue from mice
receiving MET/GEM-MNP-pHLIP cascade treatment exhibits
the highest apoptosis and lowest proliferation levels, as shown
in Figure 4c. Moreover, according to the Ki67 proliferation
index and TUNEL apoptosis index as shown in Figures S13
and S14, the MET/GEM-MNP-pHLIP group exhibited the
highest therapeutic efficacy, well-consistent with the results
given in Figure 4a,b. In addition, the body weight of mice was
monitored for evaluating the systemic toxicity of different
treatments. As shown in Figure S15, only the high-dosage
GEM group (GEM15) led to body weight loss during the

treatment, while the remaining groups presented no obvious
body weight change in comparison with the PBS control
group, indicating low systemic toxicity of the nanoprodrugs.
Encouraged by the outstanding tumor inhibition ability

demonstrated on the tumor subcutaneous xenograft tumor
model, tumor inhibition studies based on orthotopic pancreatic
cancer were performed, as the latter is more clinically relevant.
In brief, the mixed cell suspension of PANC-1 cells transfected
with a luciferase gene and PSCs was implanted through the tail
of pancreas. The detailed treatment procedures are shown in
Figure 5a. The mice were randomly divided into seven groups
(n = 5). The formation and the following growth of the
orthotopic tumors after different treatments were monitored
by bioluminescence image (BLI, Figure 5b,c) and MRI (Figure
5d). According to the bioluminescence results shown in Figure
5b,c, MET apparently presents no tumor inhibition function.
Although GEM itself can inhibit the tumor growth to some
extent, the nanodrug groups exhibit much improved ability in
inhibiting tumor growth; particularly the MET/GEM-MNP-
pHLIP group gives rise to the most significant tumor growth
inhibition as shown in Figures 5e,f and S17. The average tumor
weight was 2.01, 1.78, 1.56, 1.28, 1.14, 0.80, and 0.32 g for the
mice treated with PBS, MET, GEM6, GEM15, GEM-MNP,
GEM-MNP-pHLIP, and MET/GEM-MNP-pHLIP, respec-
tively, which well verify the synergistic effects of MET and
GEM-MNP-pHLIP on tumor growth inhibition. In addition,
the stromal depletion after MET treatment was also confirmed
by immunohistochemistry (Figure S18). The ex vivo
histological analyses of tumor tissues indicated that the
MET/GEM-MNP-pHLIP group gave rise to the most
pronounced apoptosis and lowest proliferation of tumor cells

Figure 4. (a) Tumor growth inhibition curves for PANC-1 subcutaneous xenografts borne by nude mice receiving different treatments as indicated
(n = 5) (the tumor volume was calculated by length × width/2). (b) Photographs of the tumors extracted on T+30 d after receiving different
treatments as indicated. (c) H&E, Ki67, and TUNEL staining of the corresponding tumor tissues obtained after different treatments. The
embedded scale bar corresponds to 100 μm. * p < 0.05, ** p < 0.01.
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(Figures S18−S20), well-consistent with results based on the
subcutaneous tumor model.
It is deserved to mention that MNPs possess excellent T2

contrast enhancement ability apart from acting as a drug
carrier,50−52 which provides the possibility to monitor the
delivery of the GEM-MNP-pHLIP prodrug with MRI. As
shown in Figure 5d, the precontrasted images of pancreatic
tumors present similar T2-weighted MRI contrast in compar-
ison with the surrounding tissues. However, the contrast of
tumorous region is largely increased postinjection of the
nanodrugs. Moreover, in comparison with GEM-MNP and
GEM-MNP-pHLIP groups, the MET/GEM-MNP-pHLIP
group gives rise to the greatest decrease in MRI signal, that
is, 37.7% for MET/GEM-MNP-pHLIP versus 20.9% for GEM-
MNP-pHLIP and 8.3% for GEM-MNP (Figure S16). The
efficient delivery and accumulation of the MNPs in
consequence of MET/GEM-MNP-pHLIP treatment manifests
well the rationale of the current nanodrug designs for
effectively delivering GEM to tumor site.

Actually, the stroma-depleting strategy has been used in
clinical studies of pancreatic cancer therapy.53 For example,
PEGylated hyaluronidase PH20 (PEGPH20) was used to
digest highly expressed hyaluronan in pancreatic solid tumor to
decrease interstitial fluid pressure for drug delivery.54

Currently, the combination of PEGPH20 with GEM is in
Phase III,55 while the combination of small-molecule
smoothened inhibitor LDE225 with GEM is in Phase II
clinical trial. As paclitaxel can suppress the formation of
stroma,56 albumin-bound paclitaxel can improve the overall
survival of metastatic pancreatic cancer in combination with
GEM.57 MET is a well-known antidiabetic drug with negligible
adverse effect. In recent years, MET is receiving more and
more attention especially in cancer therapy. For example, the
hemin/MET combined therapy exhibited exciting efficacy in
triple-negative breast cancer management,58 while combining
MET with hexokinase-2 silencing is very promising in
hepatocellular carcinoma therapy.59 In addition, MET can
reverse lung fibrosis and liver fibrosis by activating the AMPK

Figure 5. (a) Timeline for orthotopic PDAC tumor-bearing nude mice subjected to different treatments and measurements. (b) Bioluminescence
images of different groups of mice recorded at different time points during the treatment. (c) Quantified fluorescent signals of the tumor sites
against time after receiving different treatments as indicated (n = 5). (d) T2-weighted MR images of orthotopic PDAC tumors before and 4 h after
receiving different nanodrugs (10 mg of Fe per kilo body-weight) as indicated. (e) The average tumor weights of each group recorded on day 25.
(f) Typical bright-field images of tumors with spleens excised on day 25 post-treatment. * p < 0.05, ** p < 0.01.
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pathway,60−62 which supports the use of MET for depleting
the stroma of pancreatic cancer toward improved therapy. In
fact, both GEM and MET are widely used clinical drugs, and
magnetic iron oxide nanoparticle as main component was
proved as clinical contrast agent many years ago. Therefore,
the current prodrug and the innovative combination of GEM
in PADC therapy hold bright futures with respect to
translational medicine. To this end, it is necessary to evaluate
the biosafety of the GEM-MNP-pHLIP drug. The blood index
values of mice receiving different treatments were determined,
and the results are listed in Figure S21. In brief, free GEM,
especially high-dosage GEM, led to abnormal blood index
values for white blood cell (WBC), red blood cell (RBC),
blood platelet (PLT), and alanine aminotransferase (ALT). In
contrast, GEM loaded by MNPs did not show such side effects.
For example, GEM-MNP-pHLIP treatment did not give rise to
any noticeable changes through complete blood panel test and
serum biochemistry including liver functions and renal
functions, which indicated the excellent biocompatibility of
the GEM-MNP-pHLIP nanodrug.

■ CONCLUSIONS

In summary, we have proposed an effective two-step delivery
strategy for pancreatic cancer therapy through an innovative
combination of metformin with Fe3O4 nanocarriers simulta-
neously immobilized with GEM and pHLIP peptide. In this
design, GEM, the widely used antipancreatic cancer drug, is
covalently conjugated to the surface of MNPs via the amine
group to improve its stability in vivo. Beyond that, it is on-site
releasable in response to cathepsin B overexpressed within
tumor cells, while the configuration variation of the pHLIP
enabled by tumor microenvironment pH largely facilitates the
delivery of the nanocarriers loaded with GEM into tumorous
regions. The targeted delivery and effective accumulation of
MNPs in tumor tissue was confirmed by Prussian Blue
staining, ICP-MS analysis, and MRI. Most importantly, to
overcome the dense stroma barrier for drug delivery, MET
another clinical drugis for the first time combined with
GEM for improving the delivery efficiency of the latter in vivo.
It has been experimentally demonstrated that MET can
suppress the production and secretion of TGF-β mediated by
PANC-1 cells through AMPK pathway, resulting in the
deactivation of PSCs. Then, in consequence of the MET
treatment, the inhibited expression of α-SMA and collagen by
PSCs gives rise to the depletion of the dense stroma of
pancreatic tumor tissue in vivo. With the combination of all the
above functions demonstrated both in vitro and in vivo,
remarkable tumor inhibitions have been successfully achieved
on both mouse subcutaneous and orthotopic tumor model
through the sequential treatment of MET and the GEM-MNP-
pHLIP nanodrug. We thus believe the current study not only
provides an interesting strategy for improving the delivery
efficiency of conventional drugs to tumor regions but also
expands the applications of MET to efficient treatment of
stroma-rich malignancies, especially PDAC, which manifests
well the novelty of the current studies.
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