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ABSTRACT: Nanoparticle-based diagnosis−therapy integra-
tive systems represent an emerging approach to cancer
treatment. However, the diagnostic sensitivity, treatment
efficacy, and bioavailability of nanoparticles as well as the
heterogeneity and drug resistance of tumors pose tremendous
challenges for clinical implementation. We herein report on
the fabrication of tumor pH-sensitive magnetic nanogrenades
(termed PMNs) composed of self-assembled iron oxide
nanoparticles and pH-responsive ligands. These PMNs can
readily target tumors via surface-charge switching triggered by
the acidic tumor microenvironment, and are further
disassembled into a highly active state in acidic subcellular
compartments that “turns on” MR contrast, fluorescence and photodynamic therapeutic activity. We successfully visualized small
tumors implanted in mice via unique pH-responsive T1MR contrast and fluorescence, demonstrating early stage diagnosis of
tumors without using any targeting agents. Furthermore, pH-triggered generation of singlet oxygen enabled pH-dependent
photodynamic therapy to selectively kill cancer cells. In particular, we demonstrated the superior therapeutic efficacy of PMNs in
highly heterogeneous drug-resistant tumors, showing a great potential for clinical applications.

■ INTRODUCTION

Tumors in patients generally contain heterogeneous cell
populations,1,2 and tumor heterogeneity greatly influences the
effectiveness of the receptor−ligand targeting strategies that are
most popularly used in cancer nanotechnology.3 Furthermore,
the heterogeneous tumoral extracellular matrix impedes drug
penetration which reduces drug exposure and gradually induces
drug-resistance.4 The tumor microenvironment exhibits an
increased interstitial fluid pressure caused by leaky vasculature,
poor lymphatic drainage, and a high density of cells and
associated matrices.5 Consequently, the penetration of nano-
particle-based drugs is limited to the tumor peripheral region
with little diffusion of therapeutic nanoparticles into the tumor
interstitial space.5 The physiological and physical mechanism of
drug resistance as a whole is a major cause of the failure of most
cancer treatments. Although nanoparticles of small size and
multifunctionality6−11 are emerging as the next-generation
anticancer agents,12−19 there remain great challenges to the
development of ‘smart’ nanoparticles that can specifically
respond to tumor-associated stimuli in order to overcome the
aforementioned tumoral barriers.

Self-assembly provides a simple, reproducible, and inex-
pensive way of generating ensembles of nanoparticles20 with
unique plasmonic,21−23 photoluminescent,24 and magnetic
properties25 in a controllable manner. Several stimulus-
responsive assembled nanostructures have been thoroughly
examined as bio- or chemo-sensors in vitro.26−30 However, thus
far, these types of “smart” ensembles have rarely been
investigated in vivo owing primarily to these inherent
physiological obstacles. One commonality among tumors is
acidity; the microenvironment usually has a pH of ∼6.85,31 and
endo/lysosomes experience even lower pH values of 5.0−5.5.32

Demonstrated here is a self-assembly of iron oxide nano-
particles assisted by engineered polymeric ligands, termed pH-
sensitive magnetic nanogrenades (PMNs) that activate under
these tumor pH conditions for ultrasensitive bimodal imaging
and treatment of resistant heterogeneous tumors in vivo
(Scheme 1).
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■ EXPERIMENTAL SECTION
Extremely small iron oxide nanoparticles (ESIONs) (Figure S1 in the
Supporting Information [SI]) of 3 nm diameter were recently
developed as a T1 MRI contrast agent.33 These ESIONs were used
as hydrophobic building blocks for self-assembly. pH sensitivity was
achieved via chemically defined ligand engineering by incorporating
ionizable moieties on the polymeric ligand, (see SI, Scheme S1 for
experimental details and Figures S2−6, Table S1 in SI for
characterization) and chlorin e6 (Ce6) was employed as a photo-
sensitizer for photodynamic therapy (PDT).
Synthesis of ligands and ESIONs. Ligands A and B were

synthesized by derivatizing poly(ethylene glycol)−poly(β-benzyl-L-
aspartate) (PEG−PBLA) (Scheme S1 in SI) with 1-(3-aminopropyl)
imidazole (API) and dopamine (ligand A) or API and 3-phenyl-1-
propylamine (PPA) (ligand B). 1H NMR study was performed in
National Center for inter-University Research Facilities. ESIONs were
synthesized by thermal decomposition of an iron−oleate complex in
the presence of oleyl alcohol using a reported procedure.33 More
detailed procedures and material characterizations are described in the
SI.
Fabrication of pH-Sensitive Magnetic Nanogrenades

(PMNs), Self-Assembled Ligands, and pH-Insensitive Nano-
particle Assemblies (InS-NPs). The assembly was triggered by the

dual solvent-exchange method. Briefly, a water-miscible solvent
(DMSO) containing the amphiphilic ionic ligands was slowly added
to a CHCl3 solution containing the ESIONs followed by evaporation
of CHCl3 at 60 °C under vacuum. The DMSO was then dialyzed
against water. The ESION-polymer coassembly was induced by
solvent exchange from CHCl3 to the more polar DMSO, and
solidification was achieved in water which is a poor solvent for both
ESIONs and the hydrophobic blocks of the polymer. This facilitated
the self-assembly of the core−shell micellar structures in water. The
self-assembled ligands were formed using the same process without
adding ESIONs, while InS-NPs were formed by using the same
process but with the platform ligand rather than ligands A and B. More
detailed procedures and characterizations of materials are described in
the SI.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of pH-Sensitive
Magnetic Nanogrenades (PMNs). We synthesized Ce6
grafted poly(ethylene glycol)−poly(β-benzyl-L-aspartate)
(PEG-PBLA-Ce6) to provide a platform ligand in which the
flanking benzyl ester groups readily react with primary amines
via nucleophilic attack. Imidazole (pKa, ∼6.8) was then easily

Scheme 1. Design and Mechanism of pH-Sensitive Magnetic Nanogrenades (PMNs) for Tumor pH Activation; (a) Schematic
Representation of pH-Responsive, Ligand-Assisted Self-Assembly of Extremely Small Iron Oxide Nanoparticles (ESIONs);
(b.c) Schematic Representation of Tumor pH-Recognizable Treatment Strategy Using PMNsa

aPMNs are latent in the circulation and reverse their surface charge from negative to positive at the tumor extracellular pH (∼6.8) to facilitate tissue
permeation in the tumor microenvironment, trigger cell internalization where the decreased pH (∼5.5) causes further disassembly to enhanced their
MR contrast and photoactivity.
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incorporated as an ionizable group to impart pH sensitivity to
the tumor microenvironment. On the basis of this platform, we
further engineered two ligand derivatives: ligands A and B. For
ligand A, catechol groups were added to facilitate self-assembly
as they can act as high-affinity anchors for iron oxide
nanoparticles.34 In contrast, the hydrophobicity of ligand B
was tuned using 3-phenyl-1-propylamine to produce a critical
phase transition of PMNs that is activatable by tumor endo/
lysosomal pH of ∼5.5. The PMNs were fabricated by
coassembly of ESIONs, ligand A and ligand B as schematically
presented in Scheme 1a. Because ESIONs (∼3 nm) were much
smaller than the hydrodynamic dimensions of the peptide block
of the ligands (∼60 residues; length of ∼20 nm), the catechol-
anchored ligand A could wrap around the periphery of the
ESIONs. These functionalized ESIONs can thus be considered
polymer−metal analogues of conventional amphiphilic diblock
copolymers since the functionalization permitted directed self-
assembly of ESIONs into colloidal magneto-core shell

structures (Scheme 1b). The hydrophobic core is then
composed of the ESIONs and hydrophobic blocks of the
tumor-sensing polymeric ligands. Transmission electron
microscopy (TEM) (Figure 1a) revealed the particle size of
PMNs is ∼60 nm. They were well dispersed in water, and the
hydrodynamic diameter measured by dynamic light scattering
(DLS) was found to be 70 ± 5 nm (Figure 1a and Figure S7 in
the SI), which is appropriate for the enhanced permeability and
retention (EPR) effect35 for passive tumor targeting. As a
control, we fabricated pH-insensitive nanoparticle assemblies
(denoted as InS-NPs) by assembling ESIONs and the platform
ligand (see SI for experimental details), which were similarly
sized to PMNs (Figure S8 in the SI).
Our new ligand design enabled a two-stage pH activation

leading to surface charge reversal in the tumor periphery for
increased cell adsorption and permeation as well as endo/
lysosomal pH dependent theranostic activity of PMNs. This
pH-dependent structural transformation is schematically

Figure 1. pH-dependent structural transformation and related magnetic/photoactivity change in PMNs. (a) pH-dependent structural transformation
behavior in PMNs (inset of (a): TEM images of PMNs at pH 7.4, 6.8, and pH 5.5, DLS measurement of PMN colloidal dispersion at pH 7.4
showing an average diameter of ∼70 nm). (b) Schematic representation of pH-dependent structural transformation and related magnetic/
photoactivity change in PMNs. (c) Zeta-potential and DLS size measurement of PMNs (0.1 mg/mL) as a function of pH following a 1 h incubation
(n = 3). DLS measurements were conducted using a material refractive index of 2.42, solvent refractive index of 1.33 (water) and a viscosity of
0.8872.
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presented in Figure 1b. First, PMNs are slightly negatively
charged at pH 7.4. The drop in pH within the tumor
environment causes increased imidazole ionization which
reverses the polarity of the complex causing it to swell (Figure
1c), thereby enhancing their payload delivery36 and cell
internalization due to electrostatic interactions with the vicinal
anionic cells.37−39 Upon internalization, the particles further
ionize as the endosomal pH decreases to 5.5−6.0. Here the
hydrophobic interactions of the core of the PMNs weaken, and
the ionized unimers repel each other leading to complete
dissociation as confirmed by both DLS (Figure 1c) and TEM
(Figure 1a). Acid−base titration (Figure 2a) demonstrated a
sharp drop in transmittance (%T) at the critical pH range of
5.5−6.0. When the pH was increased again, %T recovery was
hysteretic, thereby demonstrating a reversible pH-dependent
assembly/disassembly process. Consequently, the photoactivity,
i.e. singlet oxygen generation (SOG) and fluorescence, of
PMNs was quenched at pH 7.4 due to fluorescence resonance
energy transfer.40 At pH < 6, the photoactivity was dramatically
recovered upon disassembly, similar to that observed for the
other self-assembled polymeric ligands (Figure 2b,c). Interest-
ingly, PMNs showed a 2-fold lower critical aggregation
concentration (∼0.01 mg/mL) than the self-assembled
polymeric ligands possibly due to polymer chain entangle-
ment11,41 indicating their improved colloidal stability (Figure
S9 in the SI).
The X-ray diffraction (XRD) pattern of PMNs was similar to

that of ESIONs (Figure S10 in the SI), and the PMNs show a
weak magnetization because of the spin-canting effect33 (Figure
S11 in the SI). The pH-dependent structural transformation of

PMNs in water is expected to affect proton relaxation.
Considering the large number of high-spin Fe(III) ions with
five unpaired electrons (S = 5/2) on the surface of ESIONs,
direct water coordination with Fe3+ species is a major
contributor to the longitudinal relaxivity (r1) of PMNs.33

The intensity variation of the T1 MR phantom of PMNs at
different pH values (same Fe concentration) was well matched
with the corresponding fluorescent imaging results (Figure 2d).
PMNs showed an r1 of 3.30 mM−1·s−1 with a transverse
relaxivity (r2) of 43.95 mM−1·s−1 at pH 7.4, and a concomitant
r1-increase and r2-decrease was observed as the pH decreased
from 7.4 to 5.5 (Figure 2e). It is assumed as pH decreases,
ligands become protonated and gain hydrophilicity. Con-
sequently, both the number of coordinated water molecules
and the duration of their coordination with Fe3+ will increase.
Moreover, as pH-induced disassembly occurs, separated
ESIONs exhibit a lower r2 compared to initial PMNs.42

Although the efficiency of the contrast effect is evaluated in
terms of relaxivity (r1), the r2/r1 ratio also plays an important
role in positive T1 imaging as an excessively high r2 may
preclude their use as T1 contrast agents.

42 As the pH decreases,
the r2/r1 ratio of PMNs significantly decreases along with r2.
Finally, the PMNs have a specific r1 value of 3.87 mM−1·s−1

and a low r2/r1 ratio of 5.8 at pH 5.5, which results in a bright
signal in T1-weighted imaging. Therefore, the positive T1 MR
contrast of PMNs was quenched at pH 7.4 but greatly
recovered at pH 5.5, which indicates PMNs can be used for
sensitive T1 MR imaging of acidic tumor regions. In contrast,
MR contrast of InS-NPs was not dependent on pH (Figure S12
in the SI). To the best of our knowledge, this is the first

Figure 2. Characterization of the pH-sensitivity of various attributes of PMNs. (a) Transmittance of PMN suspension measured at selected pH
values. The inset photo presents data for pH-dependent turbidity of the PMN solution with a transition pH value of ∼6.0. The pH was gradually
changed from 4.0 to 7.5 (•) and from pH 7.5 to 4.0 (○). (b) pH-dependent fluorescence intensity and near-infrared fluorescence imaging of (1)
self-assembled ligands and (2) PMNs. (c) pH-dependent singlet oxygen generation of (1) self-assembled ligands and (2) PMNs. (d) Optical,
fluorescence, and MR phantom images (examined in a clinical 1.5 T MRI scanner) of a concentration gradient of PMNs at three different pH values.
(e) pH-dependent magnetic relaxation properties of PMNs. (d, e) The positive T1 MR contrast property of PMNs is quenched at pH 7.4 and
recovered at the low pH of 5.5, indicating their capability for accurate T1 MR imaging of acidic tumor regions.
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demonstration of biocompatible iron oxide nanoparticles
showing pH-sensitive T1 contrast that can be used for tumor
pH-sensitive T1 MR imaging. Although Gd3+-based T1 contrast
agent can also be designed to respond to pH stimulus,43 they
generally have short blood half-lives, preventing their
accumulation in tumors for high-resolution tumor imaging.44

Furthermore, Gd3+-based contrast agents can be potentially
toxic; severe side effects were observed in patients with renal
failure that received gadolinium-containing contrast agents,
such that the U.S. FDA recently released a warning regarding
Gd3+-based MR contrast agents and nephrogenic system
fibrosis (NSF).45,46 While such side effects are quite rare,
occurring in less than 5% of patients,45 we believe iron oxide
nanoparticles may provide a more biologically and metabol-
ically compatible alternative.17,42 The use of biodegradable
polymeric peptides for iron oxide-based PMN fabrication gives
the final product a longer blood half-life and a greater
biocompatibility for clinical translation.
In vitro pH Dependent Cancer Cell Uptake and Cell

Imaging. PMNs showed higher cellular uptake at pH 6.8 than
at pH 7.4 as evidenced by both fluorescence and flow
cytometry results (Figure 3a). In contrast, the cellular uptake
of Ce6 and InS-NPs was not affected by changes in pH (Figure
S13 in the SI). For cell uptake, we followed the iron oxide
nanoparticles by TEM (Figure 3c) which shows uptake in
endosomes. We also followed the Ce6 dye by confocal laser

scanning microscopy (CLSM) (Figure 3b) which shows the
fluorescence of PMNs merges perfectly with that of Lysotracker
Green. The existence of the Ce6 signal suggests PMNs indeed
disassembled for fluorescence dequenching here in the
endosome. Consequently, PMNs showed no cytotoxicity in
the dark (Figure 3d) but induced cell death much more
efficiently than Ce6 under illumination (Figure 3e) at pH 6.8.
MR contrast and fluorescence of human colorectal carcinoma
(HCT116) cells labeled with PMNs (Figure 3f) further
confirmed their dual-modal imaging capability.

In vivo pH-Sensitive Dual-Modal Imaging of Small
Tumor. We performed in vivo early stage tumor diagnosis with
PMNs. Without conjugation of any tumor-targeting moiety and
in contrast to InS-NP injection, PMN injection resulted in
significant T1 enhancement of ultrasmall HCT116 tumors of
∼3 mm in diameter (Figure 4a-c), thus confirming their
successful tumor targeting and pH-dependent T1MR contrast
effect. Pharmacokinetic studies showed both PMNs (t1/2,PMN =
2.90 h) and InS-NPs (t1/2,InS‑NP = 2.19 h) had long blood
circulation times (Figure 4d). However, notably, PMN
accumulation in tumors was >2-fold higher than that of InS-
NPs (Figure 4e and Figure S14 in the SI). Moreover, PMNs
also enabled high-resolution fluorescent imaging of tumors in
mice (Figures 4f and S15 in SI). Macroscopic fluorescent
imaging of excised organs demonstrated significant tumor
accumulation of PMNs (Figure S16 in the SI), and subcellular

Figure 3. pH-Dependent PMN−cell interaction. (a) Cellular uptake of PMNs (equivalent to 1 μg/mL Ce6) for HCT116 cancer cells at pH 7.4 or
6.8 (4 h incubation) analyzed using flow cytometry. The inset shows near-infrared fluorescence imaging of HCT116 cancer cells treated with
different concentrations of PMNs at pH 7.4 and 6.8 (4 h incubation). (b) Confocal microscopy images of activated PMNs in HCT116 cancer cells.
The endosomes/lysosomes were stained with Lysotracker Green which selectively labels lysosomes. Scale bar: 20 μm. (c) BioTEM images of PMN
uptake by HCT116 cancer cells. (d, e) MTT assays of HCT116 cells exposed to PMNs and free Ce6 (d) without or (e) with laser irradiation. (f)
Fluorescence (upper) and MR (lower) images of HCT116 cancer cell pellets (1 × 106 cells) incubated with various concentrations of PMNs (0,
12.5, 25, or 50 μg Fe/mL) for 4 h.
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CLSM confirmed uptake of PMNs by tumor cells (Figure 4g).
These results indicate PMNs are promising candidates for
highly efficient early diagnosis of cancer.
Overcome Tumor Heterogeneity and Multidrug

Resistance via pH-Responsive PDT. To explore the
therapeutic effect of PMNs, in vivo photodynamic therapy
(PDT) was performed (Figure 5). PDT is a clinically approved,
minimally invasive therapeutic procedure for cancer treatment
that relies on photosensitizers to produce cytotoxic singlet
oxygen generation (SOG) upon irradiation.47−49 However,
currently available photosensitizers lack tumor selectivity which
causes undesirable damage to normal tissues. In our PMN
system, the activity of the photosensitizer can be self-quenched
until it reaches the target tumor site where this suppression can
be rapidly reversed by tumor pH stimulus, in particular

intracellular pH stimulus, leading to a highly specific region of
effect. HCT116 tumor-bearing mice injected with PMNs and
then irradiated showed significant tumor regression relative to
mice treated with InS-NPs or free Ce6 (Figure 5d,e). In
particular, at 1 week postinjection, the tumors were almost
completely destroyed with only scar tissue remaining. The
enhanced antitumor effect was confirmed by hematoxylin and
eosin staining (H&E) and terminal deoxynucleotidyl trans-
ferase dUTP nick-end labeling (TUNEL) staining. These
results clearly demonstrated that pH-targeted PDT using
PMNs was successful in homogeneous HCT116 xenografts.
In order to be a better match to clinical cancer treatment, we

further demonstrated the therapeutic effect of PMNs in tumors
of more heterogeneous and drug-resistant nature. We
hypothesized the pH-targeting approach of PMNs would not

Figure 4. In vivo tumor imaging using PMNs. (a, b) In vivo T1-weighted MR images and color-mapped images of tumor sites before and 1 or 2 h after
intravenous injection of PMNs or InS-NPs into nude mice bearing HCT116 tumors. Tumors were induced by implanting HCT116 cells
subcutaneously in nude mice. After the tumors reached a diameter of 3−5 mm, the tumor-bearing mice were examined in a clinical 1.5 T MRI
scanner before and after tail vein injection of PMNs or InS-NPs (2 mg Fe/kg). (c) Plot of signal intensity enhancement (ROIi/ROI0) versus time
after injection of PMNs and InS-NPs. (d) Blood circulation data (plasma iron concentration vs time) for PMNs and InS-NPs in nude mice (see
inset; n = 3 for each group). (e) Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis of tumor tissue shows >2-fold
increase of PMNs than InS-NPs in HCT116 tumors at 12 h after intravenous injection. Scale bars: 50 μm. (f) In vivo NIR imaging of nude mice
bearing HCT116 tumors after intravenous injection of PMNs, InS-NPs or free Ce6 (equivalent to 0.2 mg/kg Ce6). (g) CLSM shows Ce6 uptake by
tumor cells in tumor tissue of nude mice after intravenous injection of PMNs. Scale bar: 20 μm. The dashed regions in (a, b, f) indicate tumor sites.
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be influenced by tumor heterogeneity, and since PDT kills by a
nonspecific mechanism, drug-resistant cells are equally as

susceptible as their naıv̈e counterparts. To test this hypothesis,
we developed highly heterogeneous and drug-resistant CT26

Figure 5. In vivo tumor therapy involving PMNs. (a) Photograph showing PMN-based targeted photodynamic therapy (PDT). (b) Schematic
illustration and comparison of PDT efficacy of PMNs and InS-NPs in homogeneous and heterogeneous tumors. (c) Immunohistochemical staining
of heterogeneous tumors for SDF-1, P-gp and CD31. Scale bar: 100 μm. (d) Upper: Images of mice bearing homogeneous HCT116 tumors before
and after PDT activation. Below: Hematoxylin and eosin (H&E) and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
staining of tumor tissue sections to determine treatment effectiveness in terms of tumor cell death by apoptosis. For homogeneous HCT116 tumor,
most tumor cells were severely destroyed in PMNs treated group, in contrast to control tumor slices collected from InS-NP (some damage) and free
Ce6-treated mice (no damage). (e) Homogeneous HCT116 tumor (open dots) volumes in the four treatment groups after treatment. (f) Upper:
Images of mice bearing heterogeneous tumors before and after PDT activation. Below: H&E and TUNEL staining of tumor tissue sections to
determine treatment effectiveness in terms of tumor cell death by apoptosis. For heterogeneous tumors in the PMN-treated group, many cells in the
tumor tissue and microvasculature, as well as fibroblasts, were destroyed, whereas no obvious damage was observed in both InS-NP- and Ce6-treated
groups. (g) Heterogeneous tumor (solid dots) volumes in the four treatment groups after treatment. Ten days after inoculating the tumor cells, PDT
treatment was performed as follows: group 1, saline only; group 2, free Ce6 only; group 3, InS-NPs; and group 4, PMNs (equivalent to 2 mg/kg
body of Ce6). The values are mean ± s.e.m. values (n = 6 mice per group). TUNEL-positive apoptotic cells showed FITC staining within the
nucleus or cytoplasm. DAPI counterstaining indicates the nuclear region. Scale bar: 50 μm.
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tumors in mice (see Methods in SI for experimental details).
The heterogeneous CT26 tumors overexpress P-glycoprotein
(P-gp), which is involved in the active efflux of anticancer
agents, and stromal cell-derived factor-1 (SDF-1), which
induces angiogenesis (CD31) (Figure 5c).50 Consequently,
the CT26 tumors provided a physiologically relevant model of
clinical tumors with a much faster growth rate than
homogeneous HCT116 tumors. Notably, InS-NPs produced
some minor tumor growth inhibition in both the homogeneous
HCT116 and heterogeneous CT26 tumors (Figure 5f,g)
compared to the untreated control. However, the heteroge-
neous model grows much more aggressively such that the
positive effects observed for InS-NPs are still far too weak. In
contrast, PMNs provided the same dramatic tumor destruction
in both CT26-tumor-bearing mice and homogeneous
HCT116-tumor-bearing mice (Figure 5f,g). In the PMN-
treated group, many cells in the tumor tissue and micro-
vasculature as well as fibroblasts showed considerable
destruction, whereas no obvious damage was observed in
groups treated with InS-NPs or Ce6 (Figure 5f,g). Therefore,
pH targeting appears to play an important role in the improved
anticancer therapeutic efficacy of PMNs. Consequently, for the
first time, we successfully demonstrated treatment of drug-
resistant heterogeneous tumor via pH-sensitive PDT, indicating
PMNs can be applicable to various tumor treatments including
highly drug-resistant heterogeneous tumors. Furthermore, no
significant loss in body weight was observed throughout the
PDT treatment (Figure S17 in the SI), and a series of in vivo
biocompatibility tests including a histopathology examination
and serum chemistry test (Figure S18 in the SI) demonstrated
PMNs are highly biocompatible.

■ CONCLUSIONS
We demonstrated a new class of anticancer agent, the PMNs,
which introduces a self-assembled nanostructure that responds
to tumor acidic stimulus. On the basis of such pH-dependent
assembly/disassembly, MR imaging and the photoactivity of
PMNs can be enhanced when present in the tumor pH
environment. The unique pH-responsive mechanism of this
particle overcomes two major barriers in cancer therapy: very
early-stage diagnosis and treatment of heterogeneous, drug-
resistant tumors. The MRI and fluorescence imaging of the
PMNs enable dual-modal small tumor diagnosis with a positive
imaging result at a tumor diameter of only 3 mm. Furthermore,
the enhanced photoactivation of the PMNs within the
endosomes of the tumor parenchyma provided superior
therapeutic efficacy in both human colorectal carcinoma
xenografts and in highly heterogeneous drug-resistant tumors.
The combination of favorable pH-sensitive T1 MR imaging of
tumors as well as PDT efficiency allows simultaneous tumor
diagnosis and therapy for personalized cancer treatment. The
collective results from these studies strongly support the
possibility of tumor pH recognizable treatment strategy using
PMNs. Overall, the PMN-based tumor pH recognizable
treatment strategy may hopefully advance cancer nano-
technology and prove highly valuable for clinical applications.

■ ASSOCIATED CONTENT
*S Supporting Information
Detailed experimental procedures for the synthesis and
characterizations of PMNs, cell MR imaging, pharmacokinetic
analysis, immunohistochemistry, tumor histology, in vivo
toxicity evaluation of PMNs, in vitro and in vivo MRI, and in

vitro and in vivo PDT. This material is available free of charge
via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Authors
kna6997@catholic.ac.kr (K.N.)
thyeon@snu.ac.kr (T.H.)
Author Contributions
#D.L. and W.P. contributed equally to this work.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
T.H. acknowledges financial support by the Research Center
Program of Institute for Basic Science (IBS) in Korea. K.N.
acknowledges the financial support of the Korea Ministry of
Education, Science and Technology through Strategic Research
(2011-0028726).

■ REFERENCES
(1) Kreso, A.; O’Brien, C. A.; van Galen, P.; Gan, O. I.; Notta, F.;
Brown, A. M.; Ng, K.; Ma, J.; Wienholds, E.; Dunant, C.; Pollett, A.;
Gallinger, S.; McPherson, J.; Mullighan, C. G.; Shibata, D.; Dick, J. E.
Science 2013, 339, 543.
(2) Gerlinger, M.; Rowan, A. J.; Horswell, S.; Larkin, J.; Endesfelder,
D.; Gronroos, E.; Martinez, P.; Matthews, N.; Stewart, A.; Tarpey, P.;
Varela, I.; Phillimore, B.; Begum, S.; McDonald, N. Q.; Butler, A.;
Jones, D.; Raine, K.; Latimer, C.; Santos, C. R.; Nohadani, M.; Eklund,
A. C.; Spencer-Dene, B.; Clark, G.; Pickering, L.; Stamp, G.; Gore, M.;
Szallasi, Z.; Downward, J.; Futreal, P. A.; Swanton, C. N. Engl. J. Med.
2012, 366, 883.
(3) Nichols, J. W.; Bae, Y. H. Nano Today 2012, 7, 606.
(4) (a) Netti, P. A.; Berk, D. A.; Swartz, M. A.; Grodzinsky, A. J.; Jain,
R. K. Cancer Res. 2000, 60, 2497. (b) Gottesman, M. M. Annu. Rev.
Med. 2002, 53, 615.
(5) (a) Tred́an, O.; Galmarini, C. M.; Patel, K.; Tannock, I. F. J. Natl.
Cancer Inst. 2007, 99, 1441. (b) Yuan, F.; Dellian, M.; Fukumura, D.;
Leunig, M.; Berk, D. A.; Torchilin, V. P.; Jain, R. K. Cancer Res. 1995,
55, 3752. (c) Matsumura, Y.; Maeda, H. Cancer Res. 1986, 46, 6387.
(d) Popovic,́ Z.; Liu, W.; Chauhan, V. P.; Lee, J.; Wong, C.; Greytak,
A. B.; Insin, N.; Nocera, D. G.; Fukumura, D.; Jain, R. K.; Bawendi, M.
G. Angew. Chem., Int. Ed. 2010, 49, 8649.
(6) (a) Horcajada, P.; Chalati, T.; Serre, C.; Gillet, B.; Sebrie, C.;
Baati, T.; Eubank, J. F.; Heurtaux, D.; Clayette, P.; Kreuz, C.; Chang, J.
S.; Hwang, Y. K.; Marsaud, V.; Bories, P. N.; Cynober, L.; Gil, S.;
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