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Abstract
Intraperitoneal administration of anticancer nanoparticles is a rational strategy for 
preventing peritoneal dissemination of colon cancer due to the prolonged retention 
of nanoparticles in the abdominal cavity. However, instability of nanoparticles in body 
fluids causes inefficient retention, reducing its anticancer effects. We have previ-
ously developed anticancer nanoparticles containing tocopheryl succinate, which 
showed high in vivo stability and multifunctional anticancer effects. In the present 
study, we have demonstrated that peritoneal dissemination derived from colon cancer 
was prevented by intraperitoneal administration of tocopheryl succinate nanoparti-
cles. The biodistribution of tocopheryl succinate nanoparticles was evaluated using 
inductively coupled plasma mass spectroscopy and imaging analysis in mice adminis-
tered quantum dot encapsulated tocopheryl succinate nanoparticles. Intraperitoneal 
administration of tocopheryl succinate nanoparticles showed longer retention in the 
abdominal cavity than by its intravenous (i.v.) administration. Moreover, due to effec-
tive biodistribution, tumor growth was prevented by intraperitoneal administration 
of tocopheryl succinate nanoparticles. Furthermore, the anticancer effect was attrib-
uted to the inhibition of cancer cell proliferation and improvement of the intraperito-
neal microenvironment, such as decrease in the levels of vascular endothelial growth 
factor A, interleukin 10, and M2- like phenotype of tumor- associated macrophages. 
Collectively, intraperitoneal administration of tocopheryl succinate nanoparticles is 
expected to have multifaceted antitumor effects against colon cancer with peritoneal 
dissemination.
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1  |  INTRODUC TION

During the development of rational cancer therapy, nanoparticles 
such as liposomes, micelles, and lipid nanoparticles have been used 
for the delivery of hydrophobic and hydrophilic drugs and nucleic 
acids.1- 3 Tumor site- specific delivery along with improvement in sol-
ubility and avoidance of enzymatic degradation of various drugs can 
be achieved through nanoparticle formulations.4- 6 When nanoparti-
cles are intravenously (i.v.) administered, they are passively delivered 
to tumor tissues via the enhanced permeability and retention (EPR) 
effect.7 However, this delivery strategy using EPR effect requires 
the high circulation of nanoparticles in the blood and a specific 
physiological environment within the tumor, particularly hypervas-
cularity.8 Therefore, it is difficult to deliver nanoparticles to pan-
creatic cancer or peritoneal dissemination with hypovascularity by 
i.v. administration, even if the nanoparticles show excellent blood 
circulation.9- 11

Peritoneal dissemination is a major cause of death in abdomi-
nal cancers such as colon and gastric cancers rather than the 
peritoneal cancer itself.12,13 During cancer progression, the cells dis-
seminate into the peritoneal cavity and then metastasize to the peri-
toneum.12,13 Therefore, chemotherapy is needed to prevent further 
spread of cancer cells in the peritoneum and peritoneal cavity, in 
addition to killing cancer cells directly. Alternatively, extensive for-
mation of ascites occurs in an abnormal peritoneum, leading to de-
crease in the quality of life of patients.14 In the potential mechanism 
underlying the formation of ascites it is considered that the leaky 
structure of tumor vessels alters the direction of oncotic pressure, 
leading to the flow of ascites into the peritoneal cavity.15,16 A ratio-
nal strategy to prevent the formation of ascites is to stabilize the 
vascular structure in addition to killing cancer cells.

Systemic administration of anticancer drugs via the i.v. route for 
the treatment of peritoneal dissemination is inefficient for achieving 
therapeutic efficacy due to the inferior transitivity of drugs into the 
peritoneum and peritoneal cavity.17,18 To improve drug transitivity, 
intraperitoneal (i.p.) administration of anticancer drugs has a focus 
of study.17,18 Anticancer drugs administered via the i.p. route can di-
rectly attack cancer cells in the peritoneum and peritoneal cavity at 
a high local concentration.19,20 Furthermore, the i.p. retention time 
of drugs is affected by the size of the drug. Large- sized drug for-
mulations such as anticancer nanoparticles remain in the peritoneal 
cavity for a long duration, while small- sized drug formulations enter 
the systemic circulation relatively rapidly.21- 23 Therefore, the i.p. ad-
ministration of anticancer nanoparticles can effectively deliver the 
drugs into the peritoneal cavity, achieving a long retention time. The 
surface charge and size of the nanoparticles affect the i.p. retention 
time.24,25 The i.p. administration of cationic nanoparticles demon-
strated a longer i.p. retention time than that of anionic nanoparti-
cles because cationic nanoparticles bind electrostatically to the 
negatively charged peritoneum.26 However, cationic nanoparticles 
strongly interact with biogenic substances, and this affects the dis-
tribution of the nanoparticles in the peritoneal cavity, depending on 
their modified physicochemical properties.27 Furthermore, cationic 

nanoparticles show potent cytotoxicity against not only cancer cells 
but also healthy cells.28 Such undesirable effects hamper the use of 
cationic nanoparticles for the treatment of peritoneal dissemination. 
Compared with cationic nanoparticles, anionic nanoparticles show 
high biocompatibility without serious cytotoxicity due to less inter-
action with biogenic substances.29 Moreover, anionic nanoparticles 
show high stability without any change in assembly and particle size 
even in biofluids such as ascites and blood27; therefore they are ex-
pected to maintain their size while in the disease environment of the 
peritoneal cavity. Therefore, we hypothesized that i.p. administra-
tion of anionic nanoparticles containing anticancer agents that act 
specifically on cancer cells would be an effective therapy for perito-
neal dissemination without side effects.

α- Tocopheryl succinate (TS), a succinic acid ester of α- tocopherol 
(α- T), is a redox- silent analog of α- T.30 Although physiological ac-
tions of α- tocopherol and its analogs are based on their antioxida-
tive effects,30 TS exerts multifaceted anticancer effects such as the 
induction of cancer cell- specific apoptosis and inhibition of tumor 
angiogenesis and multidrug- resistant protein.30 Because esterase ac-
tivity of healthy cells is higher than that of cancer cells, TS is easily 
hydrolyzed to α- T, a silent agent with anticancer effects, leading to 
mitigation of undesirable side effects.30 Alternatively, TS with both 
hydrophilic and hydrophobic moieties is easily vesiculated, while 
nanoparticles consisting only of TS undergo structural changes 
and disassemble in the presence of divalent cations and serum in 
vivo.31 We have previously developed nanoparticles (TS- NP) contain-
ing TS and egg phosphatidylcholine (EPC) to improve particle stability 
in vivo.31 TS- NP exhibited anionic surface charges and high particle 
stability in vivo,31 which is an advantageous physicochemical prop-
erty for the treatment of peritoneal dissemination using i.p. adminis-
tration of anticancer nanoparticles. When TS- NP were administered 
into tumor- bearing mice via the i.v. route, they existed as particles 
and were taken up by cancer cells at the tumor site, and they showed 
more potent anticancer effects than by TS itself.31 However, it was 
unclear whether TS- NP showed long retention in the peritoneal cav-
ity and exerts potential antitumor effects when administered via the 
i.p. route in a mouse model of peritoneal dissemination.

In the present study, we compared the retention time of TS- NP 
in the peritoneal cavity after its i.v. and i.p. administration; moreover, 
multifaceted anticancer effects of TS- NP were determined in the 
mouse model of peritoneal dissemination. This mouse model was 
prepared by i.p. injection of colon26 (mouse colon cancer cell line) 
cells stably expressing the luciferase gene to monitor the growth of 
cancer cells. To analyze the i.p. retention time of nanoparticles and 
to determine the effect on particle size of nanoparticles, quantum 
dots (Qd) consisting of Cd/Se were encapsulated into TS- NP. Qd are 
nanoscale semiconductor crystals and highly biostable nanoparti-
cles that have unique emission characteristics depending on the par-
ticle size and are widely used for biological imaging.32 Collectively, 
we demonstrated that TS- NP administered via the i.p. route were 
effectively retained in the peritoneal cavity, leading to potent an-
ticancer effects, including diminished peritoneal dissemination and 
inhibition of ascites production.
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2  |  MATERIAL S AND METHODS

2.1  |  Reagents and materials

TS and EPC were purchased from Sigma Aldrich (St. Louis, MO, USA) 
and the NOF Corporation (Tokyo, Japan), respectively. 1,2- Dioleoyl
- 3- trimethylammonium propane (DOTAP) and 1,2- dioleoyl- sn- glyce
ro- 3- phosphoethanolamine- N- (lissamine rhodamine B sulfonyl) (Rh- 
PE) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). 
LysoTracker Green DND- 26, Qdot 705 ITK carboxyl quantum dots 
(Carboxyl- Qd), and Alexa488- labeled anti- rabbit antibody were 
purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). 
Rabbit anti- CD163 antibody was purchased from Bioss Inc. (Woburn, 
MA, USA). VivoGloTM Luciferin and Premix WST- 1 Cell Proliferation 
Assay System were obtained from Promega (Madison, WI, USA) and 
TaKaRa Bio Inc. (Kyoto, Japan), respectively. Stearylated octaargi-
nine (STR- R8) was synthesized by Scrum Inc. (Tokyo, Japan). The 
mouse colon cancer cell line, colon26, was provided by the RIKEN 
BRC under the National Bio- Resource Project of the MEXT/AMED, 
Japan. Colon26 cells stably expressing the luciferase gene (colon26- 
Luc) were established in our laboratory. Male Hos:HR- 1 hairless 
and BALB/cCrSlc mice were purchased from Shimizu Laboratory 
Supplies Co., Ltd. (Kyoto, Japan). All mice were maintained and used 
in accordance with the animal protocol approved by the Institutional 
Animal Care and Use Committee of Kyoto Pharmaceutical University 
(Kyoto, Japan).

2.2  |  Preparation of nanoparticles containing TS 
(TS- NP and TS- NP- Qd)

TS- NP were prepared using a simple hydration method described 
in our previous study.31 Briefly, to form a thin film, TS (50 mM) 
and EPC (32 mM) dissolved in ethanol were mixed in a round- 
bottomed glass tube at a molar ratio of 5:3.2 and then dried using 
nitrogen gas. The thin film was hydrated with PBS (−) containing 
40 mM NaOH, and then nanoparticles were formed by sonication 
for 20 min in a bath- type sonicator (Yamato Scientific Co., Ltd., 
Tokyo, Japan). To encapsulate Qd into the TS- NP, a cationic core 
was prepared using surface modification of carboxyl- Qd using 
STR- R8. The anionic thin film consisting of TS and EPC was hy-
drated using this cationic core solution, followed by sonication 
for 20 min in a bath- type sonicator (Yamato Scientific Co., Ltd.). 
The unencapsulated Qd was removed using Vivaspin 6 Centrifugal 
Concentrators (0.20 μm) (Vivaproducts, Inc., MA, USA). The fluo-
rescence intensity of Qd encapsulated in TS- NP (TS- NP- Qd) was 
measured using Plate manager Infinite M200 (Tecan) at an excita-
tion wavelength of 401 nm and an emission wavelength of 705 nm. 
The lipid concentration of TS- NP was determined using the 
Wako's Phospholipids C assay kit (FUJIFILM Wako Pure Chemical 
Corp. Oosaka, Japan). The particle size and surface charge of the 
nanoparticles were determined using Zetasizer Nano (Malvern 
Instruments Ltd, Worcestershire, UK).

2.3  |  Stability of TS- NP in the presence of ascites

To obtain ascites, colon26 cells (2 × 105) suspended in PBS (−) were 
intraperitoneally (i.p.) administered to BALB/cCrSlc mice, followed 
by the collection of ascites at 2 weeks after the injection. The as-
cites sample at 4× dilution with PBS was incubated with TS- NP at 
room temperature for 0, 1, or 24 h. The change in particle size and 
surface charge indicated the stability of the TS- NP in the presence 
of ascites.

2.4  |  Biodistribution of TS- NP- Qd in the mouse 
model of peritoneal dissemination by an in vivo 
imaging system (IVIS) and inductively coupled plasma 
mass spectrometry (ICP- MS)

The mouse model of peritoneal dissemination was prepared by i.p. 
injection of colon26- Luc cells into HR:Hos- 1 mice (2 × 105 cells/
mouse). After 11 days, VivoGlo Luciferin was i.p. administered 
15 min before image acquisition, and luminescence images were 
acquired using the IVIS Lumina XR imaging system (PerkinElmer 
Inc., MA, USA) equipped with an open luminescence filter with an 
exposure time of 20 s. After measuring the luminescence intensity 
that indicated the formation of peritoneal dissemination, TS- NP- Qd 
and carboxyl- Qd were administered i.v. and i.p. at a dose equivalent 
to 50 pmol/mouse Cd. The Qd in the mice was visualized by IVIS 
at an excitation wavelength of 420 nm, an emission wavelength of 
710 nm, and an exposure time of 10 s. For the quantification of Qd 
by ICP- MS, ascites, peritoneum, and blood samples were collected 
18 h after the injection. These samples were freeze dried using a 
FD- 1000 dehydrator (EYELA, Tokyo, Japan) and then heated repeat-
edly in 60 wt% HNO3, 60 wt% HClO4, and 30 wt% H2O2 at ~140°C 
to obtain a white powder. The powder was dissolved in 5% HNO3 
and used as a sample for ICP- MS. The concentration of Cd in Qd 
was determined using Agilent 7700 ICP- MS spectrometer (Agilent 
Technologies, CA, USA).

2.5  |  Evaluation of tumor growth in mice using 
luminescence images

Colon26- Luc cells were injected i.p. into BALB/cCrSlc mice as 
described above. TS- NP and TS in ethanol (TS solution) were ad-
ministered i.p. to these mice, at a dose equivalent to 4 mg of TS, 
5 and 8 days after inoculation. TS was dissolved in sesame oil to 
prepare the TS solution used in the animal studies. Luminescence 
images indicating tumor growth were acquired using an IVIS spec-
trum imaging system (PerkinElmer Inc.) equipped with an open lu-
minescence filter with an exposure time of 120 s at 25 min after 
the subcutaneous administration of VivoGlo Luciferin, and the 
radiance (photons per second per cm2 per steradian) of the re-
gion of interest (ROI) was quantified using Living Image software 
(PerkinElmer Inc.).33
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2.6  |  Quantification of ascites production and 
VEGF- A, IL- 10 and TNF- α levels in blood

TS- NP were administered i.p. to the mice at a dose equivalent to 
2 mg of TS at 4 and 11 days after inoculation. The ascites and blood 
were collected at 18 days after inoculation. Vascular endothelial 
growth factor A (VEGF- A), interleukin 10 (IL- 10), and tumor necro-
sis factor alpha (TNF- α) levels in blood were determined using the 
Mouse VEGF Quantikine ELISA kit (R&D Systems, Inc., MN, USA) 
and Mouse IL- 10 ELISA Kit (ThermoFisher Scientific Inc. (IBM Corp., 
MA, USA), respectively.

2.7  |  Determination of cell viability using WST- 
1 assay

A cell viability assay was performed as previously described.31 
Colon26 cells were seeded on 96- well CellBIND plates 
(Corning) at a density of 5 × 103 cells/well. After incubation at 
37°C for 24 h, the cells were treated with TS- NP or TS dissolved 
in ethanol (TS solution) for 48 h. Cell viability was determined 
using the WST- 1 assay. Cell viability was estimated by dividing the 
absorbance (at 440 nm) of the sample by that of the nontreated 
group.

2.8  |  Evaluation of the cellular uptake and 
intracellular trafficking of TS- NPs

The cellular uptake of nanoparticles was determined using 
flow cytometry, as previously described.31 Colon26 cells were 
treated with EPC/DOTAP (7:3) liposomes and TS- NPs containing 
1 mol% Rh- PE for 2 h. After washing twice with PBS (−) con-
taining 2% FBS, the resuspended cells were subjected to flow 
cytometry analysis. The intracellular trafficking of TS- NPs was 
evaluated using confocal laser scanning microscopy, as previ-
ously described.31 The cells were treated with Rh- PE- labeled TS- 
NP for 2 h. The endosomes/lysosomes and nuclei were stained 
with LysoTracker Green DND- 26 and Hoechst 33342, respec-
tively. The intracellular distribution of TS- NPs was observed 
using a Nikon AX confocal laser scanning microscope (Nikon 
Corporation, Tokyo, Japan).

2.9  |  Determination of the type of TAM in ascites 
using flow cytometry

The ascites samples obtained (as described in Section 2.6.) were 
mixed with anti- CD163 antibody at 4°C for 1 h. After washing 
with PBS (−) containing 2% FBS, the samples were incubated with 
Alexa488- labeled anti- rabbit antibody at 4°C for 1 h. After washing 
with PBS (−) containing 2% FBS, CD163- positive macrophages were 
determined using flow cytometry.

2.10  |  Statistical analysis

Statistical significance was determined using Student's t test or one- 
way ANOVA, followed by Tukey's honest significant difference test. 
Statistical significance was set at p < 0.05.

3  |  RESULTS

3.1  |  Effect of TS- NP on colon cancer cell 
proliferation

The particle size and ζ- potential of TS- NP prepared in this study 
were estimated at ~120 nm and −40 mV, respectively (Table 1). 
It had been previously reported that TS- NP induced potent cell 
death in B16- F1 cells, a mouse melanoma cell line, due to their 
homogenous cellular uptake attributed to their high particle sta-
bility.31 To determine the potential application of TS- NP in the 
treatment of peritoneal dissemination derived from colon cancer 
cells, we determined the effect of TS- NP on the growth of colon26 
cells. As shown in Figure 1B, TS- NP significantly inhibited cell pro-
liferation in a dose- dependent manner. A cell viability assay of TS- 
NP and TS solution at concentrations equivalent to 50 μM of TS 
was performed; TS- NP induced more potent cytotoxicity than TS 
solution in colon26 cells (Figure 1B). Because the mitochondria are 
reportedly an action site of TS, negatively charged TS- NP needs 
to be taken up by cells for the inhibition of cell proliferation.34 
In general, the cellular uptake of anionic nanoparticles is ineffec-
tive.35 Therefore, we examined the cellular uptake of rhodamine- 
labeled TS- NPs in colon26 cells. As shown in Figure 1C, flow 
cytometric analysis revealed that the rhodamine- labeled TS- NPs 
were taken up by the colon26 cells, although the surface charge 
was negative. Furthermore, we examined the intracellular traffick-
ing of rhodamine- labeled TS- NPs using confocal laser scanning 
microscopy. As shown in Figure 1D, red fluorescent signals were 
observed inside the cells without colocalization with endosome/
lysosome markers. These results suggested that TS- NPs were 
taken up by colon26 cells and delivered into the cytoplasm, where 
mitochondria exist as an action site of TS, inhibiting the prolifera-
tion of colon26 cells.

3.2  |  Stability of TS- NP in the presence of ascites

TS- NP showed high stability as particles in the presence of divalent 
cations and serum, reflecting the in vivo environment, and leading to 

TA B L E  1  Physicochemical properties of TS- NP

Particle size (nm)
mean ± SD (n = 3)

ζ- potential (mV)
mean ± SD (n = 3) PDI

TS- NP 124 ± 12 −39 ± 8 0.345

Abbreviations: PDI, polydispersity index; TS- NP, tocopheryl succinate 
nanoparticles.
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effective intratumoral distribution mediated using the EPR effect of 
negatively charged TS- NP.31 However, the stability of TS- NP in the 
abdominal cavity is unclear. Therefore, the physicochemical proper-
ties of TS- NP were evaluated in the presence of ascites. As shown in 
Figure 2A,C, the particle size distribution and ζ- potential of TS- NP 
in PBS were unchanged even after incubation for 24 h. The parti-
cle size in ascites showed a similar distribution to that in PBS, while 
smaller particles with size below 50 nm were observed (Figure 2B). 
As shown in Figure 2C, TS- NP has potent anionic charges even 
when incubated in ascites at 37°C for 24 h, although ζ- potential was 

slightly attenuated from −30 to −20 mV after incubation. These re-
sults suggested the high stability of TS- NP in the presence of ascites.

3.3  |  Biodistribution of i.p. and i.v. administration of 
TS- NP in mice

When nanoparticles are administered i.p., the biodistribution 
depends on their particle size.21- 23 To evaluate the biodistribu-
tion of TS- NP with a constant particle size, TS- NP- encapsulating 

F I G U R E  1  Effects of TS solution and TS- NP on colon- 26 cell viability and the cellular uptake of TS- NP. (A) The chemical structure of 
tocopheryl succinate (TS). (B) Colon26 cells were treated with TS solution or TS- NP for 48 h. The cell viability was determined by the WST- 1 
assay. Values represent the means of three individual experiments. Bars represent standard deviation (SD). *p < 0.05 and ***p < 0.001. (C, 
D) Cellular uptake of TS- NP was determined by flow cytometry and confocal laser scanning microscopy (CLSM) 2 h after treatment with 
rhodamine- labeled nanoparticles. (C) Typical histograms of flow cytometric analysis. Black, red, and blue lines indicate nontreatment, TS- NP, 
and the cationic NP consisting of EPC and DOTAP (7:3), respectively. The cationic NP was used as a positive control. (D) A typical CLSM 
image showing the intracellular trafficking of TS- NP. Red, green, and blue signals indicate TS- NP, endosome/lysosome markers, and nuclei, 
respectively. TS solution, tocopheryl succinate dissolved in ethanol; TS- NP, tocopheryl succinate nanoparticles
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carboxyl- Qd was used in this study. To encapsulate negatively 
charged carboxyl- Qd in TS- NP, carboxyl- Qd was modified with 
positively charged STR- R8 (R8- Qd) (Figure 3A). The particle size and 
ζ- potential of R8- Qd were observed as 55 nm and +20 mV, respec-
tively (Table 2). These positively charged R8- Qd were embedded 
into the negatively charged membranes of the TS- NP via electro-
static interaction (TS- NP- Qd) (Figure 3A). As shown in Table 2, the 
particle size of TS- NP- Qd was enlarged, and ζ- potential shifted 
from positive to negative compared with R8- Qd. These results con-
firmed the successful incorporation of carboxyl- Qd in TS- NP. The 
encapsulation efficiency of the Qds into the TS- NPs was 63 ± 21%. 
The physicochemical properties of TS- NP- Qd in ascites were com-
parable with those in PBS, and were similar to TS- NP without cati-
onic Qd cores, suggesting that TS- NP- Qd was also stable in ascites 
(Figure S1). Furthermore, using these TS- NP- Qd, the biodistribution 
of i.p. and i.v. administration of TS- NP was compared. TS- NP- Qd 

injected i.p. were observed in the peritoneal cavity after 1 h of ad-
ministration, whereas TS- NP- Qd injected i.v. were not (Figure 3B). 
When carboxyl- Qd was administered, weak signals were observed 
only for i.p. injection (Figure 3B). The retention time of TS- NP- Qd 
in the abdominal cavity was comparable with that of carboxyl- Qd, 
which was used as a control to evaluate the biodistribution of NPs 
with a constant particle size (Figure 3C). As shown in Figure 3C, 
the estimated half- life of TS- NP in the abdominal cavity was ~1 h. 
Consistent with the IVIS images, the amount of Qd in the ascites 
and peritoneum of mice after 18 h of i.p. injection of TS- NP- Qd 
was higher than that after i.v. injection (Figure 3D,E). As shown in 
Figure S2, the distribution of TS- NP- Qd in the liver, spleen, kidneys, 
and lungs 18 h after i.p. administration was similar to that after i.v. 
administration. These results suggested the potential delivery ef-
ficiency and retention of TS- NP- Qd after i.p. administration com-
pared with i.v. administration.

F I G U R E  3  Biodistribution of TS- NP- 
Qd in peritoneal dissemination model 
mice. (A) Schematic diagram representing 
preparation of TS- NP- Qd. Negatively 
charged carboxyl- Qd was separated 
with positively charged stearyl- R8 to 
prepare cationic Qd. The cationic Qd 
was embedded into negatively charged 
TS- EPC membrane. The physicochemical 
properties of TS- NP- Qd are shown in 
Table 2. (B) Typical IVIS images of mice 
at 1 h after i.p. and i.v. administration of 
TS- NP- Qd or carboxyl- Qd. (C– F) The 
Qd levels were determined by ICP- MS. 
Values and bars represent the means 
and SD, respectively. (C) The Qd levels 
in ascites from mice 1, 3, 6, or 24 h 
after i.p. administration of TS- NP- Qd or 
carboxyl- Qd. Data are presented as a 
% of the injected dose. n = 3. (D– F) The 
Qd levels in ascites, peritoneum, and 
blood from mice at 18 h after i.p. and i.v. 
administration of TS- NP- Qd or carboxyl- 
Qd. The Qd levels were determined by 
ICP- MS. Values and bars represent means 
and SD, respectively. n = 4, **p < 0.01. 
i.p., intraperitoneal; i.v., intravenous; 
Qd, quantum dots; TS- NP- Qd, quantum 
dot encapsulated tocopheryl succinate 
nanoparticles; TS- EPC membrane, 
membrane consisting of tocopheryl 
succinate and egg phosphatidylcholine
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3.4  |  Inhibition of tumor growth by i.p. 
administered TS- NP in the mouse model of peritoneal 
dissemination

To determine the antitumor effect of TS- NP, colon26- Luc cells were 
inoculated into the peritoneal cavity, and then TS- NP and TS solution 

were administered i.p. or i.v. at 5 and 8 days after inoculation. IVIS im-
ages showed that the luminescence intensity indicating the number of 
living cancer cells decreased in TS- NP- administered mice compared 
with the control, TS- NP i.v.- injected mice, and TS solution i.p.- injected 
mice on day 11 (Figure 4A). The i.p. administration of TS- NP signifi-
cantly inhibited tumor growth on day 11 after inoculation, whereas i.v. 
administration of TS- NP and i.p. administration of TS solution showed 
no effects (Figure 4B). Furthermore, the number of tumor nodules in 
the peritoneum of i.p.- administered TS- NP mice was lower than that 
in the peritoneum of the other groups (Figure 4C). The weight of the 
tumor nodules attached to abdominal tissue in the i.p.- administered 
TS- NP mice was also significantly lower than that in the control 
mice, whereas i.v. administration of TS- NP and i.p. administration of 
TS solution were ineffective (Figure 4D). Furthermore, the survival 
period of the i.p.- administered TS- NP mice was longer than that of 
control mice, while i.p. administration of TS solution was ineffective 
(Figure 4E). These results indicated that i.p. administration of TS- NP 
showed potent effects against peritoneal dissemination.

TA B L E  2  Physicochemical properties of R8- Qd and TS- NP- Qd

Particle size 
(nm)
mean ± SD 
(n = 3)

ζ- potential (mV)
mean ± SD (n = 3) PDI

R8- Qd 55 ± 4 20 ± 3 0.284

TS- NP- Qd 177 ± 8 −25 ± 0 0.457

Abbreviations: PDI, polydispersity index; R8- Qd, carboxyl- Qd 
modified with stearylated octaarginine; TS- NP, tocopheryl succinate 
nanoparticles; TS- NP- Qd, quantum dot encapsulated tocopheryl 
succinate nanoparticles.

F I G U R E  4  Inhibition of tumor growth 
by intraperitoneally administered 
TS- NP. TS- NP and TS solution were 
intraperitoneally or intravenously 
administered to mice on day 5 and day 
8. (A) Representative IVIS images of 
peritoneal dissemination model mice. 
Luminescence is derived from colon26 
cells stably expressing luciferase gene. (B) 
Tumor growth in peritoneal dissemination 
model mice. Values and bars represent 
means and SD, respectively. n = 3– 5, 
*p < 0.05. (C) Representative images of 
the peritoneum of mice receiving TS- NP 
or TS solution. (D) The weight of tumor 
nodules attached to the abdominal tissue 
of mice receiving TS- NP or TS solution. 
Values and bars represent means and SD, 
respectively. n = 3– 5, *p < 0.05. (E) The 
survival periods of mice intraperitoneally 
administered TS solution or TS- NP. TS- 
NP, tocopheryl succinate nanoparticles; 
TS solution, TS dissolved in sesame oil; 
colon26, mouse colon cancer cell line
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3.5  |  Improvement in the i.p. microenvironment 
by TS- NP in the mouse model of peritoneal 
dissemination

We examined the effect of TS- NP on the i.p. microenvironment in 
the mouse model of peritoneal dissemination. As shown in Figure 5A, 
ascites production was significantly inhibited by the administra-
tion of TS- NP. Furthermore, the level of VEGF- A was significantly 
decreased (Figure 5B). It is known that vascular normalization and 
decreased ascites volume are attributed to improvement in the i.p. 
microenvironment, particularly the characteristic changes of TAM.36 
Because the M2- like phenotype of TAM contributes to tumor prolif-
eration and progression,37 we examined the amount of M2- like phe-
notype of TAM in ascites. As shown in Figure 5C, the level of CD163, 
which is an M2- like phenotype of the TAM marker,38 significantly 
decreased in the ascites of TS- NP- administered mice. Furthermore, 
the level of IL- 10, which activates M2- like polarization of TAM,39 in 
ascites was decreased, however, the difference was not statistically 
significant. These results suggested improvement in the i.p. micro-
environment by TS- NP via decrease in ascites production, VEGF- A 
and IL- 10 levels, and M2- like polarization of TAM.

4  |  DISCUSSION

In the present study, we evaluated the antitumor effects and biodis-
tribution of i.p. administered TS- NP in a mouse model of peritoneal 
dissemination.

As shown in Figure 1B, TS- NP induced more potent cytotoxicity 
than TS solution in colon26 cells. The differences in cytotoxic effects 
of TS- NP and TS solution in colon26 cells were similar to that in B16- 
F1 cells.31 TS induces cell death via the production of mitochondrial 
O2

− after direct binding to the ubiquinone- binding sites in mitochon-
drial respiratory complex II.34 Therefore, effective delivery of TS 
inside the cell is required to induce potent cell death. We have pre-
viously analyzed the cellular uptake of TS molecules in B16- F1 cells 
using HPLC.31 The amount of TS in cells treated with TS- NPs was 
~40% lower than that in cells treated with TS solution. Therefore, 
TS- NP strongly induced apoptosis, despite the low amounts of TS in 

the cells treated with TS- NP. TS- NP were effectively delivered inside 
B16- F1 cells via endocytosis- mediated cellular uptake followed by 
efficient endosomal escape.31 As shown in Figure 1C,D, TS- NP was 
taken up by colon26 cells and delivered into the cytoplasm, where 
mitochondria exist as an active site of TS. Such nanoparticle- specific 
cellular uptake may lead to enhanced cell death induced by TS- NP in 
colon26 cells, similar to the effect in B16- F1 cells, although further 
mechanistic analysis is required. Therefore, TS- NP are expected to 
be a potential nanomedicine for colon cancer.

As shown in Figure 2, TS- NP showed high stability, even in the 
presence of ascites. Albumin is a major protein found in mouse peri-
toneal fluid, human ascites from patients with peritoneal carcino-
matosis, and human serum from healthy donors.27,40 It has been 
considered that albumin, a negatively charged protein, barely inter-
acts with negatively charged TS- NP, which was supported by un-
changed particle size of TS- NP in the presence of 50% FBS.31 The 
stability of nanoparticles in body fluids depends on their sur-
face charge.27 In mice peritoneal fluid and human ascites, anionic 
nanoparticles showed high stability, whereas cationic nanoparticles 
strongly interacted with negatively charged proteins, such as albu-
min, due to their electrostatic interaction.27 Therefore, negative 
surface charges on TS- NP contributed to their high stability in the 
presence of ascites.

As shown in Figure 3, i.p. administration of TS- NP- Qd showed 
potent i.p. delivery efficiency and retention in comparison with i.v. 
administration. The estimated half- life of TS- NPs in the abdominal 
cavity was ~1 h, as shown in Figure 3C. Furthermore, the retention 
time of TS- NP- Qd in the abdominal cavity was comparable with that 
of carboxyl- Qd with a particle size of ~20 nm. The i.p. retention time 
of the nanoparticles was affected by their particle size. Large- sized 
nanoparticles (>400 nm) remained in the peritoneal cavity for an 
extended duration.23 Therefore, to extend the retention time of TS- 
NPs in the abdominal cavity, the physicochemical properties of TS- 
NPs must be improved by focusing on the particle size.

The i.p. administration of TS- NP showed a potent effect against 
peritoneal dissemination (Figure 4A– E). Although it was previously 
reported that i.p. administration of TS solution prevented liver me-
tastasis of colon cancer,41 to the best of our knowledge, this is the 
first report indicating that the nanoparticles containing TS inhibit 

F I G U R E  5  Improvement in 
intraperitoneal microenvironment by 
TS- NP. (A) The volume of ascites, (B, 
D) levels of VEGF- A and IL- 10 and (C) 
CD163 levels as M2 marker in control and 
TS- NP administered mice. Values and bars 
represent means and SD, respectively. 
n = 3– 5, *p < 0.05 and ***p < 0.001. 
IL- 10, interleukin 10; TS- NP, tocopheryl 
succinate nanoparticles; VEGF- A, vascular 
endothelial growth factor AM
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the growth of colon cancer cells in the peritoneal cavity and perito-
neum. As shown in Figure 3B– E, TS- NP showed efficient retention 
in the i.p. cavity that contributed to the potent antitumor effect. 
We previously reported that the antitumor effect of TS was not ob-
served in half of the melanoma- bearing mice population receiving 
i.p. administration of TS solution.42 In tumor- bearing mice, antitu-
mor effects were induced when TS molecules were translocated 
into the systemic blood circulation passing through the peritoneum. 
Conversely, the assembled TS molecules remained in the peritoneal 
cavity and were not effective. Alternatively, TS in the peritoneal cav-
ity was not efficiently hydrolyzed to α- T due to low esterase activity 
in ascites.17 Therefore, the larger size of the TS- NP compared with 
that of the TS molecules led to effective i.p. retention, followed by 
induction of antitumor effects.

As shown in Figure 5A,B, i.p. administration of TS- NP inhibited 
ascites production and reduced VEGF- A levels. It is known that en-
hanced vascular permeability by angiogenesis- related factors, such 
as VEGF- A and angiopoietin- 2 (Ang2), is one of the causes of asci-
tes retention.43,44 TS suppresses VEGF- A and Ang2.44 Ang2 acts on 
Tie2, an angiopoietin receptor, to destabilize the vascular structure 
by attenuating the interaction between endothelial cells and peri-
cytes, followed by enhanced vascular permeability.45 Although fur-
ther studies are needed, stabilization of vascular structure through 
suppression of Ang2 expression followed by normalization of vas-
cular permeability is a possible mechanism underlying inhibition of 
ascites production by TS- NP.

In the ascites of mice administered TS- NP i.p., the M2- like phe-
notypes of TAM and IL- 10 decreased (Figure 5C, D). It has been 
reported that the M2- like polarization of TAM is mediated by IL- 
10.39 TS- NP might have inhibited the M2- like polarization of TAM by 
decreasing IL- 10 levels. Therefore, improvement in the i.p. microen-
vironment, such as vascular normalization and M2- like nonpolarized 
TAM, led to inhibition of tumor growth and ascites production by i.p. 
administration of TS- NP.

In summary, i.p. administered TS- NP showed potent retention in 
the peritoneal cavity. Consistent with the effective biodistribution, 
TS- NP inhibited tumor growth and improved the i.p. microenviron-
ment by inhibiting ascites and VEGF- A production and decreasing 
the M2- like phenotype of TAM. Therefore, i.p. administration of TS- 
NP, which has multifaceted antitumor effects, is expected as a ratio-
nal therapy for peritoneal dissemination.
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