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Nanocarriers have been used for specific delivery of therapeutic agents to solid tumors based on the enhanced
permeability and retention in cancerous tissues. Despite metastasis is the main reason of cancer-related death
and a priority for nanocarrier-based therapies, the targeting ability of nanocarriers to the metastatic disease is
poorly understood, especially for preangiogenic micrometastases as nanocarriers usually use the malignant
neovasculature for enhancing their accumulation. Thus, herein, we studied the ability of micellar nanocarriers in-
corporating (1,2-diaminocyclohexane)platinum(II) (DACHPt) for treating liver metastases of bioluminescent
murine colon adenocarcinoma C-26, during overt and preangiogenic metastatic stages. After intravenous injec-
tion, DACHPt-loaded micelles (DACHPt/m) effectively inhibited the tumor growth in both metastatic tumor
models. While the anticancer activity of the micelles against overt metastaseswas associatedwith their selective
accumulation in cancerous tissues having neovasculature, the ability of DACHPt/m to target preangiogenic me-
tastases was correlated with the inflammatory microenvironment of the niche. This targeting capability of poly-
meric micelles to preangiogenic metastasis may provide a novel approach for early diagnosis and treatment of
metastases.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Metastases account for approximately 90% of the deaths from cancer
[1], with an estimated projection of 13.1 million deaths by 2030 [2].
Even though this situation is driving a rapid increase in the demand
for effective treatments, current clinical therapies often display limited
activity against metastatic lesions [3,4], as they are mainly focused on
inhibiting the growth of primary tumors, rather than targeting the path-
ologic paths of metastases. For developing efficient therapies against
metastatic disease, the later stages of themetastatic cascade [5], includ-
ing disseminated dormant cells, preangiogenic micrometastases and
vascularized metastases, appear as the suitable clinical targets [3,4,6],
terials Engineering, Graduate
ongo, Bunkyo-ku, Tokyo 113-
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since the initial steps of metastasis are usually completed by the time
cancer is diagnosed. Thus, therapeutic agents that limit the proliferation
and survival of the metastatic foci will provide the utmost therapeutic
impact [3,4,6], Nevertheless, because the physical barriers of the meta-
static microenvironmentmay restrain the accumulation of drugs [7], ef-
fective targeting of such highly active drugs against metastatic tumors
may be decisive for their activity. In this way, targeted therapies by
using nano-scaled drug carriers are expected to provide significant im-
provements in the delivery of active agents to themetastatic disease [8],
and nanocarriers capable of restricting the development and growth of
metastases have the potential to achieve the greatest clinical benefit.

Nanocarriers have shown selective accumulation in solid tumors by
taking advantage of the augmented permeability of the tumor blood
vessels, and their enhanced retention due to inefficient lymphatic drain-
age in cancer tissues, so called the enhanced permeability and retention
(EPR) effect [9]. Although most studies have focused on the targeting
of nanocarriers to primary tumors, several reports have demonstrated
that it may also be possible for nanocarriers to accumulate in
overt macrometastasis with already developed vasculature [10–12].
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Nevertheless, despite that the transition between preangiogenic micro-
metastases and vascularized macrometastases constitutes a major
therapeutic target in the metastatic cascade, the ability of nanocarriers
for targeting preangiogenic metastatic sites remains unknown. Al-
though such micrometastases lack of neovasculature, they offer distinct
characteristics that can be exploited for effective targeting by using
nanocarriers. Accordingly, preangiogenic metastatic niches consisting
of metastatic cells and their surrounding stroma, may present inflam-
matory microenvironment [3–6,13] produced by metastatic cells,
metastasis-associated immune cells and stromal cells, which mediates
the metastatic development by promoting metastasis angiogenesis
[13]. Because this inflammatory microenvironment can induce vascular
permeability, involving both intraendothelial transport and inter-
endothelial leakage of macromolecules [3,14], the accumulation of sys-
temically injected nanocarriers in such preangiogenic metastatic foci
may be facilitated, thus, providing a specific target for selective treat-
ment of preangiogenic micrometastases.

Among promising nanocarriers, core–shell self-assembled polymer-
ic micelles have shown unique advantages for tumor targeting [15,16],
such as high loading capacity of their core, their biocompatible PEG
shell, relatively small size, controlled drug release, prolonged blood cir-
culation and enhanced accumulation in solid tumors after intravenous
injection [15,16]. Several polymeric micelles incorporating anticancer
agents are being studied in clinical trials, demonstrating high efficacy
against severalmalignancies and reduced side effects [17,18]. Therefore,
in this study,we focused on the ability of polymericmicelles incorporat-
ing anticancer agents for targeting vascularized macrometastases and
preangiogenic micrometastases. Moreover, as liver is the most frequent
site for metastasis from several prevalent human malignancies [19], in
particular for colorectal cancer (CRC) [20], being its major cause of
death [21], we studied the efficacy of the micelles in syngeneic models
of liver metastasis, whichwere prepared by inoculating bioluminescent
murine colon adenocarcinoma C-26 expressing luciferase (C-26-luc)
into the spleen of Balb/c mice. We have used the model of intrasplenic
injection of cancer cells, as it allowed us to precisely regulate with
high repeatability the formation of metastases from the preangiogenic
to the overt stage. Also, because oxaliplatin is the first-line clinical treat-
ment of advanced colorectal cancer presenting hepatic metastasis [20],
we used polymeric micelles incorporating the parent complex of
oxaliplatin, i.e. (1,2-diaminocyclohexane)platinum(II) (DACHPt), in
their core after polymer–metal complexation with the carboxylates of
poly(ethylene glycol)-b-poly(glutamic acid) [PEG-b-P(Glu)] copoly-
mers [22]. DACHPt is sustainedly released from the micelles by the li-
gand exchange with the chloride ions in the media [22], discharging
approximately 30% of the loaded drugs after 48 h in physiological condi-
tions, while the micelle form is retained [23]. DACHPt-loaded micelles
(DACHPt/m) have demonstrated selective tumor accumulation and
high antitumor activity in several tumor models [23–28], and are
under phase I clinical trials. The results of the present study showed
that systemically administered DACHPt/m can significantly inhibit the
growth of both overt and preangiogenic hepatic metastases by selec-
tively accumulating in the metastatic foci, indicating the potential of
polymeric micelles for treating both macro- and micrometastatic dis-
ease in liver.

2. Materials and methods

2.1. Materials

Oxaliplatin, γ-benzyl L-glutamate and Dulbecco's modified
Eagle's medium (DMEM) were acquired from Sigma-Aldrich Co., Inc.
(St Louis, MO). Bis(trichloromethyl) carbonate (triphosgene) was
purchased from Tokyo Kasei Kogyo, Co. Ltd. (Tokyo, Japan). N,N-
Dimethylformamide (DMF) was obtained from Wako Pure Chemicals
Industries, Ltd. (Tokyo, Japan). Dichloro(1,2-diammino cyclohexane)
platinum (II) was purchased from W.C. Heraeus GmbH (Hanau,
Germany). α-Methoxy-ω-amino-poly(ethylene glycol) (CH3O-PEG-
NH2; MW: 12,000) was bought from NOF Co., Ltd. (Tokyo, Japan).
Anti-cytokeratin 20 antibody (ab76126) and anti-CD68 antibody
(ab31630) were purchased from Abcam (Cambridge, MA), and anti-
α-SMA antibody was purchased from Sigma-Aldrich (A2547). Blocking
One Buffer was purchased from Nakalai Tesque Co., Ltd. (Tokyo, Japan).
Alexa 647- and Alexa 488-secondary antibodies, as well as Alexa 647-
and Alexa 555-succinimidyl esters were purchased from Invitrogen
Co., Inc. (Carlsbad, CA).

2.2. Cell line

Murine colon adenocarcinoma cells C-26 were cultured at 37 °C
under 5% CO2 in DMEM with 10% FBS. These cells were transfected
with pEF6 vector (Invitrogen Co., Inc.; Carlsbad, CA) containing a
firefly-luciferase gene by Lipofectamine 2000 (Invitrogen). Clones resis-
tant to G418 (Wako; Tokyo, Japan) were selected and their luciferase
activities were determined using IVIS. C-26 bearing GFP was obtained
from Anticancer Japan (Tokyo, Japan).

2.3. Animals

Immunocompetent Balb/c at 6 weeks of age were used as host of
tumor injections. All animals were obtained from Charles River Labora-
tories (Tokyo, Japan), and treated in accordance with the policies of the
Animal Ethics Committee of The University of Tokyo.

2.4. Synthesis of block copolymer and homopolymer

Poly(ethylene glycol)-b-poly(L-glutamic acid) [PEG-b-P(Glu)] co-
polymer [MWPEG = 12,000; polymerization degree of P(Glu) = 40]
and poly(L-glutamic acid) homopolymer were synthesized according
to the previously described synthetic method of ring opening polymer-
ization of γ-benzyl L-glutamate N-carboxyanhydride (BLG-NCA) [25,
48]. The molecular weight distribution (Mw/Mn) of PEG-b-poly(benzyl
L-glutamate) (PBLG) and PBLG thus prepared was determined to be
1.09 and 1.16 by gel permeation chromatography (GPC) [column, TSK-
gel G3000HHR, G4000HHR (Tosoh); eluent, DMF containing 10 mM
LiCl; flow rate, 0.8 ml/min; detector, refractive index; temperature,
25 °C]. The degree of polymerization of PEG-b-PBLG and PBLG
was confirmed by comparing the proton ratios of the methylene units
in PEG (δ = 3.7 ppm) or the methylene units in the butyl end (δ =
1.35 ppm and δ = 1.55 ppm), respectively, with the phenyl groups of
PBLG (δ = 7.3 ppm) by 1H-NMR spectroscopy [JEOL EX270 (JEOL Inc.,
Tokyo, Japan); solvent: DMSO-d6; temperature: 70 °C]. The degree of
polymerization was determined to be 40 for both PEG-b-PBLG and
PBLG. PEG-b-PBLG was deprotected by mixing with 0.5 N NaOH at
room temperature to obtain PEG-b-P(Glu), while PBLGwas deprotected
in a suspension of THF/0.5 N NaOH to obtain P(Glu). Complete
deprotection was confirmed by 1H-NMR spectroscopy (solvent: D2O;
temperature: 25 °C). For the preparation of fluorescent labeled PEG-b-
P(Glu), Alexa 647- and Alexa 555-NHS were mixed with the copolymer
in DMSO for 3 h, dialyzed against water and purified by column
filtration.

2.5. Preparation of DACHPt-loaded micelles (DACHPt/m) with 30-nm and
70-nm diameter

DACHPt/m with 30- and 70-nm diameter were prepared according
to the previously described method [25]. Briefly, DACHPt (5 mM) was
suspended in water and mixed with AgNO3 ([AgNO3]/[DACHPt] = 1)
to form DACHPt nitrate chloride. The solution was maintained in dark
at 25 °C for 24 h. Then, AgCl precipitates were removed and DACHPt ni-
trate chloride solution was mixed with PEG-b-P(Glu) ([Glu] = 5 mM;
[DACHPt]/[Glu] = 1.0) for 30-nm micelles and with a mixture of PEG-
b-P(Glu) and P(Glu) ([Glu] = 5 mM; [DACHPt]/[Glu] = 1.0; [P(Glu)]/
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[PEG-b-P(Glu)] = 0.1) for 70-nm micelles. The mixtures were reacted
for 120 h to obtain DACHPt/m. Fluorescent labeled micelles were pre-
pared in a similar way by using Alexa 555- and Alexa 647-labeled
PEG-b-P(Glu). Micelles were purified by ultrafiltration (molecular
weight cut-off: 30 kDa). The size distribution of themicelles was deter-
mined by dynamic light scattering (DLS) using a Zetasizer Nano-ZS in-
strument (Malvern Instruments, Malvern, UK) and transmission
electron microscopy (TEM) after staining with 1% uranyl acetate. Ac-
cordingly, the z-average diameters by volume of 30- and 70-nm mi-
celles were approximately 30- and 69-nm, respectively. The size
distribution by TEM showed smaller diameters, as the PEG shell of the
micelles cannot be detected. Thus, the number-average diameter of
30-nm micelles by TEM was approximately 14 nm (Supporting
Fig. S4a), and for 70-nm micelles, it was nearly 40 nm (Supporting
Fig. S4b). The platinum content of DACHPt/m was assessed by ion-
coupled plasma mass spectrometry (Hewlett Packard 4500 ICP-MS,
Hewlett Packard, USA).

2.6. Preparation of orthotopic and metastatic tumor models

C-26-luc cells (5 × 104) were injected into the colon wall of Balb/c
mice to develop orthotopic tumor model. To establish the hepatic
metastatic model of colon cancer, 5 × 104 C-26-luc cells were injected
into the spleens of Balb/c mice. Spleens were removed 24 h post
inoculation to prevent tumor formation in the spleen. The glutamate py-
ruvate transaminase (GPT) and glutamic oxaloacetic transaminase
(GOT) levels in plasma, which was collected from healthy mice or
metastases-bearing mice every two days after inoculation of the cancer
cells, were assessed to determine the extent of hepatic injury by using a
Fuji Dri-Chem 4000i analyzer (Fujifilm, Tokyo, Japan).

2.7. Histology

Tumor tissues from the orthotopic tumor model and liver tissues
from metastatic model were harvested. For studying the progression
of liver metastasis, the tissues were fixed in paraffin and sectioned for
H&E staining. For immunofluorescence studies, liver tissues were pre-
served in OCT and fixed by 4% paraformaldehyde after sectioning. The
sections were reacted with anti-cytokeratin 20 antibody for C-26
tumor, anti-α-SMA antibody for stellate cells and anti-CD68 antibody
for Kupffer cells. Sections were subsequently stained with secondary
antibodies conjugatedwith Alexa 647 or 488 anti-rat/rabbit IgG. Images
were obtained by using an Olympus AX80 microscope for H&E staining
and a Zeiss LSM780Meta confocal microscope for immunofluorescence.

2.8. Antitumor activity assay

The antitumor activities of oxaliplatin and micelles were evaluated
against orthotopic colon tumors, overt and preangiogenic livermetasta-
ses of colon cancer. Thus, tumor-bearing mice (n = 5) were injected
with oxaliplatin at 4 mg/kg or 8 mg/kg, and 30- and 70-nm DACHPt/
m at 3 mg/kg in a total of 3 times. For orthotopic tumors and overt me-
tastases, the treatment was started 9 days after inoculation. At this
point, the overt metastases were approximately 10 mm3, as confirmed
bymacroscopic and histological observations. For preangiogenicmetas-
tasesmodel, the treatment began3 days after inoculation. The burden of
C-26-luc tumors was followed by bioluminescent imaging. Thus, mice
bearing orthotopic tumors and overt liver metastasis were intraperito-
neally injected 50 mg/kg luciferin (Promega; Madison, WI), while
mice bearing micrometastasis were intraperitoneally injected 100 mg/
kg luciferin. Imaging was performed 10 min after injection by using
IVIS SPECTRUM in vivo photon-counting device (Caliper Life Sciences;
Hopkinton, MA, USA), and the bioluminescent signal was measured
every 2 or 3 days. Images were quantified as photon counts/second
using the Living Image software (Caliper Life Sciences; Hopkinton, MA,
USA). Antitumor activities were evaluated in terms of relative
bioluminescence units to the day when the treatment started. More-
over, the survival of mice having orthotopic and overt metastasis was
assessed to confirm the efficacy of the drugs.

To study the effect of inflammation on the antitumor activity of
oxaliplatin and micelles in the preangiogenic metastasis model, 5 mg/kg
Celecoxib (COX-2 inhibitor;Sigma-Aldrich; Tokyo, Japan) in 4% DMSO
was injected intraperitoneally 24 h before the injection of the anti-
cancer drugs. Then, oxaliplatin and micelles were administered as
abovementioned.

2.9. Tissue distribution of fluorescent micelles

Mice bearing orthotopic tumors, as well as mice bearing overt or
preangiogenic C-26-luc hepaticmetastases,were intravenously injected
with Alexa 647-labeled DACHPt/m. Twenty four-hours later, tissues
were harvested and imaged using IVIS SPECTRUM in vivo photon-
counting device (Caliper Life Sciences; Hopkinton, MA, USA). The
signal of fluorescent labeled-DACHPt/m was detected using 650/
668 nm excitation/emission filters.

2.10. In vivo confocal laser scanning microscopy (CLSM)

The in vivomicroscopies were done using a Nikon A1R confocal laser
scanning microscope system attached to an upright Eclipse FN1 (Nikon
Corp., Tokyo, Japan) [29], with a high-speed resonant scanner, which al-
lows the acquisition of 30 frames/s. For intravital imaging of liver tis-
sues, mice were anesthetized with 2% isoflurane (Abbott Japan Co.,
Ltd., Tokyo, Japan) and liver tissueswere accessed following exterioriza-
tion through skin incision. Then, a custom-designed height adjustable
coverslip holder was placed onto the liver and perpendicular to the ob-
jective lens (Supporting Fig. S5). For studying the real-time accumula-
tion of DACHPt/m in the metastases, mice bearing micrometastases
of C-26-GFP were intravenously injected with Alexa 647-labeled
DACHPt/m having a 30-nm diameter. C-26-GFP metastases were de-
tected using 488/510 nm ex/em filters and Alexa 647-labeled micelles
were detected using 650/668 nm ex/em filters. For imaging the expres-
sion of COX-2 in the metastatic niches, COX-2 probe (Caliper Life Sci-
ences; Hopkinton, MA, USA) at the recommended dose (2 mg/kg) was
injected intraperitoneally 3 h before imaging and detected using 650/
668 nm ex/em filters. For imaging the accumulation of micelles in
COX-2 positive metastatic niches, COX-2 probe at 2 mg/kgwas injected
intraperitoneally and Alexa 555-labeled DACHPt/mmicelles were intra-
venously injected in mice bearing C-26-GFP micrometastases. Fluores-
cence intensity in all microscopies was quantified using NIS elements
(Nikon).

2.11. Statistical analysis

Statistical evaluation was done by Student's t-test. P values lower
than 0.05 were considered as statistically significant. Data represent
themeans±SE. The statistical analysis of the overall survivalwas calcu-
lated byusing the log rank test (Mantel–Cox)withGraphPad Prism soft-
ware (GraphPad Software (La Jolla, CA)).

3. Results

3.1. Efficacy of DACHPt/m in an orthotopic model of colon adenocarcinoma

We firstly studied the activity of DACHPt/m in vascularized primary
tumors of C-26-luc cells for confirming the in vivo efficacy of the mi-
celles against this cell line as well as for determining the ability of
DACHPt/m to specifically accumulate in such tumors. Thus, biolumines-
cent orthotopic colon tumors were prepared by injecting Colon 26-luc
cells into the colonicwall of Balb/cmice (Supporting Fig. S1a). The prep-
aration of the model was confirmed by measuring the bioluminescent
signal from the tumors (Supporting Fig. S1b), as well as by histology
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(Supporting Fig. S1c). Five days after inoculation, mice were treated
with PBS, free oxaliplatin at 8 mg/kg, i.e. the maximum tolerated dose,
and DACHPt/m at 3 mg/kg on days 0, 2, and 4 via intravenous injection,
and the bioluminescence intensity fromC-26-luc tumorswas quantified
every 2 days by using in vivo imaging system (IVIS). The antitumor ac-
tivity was followed for 14 days, which was the day when the control
mice treated with PBS started to die. At this time point, DACHPt/m
showed significantly higher efficacy against orthotopic tumors than
the free oxaliplatin (Fig. 1a; P b 0.05), restricting the bioluminescent
signal in the peritoneal region (Fig. 1b). In addition, by assessing the sur-
vival rate of these mice, we revealed that DACHPt/m considerably
prolonged the survival for more than 28 days (Fig. 1c; P b 0.001 log
rank test), while at day 26, all mice treated with PBS or oxaliplatin
were dead. These data support the enhanced activity of DACHPt/m
against orthotopic colon tumors from C-26-luc cells, and agreed with
our previous observations in a subcutaneous C-26 tumor model,
where DACHPt/m were significantly more effective than oxaliplatin in
suppressing the tumors [23,25].

By using DACHPt/m labeled with Alexa 647, we evaluated the tissue
distribution through fluorescence imaging. Thus, tumor-bearing mice
were intravenously injected with fluorescent-labeled micelles, and the
tissue distribution was monitored 24 h later by ex vivo imaging with
IVIS. Thefluorescence from themicelleswas detectable in tumor andor-
gans, such as colon, liver, kidney and spleen. However, the strong fluo-
rescent signal from the micelles at the position of the luminescent
signal from the C-26-luc tumor, which was higher than the fluorescent
signal in other tissues (Fig. 1d), indicated the preferential accumulation
of the micelles in the orthotopic tumor. Accordingly, we have previ-
ously reported that approximately 10% of the injected micelles accu-
mulated in a gram of tumor tissue [23,25], while the distribution to
other organs was limited. These results illustrate the ability of
DACHPt/m to accumulate in tumors based on the EPR effect and
achieve significant in vivo antitumor effect, which in this case can
be directly assessed by following the bioluminescent signal from C-
26-luc cells.
Fig. 1.DACHPt-loadedmicelles (DACHPt/m) inhibit the growth of orthotopic C-26-luc tumors. (
oxaliplatin or DACHPt/m on days 0, 2 and 4. Crosses, PBS; open circles, oxaliplatin at 8 mg/kg;
indicate days of injection. *P b 0.05. (b), Bioluminescent images of representativemice fromPBS
with PBS, oxaliplatin or DACHPt/m. ** P b 0.001 log rank test. (d), Ex vivo imaging of the tumo
Strongfluorescence signal fromDACHPt/m colocalizedwith the luminescence fromC-26-luc tum
3.2. Efficacy of DACHPt/m against overt liver metastases of
colon adenocarcinoma

After confirming the in vivo efficacy of the micelles against primary
tumors, we then evaluated their targeting ability in a vascularized met-
astatic model. Thus, we established overt hepatic metastases by
injecting C-26-luc cells into the spleens of Balb/c mice (Supporting
Fig. S2a). Themetastases were allowed to grow for 9 days and their bio-
luminescent signal was determined to be in the liver (Supporting
Fig. S2b). The formation of the overt hepatic metastasis was confirmed
by histology (Supporting Fig. S2c). Then, mice bearing these overt me-
tastases were intravenously injected with PBS, free oxaliplatin at
8 mg/kg, and DACHPt/m at 3 mg/kg on days 0, 3, and 6, and the activity
of the drugs was followed by IVIS. Bioluminescence results demonstrat-
ed that DACHPt/m effectively inhibited the growth of overt liver metas-
tases (Fig. 2a; P b 0.05 to both PBS and oxaliplatin). Because on day 16,
mice treated with PBS and oxaliplatin started to die, we stopped the
measurement of tumor expansion and kept recording the survival
rate. The overall survival of mice treated with DACHPt/m (only 1 of 5
mice dead by day 26 after starting the treatment) was significantly
higher than for mice treated with PBS (all mice dead at day 24) and
oxaliplatin (all mice dead at day 26) (Fig. 2c; P b 0.05 log rank test).
These data support the enhanced activity of DACHPt/m against overt
liver metastasis from C-26-luc cells.

The accumulation of Alexa 647-labeled DACHPt/m in the metastatic
sites 24 h after systemic administration was studied ex vivo. According-
ly, the fluorescent signal of DACHPt/m corresponded with the biolumi-
nescent signals of the metastases, while the signal from the micelles in
the healthy areas of liver was comparable to background fluorescence
(Fig. 2d), indicating the selective accumulation of the micelles in the
metastatic foci. This improved therapeutic efficacy and targeting ability
of DACHPt/m against these vascularized tumor models, i.e. orthotopic
and overt metastasis, may be related to the EPR effect as the tumors at
these stages present extensive angiogenesis, which allows the accumu-
lation of nanocarriers [9,30].
a), Longitudinal quantification analysis of bioluminescence signal of themice treatedwith
filled triangles, DACHPt/m at 3 mg/kg. Data are expressed as mean ± SE (n = 5). Arrows
-, oxaliplatin-, andDACHPt/m-treated groups at day 14. (c), Overall survival ofmice treated
r accumulation of Alexa 647-labeled DACHPt/m in orthotopic tumors 24 h after injection.
or, indicating thepreferential accumulation of themicelles in the orthotopic colon tumors.
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3.3. Antitumor activity of DACHPt/m against preangiogenic livermetastases
of colon adenocarcinoma

Nanocarrier-mediated targeting of preangiogenic micrometastases
is considered a challenging task due to the absence of neovasculature
[8]. To study whether DACHPt/m can target preangiogenic metastasis,
we established a model of preangiogenic hepatic metastasis by
intrasplenically injecting C-26-luc cells. To determine the progress of
the disease, liver tissues were harvested every 2 days after inoculation
of the cancer cells and the histology of the metastases was studied by
H&E staining. Thus, while 2 days after inoculation no metastatic
foci were detectable, micrometastases of approximately 100 μm were
observed at day 4 (Fig. 3 and Table 1) and, 6 days after inoculation,
the metastases reached approximately 300 μm (Fig. 3 and Table 1).
Moreover, during the development of the metastasis, we assessed the
liver damage of this tumor model by evaluating the markers of hepato-
cytes impairment, glutamic-pyruvic transaminase (GPT) and glutamic
oxaloacetic transaminase (GOT) at different time points. Accordingly,
the serum GPT and GOT maintained normal levels, that is, close to
45 ± 11.7 I.U/L for GPT and 77 ± 21.9 I.U/L for GOT, before day 4,
and slightly elevated after day 6, indicating minimal liver damage
(Supporting Fig. S3). In addition, inflammatory cells were found at
the metastatic sites from day 4 after inoculation (Table 1). As it has
been reported that angiogenesis of liver micrometastases begins
when the average diameter of the metastasis is 0.3–0.5 mm, and
they grow beyond the limits of the liver lobule [31,32], in the pre-
pared metastatic model, the metastases before day 6 (Table 1) were
considered as preangiogenic.

The antitumor activity of DACHPt/m against preangiogenic metasta-
ses was evaluated 4 days after inoculation of C-26-luc cells. The mice
were treated with DACHPt/m at 3 mg/kg, free oxaliplatin at 4 mg/kg
and 8 mg/kg or PBS at days 0, 3 and 6, and the bioluminescent signal
from the metastases was followed by IVIS. The micelles efficiently
Fig. 2.DACHPt-loadedmicelles (DACHPt/m) inhibit the growth of C-26-luc overt livermetastase
luc overt liver metastases treated with oxaliplatin or DACHPt/m on days 0, 3 and 6. Crosses, P
expressed as mean ± SE (n = 5). Arrows indicate days of injection. *P b 0.05. (b), Biolumines
at day 13. (c), Overall survival of mice treatedwith PBS, oxaliplatin or DACHPt/m. * P b 0.05 log
astatic tumors 24 h after injection. Colocalization offluorescence fromDACHPt/m and luminesce
overt liver metastases.
inhibited the growth of the metastases (Fig. 4a; P b 0.05), whereas
oxaliplatin at 8 mg/kg was toxic, leading to mice death, and oxaliplatin
at 4 mg/kg was unable to reduce the metastasis progression (Fig. 4a).
Moreover, 2 mice treated with PBS and 1 mice treated with oxaliplatin
at 4 mg/kg died at day 14, while all mice in the DACHPt/m group
were alive, displaying reduced bioluminescent signals (Fig. 4a and b).
Ex vivo macroscopies of livers on day 15 showed multiple large tumor
deposits for PBS-treated mice (Fig. 4c). Conversely, the livers from
DACHPt/m-treated mice did not present any visible metastasis
(Fig. 4c). In addition, the effect of the size of the micelles on their ther-
apeutic activity against the preangiogenic metastases was evaluated,
as we have recently reported that the size of sub-100 nm nanocarriers
can affect their therapeutic activity in tumors with poor permeability
[25]. Thus, alongwith usual DACHPt/mhaving 30-nmdiameter, we pre-
pared larger DACHPt/m with 70-nm diameter (Supporting Fig. S4a and
S4b), and studied the antitumor efficacy of both micelles. Accordingly,
both 30- and 70-nmmicelles injected at 3 mg/kg on days 0, 3 and 6 sig-
nificantly inhibited the tumor growth in a comparable manner
(Supporting Fig. S4c), suggesting that the ability of DACHPt/m to treat
preangiogenic metastasis was not affected by their size in this model.

The accumulation of Alexa 647-labeled DACHPt/m in preangiogenic
liver metastases of approximately 100 μm, which were obtained 4 days
after inoculation of C-26-luc cells, was evaluated by IVIS 24 h after injec-
tion of the micelles. Ex vivo images showed the colocalization of the lu-
minescent signal from C-26-luc metastases and the fluorescence signal
from DACHPt/m (Fig. 4d). At this point, the metastases are approxi-
mately 100 μm in diameter and cannot be observed by naked eye, but
their bioluminescent signal is detectable by IVIS. It is worth noting
that the bioluminescent signal from these preangiogenic metastases
(Fig. 4d) is 10 times lower than that of overt metastases (Fig. 2d), indi-
cating the small size of these preangiogenic metastases. The areas with
the highest luminescence from themetastatic cells and the fluorescence
from the micelles appear to be colocalized (Fig. 4d), suggesting the
s. (a), Longitudinal quantification analysis of bioluminescence signal ofmice bearing C-26-
BS; open circles, oxaliplatin at 8 mg/kg; filled triangles, DACHPt/m at 3 mg/kg. Data are
cent image of representative mice from PBS-, oxaliplatin-, and DACHPt/m-treated groups
rank test. (d), Ex vivo imaging of the accumulation of Alexa 647-labeled DACHPt/m inmet-
nce from C-26-lucmetastases indicate the preferential accumulation of themicelles in the



Fig. 3. Establishment of preangiogenic liver metastatic model. H&E stained liver sections showed micrometastases at days 4 and 6. Overt metastases were observed from day 8. T: meta-
static tumor; L: normal liver. Scale bar: 100 μm.
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accumulation ofmicelles in the preangiogenicmetastases. However, be-
cause the luminescence from these small metastases and the fluores-
cence from Alexa 647-labeled DACHPt/m are being scattered in the
liver tissue, the signal appears to be coming from largemetastases rath-
er than micrometastasis. Therefore, because of the insufficient resolu-
tion of IVIS for studying the distribution of the micelles in such small
tumors, we proceeded to evaluate the accumulation of the micelles by
using in vivo confocal laser-scanning microscopy (CLSM).
3.4. Real-time accumulation of DACHPt/m in preangiogenic
liver metastases

Encouraged by the significant efficacy of the micelles against
the preangiogenic liver metastases, we studied the real-time accu-
mulation of Alexa 647-labeled DACHPt/m in preangiogenic hepatic
micrometastases, which were prepared after intrasplenic inoculation
of C-26 cells expressing green fluorescence protein (C-26-GFP), by
using in vivoCLSMattached to a high-speed resonance scanner. Thismi-
croscope system allows real-time quantitative analyses of extravasation
and tissue penetration of nanocarriers in living animals [29]
(Supporting Fig. S5). Thus, 4 days after inoculation, we intravitally de-
tected liver metastasis of C-26-GFP cells with the size of approximately
200-μm diameter (Fig. 5a; green). It should be noticed that this metas-
tasis is on the edge of the liver and, while on the right side of themetas-
tasis there is liver tissue, and on its left side there is no tissue. Then,
Alexa 647-labeled DACHPt/m were intravenously injected, and their
fluorescence was initially detected in the blood vessels of liver, but not
within the metastasis (Fig. 5a; red), indicating its preangiogenic status.
Moreover, we observed that these preangiogenic metastasis presented
strong autofluorescence when excited with Helium–Neon laser at
540 nm (Fig. 5a, before injection and Supporting Fig. S6), which may
be correlated with the presence of Kupffer cells [33] and macrophages,
as it has been reported that they become autofluorescent after matura-
tion [34]. DACHPt/m gradually accumulated in the regions surrounding
the C-26-GFP cluster within the metastatic niche (Supporting Movie
S1), and 10 h after injection, the fluorescence from the micelles was
clearly observed at the border of the cluster of cancer cells (Supporting
Movie S1). Eighteen-hours after injection, evident accumulation was
observed within the whole metastatic niche, i.e. the cluster of C-26-
GFP cell and the adjacent associated stroma, but not in normal liver
(Fig. 5a and Supporting Movie S1). By Z-stack volume reconstruction
Table 1
Appearance of liver metastasis and inflammatory cells at different time points
after inoculation. Tumors smaller than 300 μm were considered as preangiogenic
micrometastases.

Day Inflammatory/metastatic cellsa Tumor size (diameter)a

2 −/− −
4 +/+ ~100 μm
6 +/+ ~300 μm
8 +/+ N300 μm
10 +/+ N300 μm

a Results obtained by H&E stained liver tissue sections from 3 mice.
of metastatic niche at 18 h, we verified this accumulation of micelles
in the metastatic niche (Fig. 5b), with colocalized micelles within the
cluster of C-26-GFP cells observed in yellow, indicating themicelle pen-
etration. By quantifying the fluorescence intensity of DACHPt/m, we
found that the accumulation of DACHPt/m gradually increased in the
metastatic niche, while it decreased with time in normal liver tissue
(Fig. 5c). In addition, the accumulation of fluorescent-labeled DACHPt/
m at 18 h in metastatic niches from 3 different mice, which was
expressed as a percentage of the maximum fluorescence intensity
attained in the vascular region, was significantly higher than the
accumulation in normal liver tissue (Fig. 5d; P b 0.05). These results
suggest the enhanced accumulation of DACHPt/m to preangiogenic
micrometastases.

3.5. Effect of inflammatory microenvironment in preangiogenic metastasis
on the accumulation of DACHPt-loaded micelles

Several experimental and clinical studies support the role of inflam-
mation on the ability of certain malignancies to metastasize to the liver
[3,5,6,13]. This inflammatory microenvironment of early liver metasta-
ses, which involves a crosstalk between cancer cells, immune cells
and stromal cells, engages in angiogenic signals necessary for metasta-
ses outgrowth [35]. It has been reported for a liver metastases
model of C-26 cells [36], comparable to the one used in the present
study, that the recruitment of inflammation-mediating Kupffer cells/
macrophages, which release inflammatory cytokines, and activated he-
patic stellate cells (HSCs), which secrete matrix metalloproteinase and
vascular endothelial growth factor, into the early avacular metastasis
was essential for tumor induced angiogenesis, and the later develop-
ment of macrometastasis [36]. Therefore, we checked the presence of
Kupffer cells/macrophages and activated HSCs by immunohistochemis-
try of the micrometastases of C-26-luc cells to determine the in-
flammatory status of the niches. Accordingly, we marked Kupffer
cells/macrophages by using anti-Cluster of Differentiation 68 (CD68)
and activated HSCs with anti-α-smooth muscle actin (SMA) antibodies
labeled with Alexa 647-secondary antibody, while C-26-luc cells
were marked with anti-cytokeratin 20 (CK20) antibody labeled with
Alexa 488-secondary antibody. The results showed that both Kupffer
cells/macrophages (Fig. 6a, red) and activated HSCs (Fig. 6b, red) were
present within the preangiogenic micrometastases (Fig. 6a and b, red).
These results reinforce our intravital microscopic observations showing
strong autofluorescence (Fig. 5a, before injection and Supporting
Fig. S6), which is associated with the presence of Kupffer cells andmac-
rophages, within the metastases.

Macrophages and activated HSCsmay also increase cyclooxygenase-
2 (COX-2) levels in the tumor microenvironment [35,37]. COX-2 con-
verts arachidonic acid to prostaglandins, which induces inflammatory
reactions in damaged tissues, stimulating tumor cell proliferation, sur-
vival, motility and angiogenesis [38]. Therefore, we studied the COX-2
expression in preangiogenic metastases, probably induced by the mac-
rophages and activated HSCs within the metastatic microenvironment,
by using in vivo CLSM through intraperitoneally injecting COX-2 probe
to mice bearing C-26-GFP liver metastasis. Four-hours after injecting
the COX-2 probe, the microenvironment of the metastatic niche was



Fig. 4.DACHPt-loaded micelles (DACHPt/m) inhibit the growth of C-26-luc preangiogenic liver metastases. (a), Longitudinal quantification analysis of bioluminescence signal of themice
treated with oxaliplatin or DACHPt/m on days 0, 3 and 6. Crosses, PBS; open circles, oxaliplatin at 4 mg/kg; open squares, oxaliplatin at 8 mg/kg; filled triangles, DACHPt/m at 3 mg/kg.
Data are expressed as mean ± SE (n= 5). Arrows indicate days of injection. *P b 0.05. #: 3 of 5 mice dead. †: 2 of 5 mice dead. ‡: 1 of 5 mice dead. (b), Bioluminescent images of repre-
sentative mice from PBS-, oxaliplatin 4 mg/kg-, and DACHPt/m-treated groups at day 14. (c), Livers harvested frommice treated with PBS or DACHPt/m. (d), Ex vivo imaging of the accu-
mulation of Alexa 647-labeled DACHPt/m in metastatic tumors 24 h after injection.
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specifically marked (Fig. 7a; blue and Supporting Movie S2), indicating
the inflammatory state of the micrometastasis.

The ability of DACHPt/m to accumulate in the inflammatory
micrometastasis was studied by in vivo CLSM via injection of both
COX-2 probe and Alexa 555-labeled DACHPt/m. Twenty four-hours
after injection, the colocalization fluorescent DACHPt/m (red) at C-26-
GFP metastasis (green) having COX-2 positive microenvironment
(blue) was observed as the white colored region (Fig. 7b, merged,
white). The Z-stack volume reconstruction of this metastatic niche fur-
ther confirmed the accumulation of the micelles, as indicated by the
white colored region corresponding to the colocalization of micelles,
COX-2 probe and cancer cells, but not in healthy liver tissue (Fig. 7c
Fig. 5. In vivo real-timemicroscopic observation of the accumulation of DACHPt-loadedmicelles
of Alexa 647-labeled DACHPt/m (red) in a C-26-GFP (green) liver micrometastasis. Autofluores
tasis before the injection of the micelles. Twenty-five minutes after injection, micelles were fou
micelles were still detectedwithin the vessels of liver, and gradually increasing the intensity at
in the metastatic niche, i.e. tumor cells and surrounding microenvironment. (b), Z-stack volum
647-labeled DACHPt/m (red) at 18 h. (c), Time-lapse fluorescence intensity from Alexa 647-la
647-labeled DACHPt/m in themetastatic niche or healthy liver at 18 h expressed as a percentage
as mean ± SD (n = 3).
and Supporting Movie S3). Moreover, in the same mouse, we noticed
that the fluorescent DACHPt/m did not accumulate in COX-2-negative
metastatic niches (Fig. 7b). Interestingly, these COX-2-negative niches
(Fig. 7b) did not show the autofluorescence associated with the pres-
ence of macrophages (Fig. 5a, before injection and Supporting Fig. S6).
Thus, the fluorescence intensity from DACHPt/m in the COX-2 positive
C-26-GFP metastasis was 3.4 times higher than that in the COX-2 nega-
tive metastasis (Fig. 7d), indicating that DACHPt/m accumulate in
preangiogenic metastases of C-26 with increased levels of COX-2.
These results suggest that the inflammatory microenvironment of
preangiogenic metastases may be necessary for the accumulation of
the micelles.
(DACHPt/m) in a preangiogenicmetastasis. (a), Time-lapse snapshots of the accumulation
cence (red; dotted line) from Kupffer cells/macrophageswas detectable within themetas-
nd circulating in the blood vessels of liver, but not in tumor. Six-hours after injection, the
the surroundings of themetastasis. Eighteen-hours later, micelles specifically accumulated
e reconstruction of metastatic niche showing the cluster of C-26-GFP (green) with Alexa
beled DACHPt/m in the metastatic niche and in healthy liver. (d), Accumulation of Alexa
of themaximumfluorescence intensity attained in the vascular region. Data are expressed



Fig. 6. Immunofluorescence of liver micrometastasis. (a), Presence of Kupffer cells/macrophages stained by anti-CD68 (red) within metastatic niches having C-26-luc cells marked with
anti-CK20 (green). (b), Presence of hepatic stellate cells stained by anti-SMA (red) within metastatic niches having C-26-luc cells marked with anti-CK20 (green). Nuclei of cells were
stained with Hoechst (blue).
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3.6. Effect of celecoxib-pretreatment on the accumulation of
DACHPt-loaded micelles in preangiogenic metastases

Based on the aforementioned results, we studied the influence of
COX-2 on the accumulation of the micelles in preangiogenic metastasis
by pretreating a mouse bearing C-26-GFP liver metastases with
celecoxib, which is a clinically used anti-inflammatory drug and a selec-
tive COX-2 inhibitor [39]. Thus, celecoxib was intraperitoneally injected
at 5 mg/kg 24 h before injecting the COX-2 probe and fluorescent
DACHPt/m. Although the tumors were imaged in real-time for 16 h
after injecting COX-2 probe and Alexa 555-labeled DACHPt/m, neither
specific accumulation of COX-2 probe nor DACHPt/m were found in
themetastases, even in 300 μmmetastasis (Fig. 8a). The Z-stack volume
reconstruction of the metastatic niches confirmed these results within
the whole volume of the metastatic niches (Fig. 8b).

The effect of inhibiting COX-2 on the antitumor effect of DACHPt/m
against preangiogenic metastasis was studied by pretreatingmice bear-
ing C-26-luc liver metastasis with celecoxib at 5 mg/kg 24 h before
starting the administration of micelles or oxaliplatin. Then, DACHPt/m
at 3 mg/kg or oxaliplatin at 4 mg/kg were intravenously injected on
days 0, 3 and 6. Mice treated only with celecoxib were also used as con-
trol. Thus, while the anticancer effect of free oxaliplatin was strength-
ened after celecoxib pretreatment (Fig. 8c), DACHPt/m were less
effective than without celecoxib pretreatment (Fig. 8c), and 2 out of 5
Fig. 7. In vivomicroscopic observation of the accumulation DACHPt-loaded micelles (DACHPt/
(green)micrometastasismarkedwith COX-2 probe. (b), In vivomicroscopyof accumulation of A
of C-26-GFP (green) from the samemouse 24 h after injection of themicelles. The colocalization
in COX-2-positive metastasis. (c), Z-stack volume reconstruction of COX-2-positive (blue) m
corresponds to colocalization of C-26-GFP, COX-2 probe and DACHPt/m. (d), Fluorescence int
of C-26-GFP.
mice in the DACHPt/m plus celecoxib group died at day 14 (Fig. 8c, #)
due to the prominent outgrowth of their metastases. These results sug-
gest that the targeting of DACHPt/m to preangiogenic metastatic niches
may be affected by COX-2-associated inflammatory conditions.

4. Discussion

Our results demonstrated that DACHPt/m were effective against
both vascularized overt metastasis and preangiogenic metastasis in
liver. While the improved anticancer activity against vascularized me-
tastasis can be associated with the EPR effect, we found that the ability
of the micelles to target preangiogenic metastases was associated with
the COX-2-related inflammatory conditions of the niches. To our knowl-
edge, this is the first report demonstrating the targeting capability of
systemically injected nanocarriers to preangiogenic metastasis. This
ability may provide a novel approach for early diagnosis and treatment
of metastases.

Intravenously injected DACHPt/m showed prolonged circulation
in the bloodstream and gradually penetrated into the metastatic
niche from its surroundings. Because the cancer cells as well as stromal
cells and immune cells residing in the microenvironment of the
preangiogenic metastases can release cytokines (14) that augment the
permeability of the neighboring tissues, the penetration of the micelles
may be facilitated by enhanced intraendothelial/interendothelial
m) in COX-2 positive metastatic niches. (a), COX-2 (blue) expression in 100 μm C-26-GFP
lexa 555-labeledDACHPt/m (red) inCOX-2-positive and COX-2-negativemicrometastases
of DACHPt/m, C-26-GFP and COX-2 probe is observed inwhite.Micelles only accumulated
etastasis of C-26-GFP (green) having Alexa 555-labeled DACHPt/m (red). White color

ensity of DACHPt/m and COX-2-probe in COX-2-positive and COX-2-negative metastasis



Fig. 8. Effect of celecoxib on the targeting ability of DACHPt-loaded micelles (DACHPt/m) in preangiogenic liver metastases. (a), C-26-GFP (green) metastases from a mouse pretreated
with celecoxib at 5 mg/kg 24 h before imaging. Neither COX-2 probe (blue) nor Alexa 555-labeled DACHPt/m (red) were detected in thesemetastases. (b), Z-stack volume reconstruction
of C-26-GFP (green) metastases from celecoxib-pretreated mouse. (c), Antitumor effect of DACHPt/m and free oxaliplatin against preangiogenic metastases after pretreatment with
celecoxib. C-26-luc liver metastases were imaged every 2 days and longitudinally quantified for bioluminescence signal. Mice were treated with oxaliplatin or DACHPt/m on days 0, 3
and 6. Celecoxib was injected at 5 mg/kg 24 h before starting the anticancer treatment. Crosses, PBS; open circles, celecoxib at 5 mg/kg; open triangles, oxaliplatin at 4 mg/kg; open
squares, oxaliplatin and celecoxib; filled triangles, DACHPt/m at 3 mg/kg; filled diamonds, DACHPt/m and celecoxib. Data are expressed as mean ± SE (n = 5). Arrows indicate days of
injection. *P b 0.05. #: 2 of 5 mice dead.
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passage from blood vessels adjacent to the metastatic niches. Accord-
ingly, inflammatory stimuli associated with COX-2, prostaglandins and
vascular endothelial growth factor can increase transcellular and
paracellular permeability, by transporting macromolecules via
caveolae-mediated transcytosis and by widening the intercellular
space after dissociation of cell–cell junctions between endothelial cells
and contraction of their cytoskeleton, respectively [40]. Moreover, our
results showing that the efficacy of DACHPt/m having 70-nm diameter
was comparable to that of DACHPt/m with 30-nm diameter against
the preangiogenicmetastases support the possibility of interendothelial
migration of micelles into the inflammatory micrometastatic foci. Be-
sides the enhanced permeability of the inflammatory micrometastases
to polymeric micelles, there seems to be a retention mechanism for
themicelles within themetastatic niche, as observed from the intravital
microscopies, which may be associated with the uptake of the micelles
by scavenging cells likemacrophages and Kupffer cells inside themeta-
static site. Thus, the cytotoxic effect of DACHPt/m against preangiogenic
livermetastasesmay be exerted not only on the cancer cells, but also on
the metastasis-associated immune cells and stromal cells. Because of
the critical role of such metastasis-associated cells in the promotion of
metastasis [35], targeting the whole metastatic niche may be an effi-
cient therapeutic strategy for removing micrometastases.

The precluded accumulation of DACHPt/m inmetastatic fociwithout
COX-2 expression reinforces the assisting role of the inflammatory mi-
croenvironment of the metastatic niches on the micelles' targeting.
The selective inhibition of COX-2 by pretreatment with celecoxib may
downregulate the cytokines, which increase the permeability of the
microvasculature, reducing the penetration of the micelles into the
metastatic site. As celecoxib can also induce apoptosis of macrophages
[41], the retention of the micelles at the micrometastases may be hin-
dered by reduced macrophage uptake. For selectively targeting non-
inflammatory metastases, the installation of ligand molecules, which
can target epitopes specifically expressed onmetastatic cells, on the sur-
face of polymericmicelles [28,42–44]mayprovide improved cell uptake
and enhanced tumor accumulation. Moreover, by using ligand-installed
micelles, it may be possible to achieve specific drug delivery to cellular
sub-populations within the metastatic foci. Therefore, the efficacy of
ligand-installed polymeric micelles against micrometastatic disease is
currently under investigation in our group.

Inflammation of micrometastases is strongly related with their abil-
ity to trigger the formation of new blood vessels [3–6,35]. Moreover, the
inflammation of preangiogenic micrometastases has been associated
with the angiogenic switch of dormant tumors [45,46]. The acquisition
of this angiogenic switch can initiate the outgrowth of dormant metas-
tases [47]. In this way, polymeric micelles may also offer the possibility
to target dormant metastatic disease that has become activated by in-
flammatory triggers, thus, restricting the onset of themetastatic disease.
Although our study is limited to the inflammatory conditions in liver
micrometastases of colon cancer, comparable inflammatory responses
have been found in micrometastases from various cancers in other or-
gans [5]. Therefore, the study of the micelle accumulation in other
preangiogenicmetastaticmodelswill provide further insights regarding
the targeting mechanisms.

5. Conclusion

Ourfindings indicate that DACHPt/m can provide awide therapeutic
strategy against cancer, not only for targeting primary tumors and overt
liver metastases showing EPR effect, but also early preangiogenic me-
tastases based on the inflammatory microenvironment of the metasta-
tic niche. This ability to target preangiogenic metastases suggests the
advantage of polymeric micelles for restricting the development and
growth of metastasis before they cause irreversible harm to the patient.
As a wide range of reporter and bioactive agents can be incorporated in
the core of polymeric micelles, a broad spectrum of polymeric micelles
for diagnostic and therapeutic applications with clinical potential
against metastatic disease can be envisioned.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2014.06.018.
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