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Abstract
Purpose: Novel collagenase IV (ColIV) and clusterin (CLU)-modified polycaprolactone-polyethylene
glycol (PCL-PEG) nanoparticles that load doxorubicin (DOX) were designed and fully evaluated in vitro
and in vivo.
Methods: PCL-PEG-ColIV was synthesized by linking PCL-PEG and ColIV through a carbodiimide
method. DOX-loaded nanoparticles (DOX-PCL-PEG-ColIV) were self-assembly prepared, followed by
noncovalently adsorbing CLU on the DOX-PCL-PEG-ColIV surface to obtain DOX-PCL-PEG-ColIV
/CLU nanoparticles, which can penetrate through the tumor extracellular matrix (ECM) and inhibit
phagocytosis by macrophage. The physicochemical properties of nanoparticles were characterized. The
cellular uptake and antiphagocytosis ability of nanoparticles in MCF-7 tumor cells and RAW264.7 cells
were investigated. The penetration ability of nanoparticles was individually evaluated in the
two-dimensional (2D) and three-dimensional (3D) ECM models. The tissue distribution and antitumor
effect of nanoparticles were evaluated in MCF-7 cell-bearing nude mice.
Results: Compared with DOX-PCL-PEG-COOH nanoparticles, DOX-PCL-PEG-ColIV/CLU
nanoparticles could effectively overcome the phagocytosis by RAW264.7 and showed excellent cellular
uptake in MCF-7 cells. In addition, they showed remarkable penetration ability through the 2D and 3D
ECM models. DOX-PCL-PEG-ColIV/CLU nanoparticles significantly reduced the drug distribution in the
liver and spleen and enhanced the drug accumulation in tumor tissue compared with
DOX-PCL-PEG-COOH or DOX-PCL-PEG-ColIV nanoparticles. DOX-PCL-PEG-ColIV/CLU
nanoparticles showed remarkable antitumor effect but did not cause severe pathological damages in the
main tissues, including the heart, liver, spleen, lung, and kidney.
Conclusion: Novel ColIV and CLU-modified PCL-PEG nanoparticles showed excellent cellular uptake,
ECM penetration, antiphagocytosis, and antitumor effects both in vitro and in vivo.
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Introduction
Direct application of traditional chemotherapy
causes serious damages to the normal tissues of
cancer patients [1,2]. Numerous nanobased drug
delivery systems have been applied in preclinical and
clinical trials. However, the current designs of

nanocarriers still have some major drawbacks [3,4].
One of the challenges in cancer therapy is the tumor
microenvironment barrier, which includes hypoxia,
acidic pH, intercellular pressure, extracellular matrix
(ECM) barrier, and drug-resistant protein [5-7]. ECM,
http://www.thno.org
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which is a three-dimensional (3D) macromolecular
network with unique biological characteristics, is one
of the major barriers [8,9]. ECM components can
significantly affect drug delivery. They change
significantly during tumorigenesis, thereby leading to
increased fibrosis matrix formation, matrix stiffness,
excessive deposition of ECM components, and even
abnormal ECM remodeling [10-12].
For improving the delivery efficiency of various
nanomaterials to the tumor site, remodeling or
reconstruction strategies of the ECM might provide
novel ideas. Some studies have already demonstrated
that ECM remodeling could improve the tumor
targeting efficiency of the nanoparticles [13-15]. Lee et
al. developed the ECM remodeling strategy by the
pulsed high intensity focused ultrasound technology
for enhanced tumor-targeting of nanoparticles [13].
Murty et al. found that modifying the surface of
PEGylated gold nanoparticles with collagenase could
improve the accumulation of nanoparticles within a
murine tumor xenograft [14]. Zinger et al. showed that
a pretreatment based on a proteolytic-enzyme
nanoparticle system disassembles the dense
pancreatic ductal adenocarcinoma collagen stroma
and increases drug penetration into the pancreatic
tumor [15].
In addition, various novel methods have also
been introduced for improving the penetration of
nanomedicine to tumor cells [16,17]. Zhang et al.
constructed polystyrene nanoparticles with similar
sizes and charges, but with different surface
topologies at the molecular level, by conjugating poly
(propylene imine) dendrimers with different
generations onto the nanoparticles. They found that
subtle changes made to the surficial chemical
properties led to changes in surface roughness and
wettability, which considerably influenced the
cellular internalization, endocytosis mechanism, and
penetration into the tumor model both in vitro and in
vivo [16]. Meanwhile, scientists have reported a
single-step microfluidic combinatorial approach for
producing a library of single and dual-ligand
liposomes with systematically-varied properties
including size, zeta potential, targeting ligand, ligand
density, and ligand ratio. The folic acid and TAT
peptide dual-ligand liposome demonstrated an
enhanced tumor penetration as observed using
two-dimentional (2D) cell monolayer models and 3D
tumor spheroid models [17].
Collagen is the most abundant component of
ECM and forms the ECM scaffold. It has four major
types [18]. Type I and III collagens mainly exist in
connective tissues, such as skin and blood vessels [19].
Type II collagen is mainly produced by chondrocytes,
mostly in the bones, joints, tendons, and other tissues
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[20,21]. Type IV collagen is an important component
of the basement membrane. During tumor growth,
fibrous tissue proliferates actively, and a large amount
of collagen deposition exists [22,23]. All kinds of
collagen increase, but the most important increase is
that of type Ⅳ collagen, which constitutes the
basement membrane. Zhou et al. found that
hyaluronidase-modified
nanoparticles
could
penetrate tumor ECM, increase drug delivery at the
tumor site and repair the penetrated part of ECM
immediately without affecting the leakage or
metastasis of tumor cells [24]. Therefore, to assume
that nanocarriers modified with collagenase Ⅳ can
help them penetrate tumor ECM and increase the
amount of drugs in tumor cells is reasonable.
However, traditional nanocarriers generally
have strong nonspecific protein adsorption, easily
uptake by macrophages especially for larger particles
(>200 nm), and then accumulated in the liver and
spleen [25]. Recently, it has been found that various
100 nm nanoparticles showed highly significant and
specific liver deposition [26]. This condition can
greatly reduce the amount of nanocarriers reaching
the tumor site, with a relatively short systemic
circulation time in the body [27,28]. Polyethylene
glycol (PEG) is widely used to modify drugs or
nanocarriers to reduce the protein adsorption and
achieve the “stealth” effect [29,30]. By engineering a
hierarchical PEG structure on nanoparticle surfaces, an
alternative mechanism to enhance nanoparticle blood
circulation with a half-life varying from 4 to 10 hours has
been achieved [31]. Hydration of hydrophilic polyether
scaffold reduces the protein adsorption on
hydrophobic polymer surface by spatial repulsion. It
reduces nonspecific recognition by phagocytosis and
prolongs the circulation time by reducing the renal
clearance in vivo. However, PEGylation cannot
completely inhibit protein adsorption on the surface
of nanocarriers [32]. Some proteins, such as serum
proteins, are always adsorbed on the surface of
nanocarriers. Thus, the surface properties are changed
[33].
Recently, some researchers have analyzed the
components of protein corona on the surface of
PEGylated nanocarriers after treatment with plasma
or serum and found that the clusterin (CLU)
expression was most abundant. Compared with
human serum albumin-modified nanocarriers, which
were significantly taken up by the macrophage, the
increase of CLU amount could increase the
hydrophobicity of nanoparticles and reduce the
adsorption of nonspecific proteins, thereby achieving
an antiphagocytosis effect [34]. As a high density
lipoprotein existing in plasma [35], CLU was
adsorbed to the hydrophilic surface by hydrogen
http://www.thno.org
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bond to form CLU hard protein corona in vivo. This
condition reduced the adsorption of serum albumin
[36,37]. In addition, as the only in vivo receptor of
CLU, low density lipoprotein receptor-related protein
2 is a cell surface protein discovered in recent years
[38]. It belongs to endocytotic receptor family and is
widely expressed in various tissues and organs but is
less expressed in granulocyte/macrophage lineage
cells [39]. Therefore, we hypothesize that ColIV and
CLU modification of carriers can not only degrade the
collagen component of tumor ECM to deliver several
carriers but also effectively reduce the nonspecific
protein adsorption compared with traditional
PEGylated carriers.
In this study, PCL-PEG-ColIV was synthesized
by linking PCL-PEG and ColIV through a
carbodiimide method. DOX-loaded nanoparticles
(DOX-PCL-PEG-ColIV) were self-assembly prepared,
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followed by noncovalently adsorbing CLU on the
DOX-PCL-PEG-ColIV surface to obtain DOX-PCLPEG-ColIV/CLU nanoparticles, which can penetrate
through the ECM and inhibit phagocytosis by
macrophage (Schemes 1 and 2). The physicochemical
properties of functionalized nanoparticles were
characterized in terms of particle size, morphology,
drug loading, entrapment efficiency, and drug
release. The cellular uptake and antiphagocytosis
ability of nanoparticles in MCF-7 tumor cells and
RAW264.7 cells were investigated. The penetration
ability of nanoparticles was individually evaluated in
the 2D and 3D ECM models. The tissue distribution
and antitumor effect of nanoparticles were evaluated
in MCF-7 cell-bearing nude mice. In addition, the
effects of nanoparticles on tissues and organs of mice
were investigated by a hematoxylin and eosin (HE)
staining method.

Scheme 1. Preparation of DOX-PCL-PEG-ColIV/CLU nanoparticles. PCL-PEG-ColIV was synthesized by linking PCL-PEG and ColIV through a carbodiimide method.
DOX-PCL-PEG-ColIV nanoparticles were self-assembly prepared, followed by noncovalently adsorbing CLU on the DOX-PCL-PEG-ColIV surface to obtain
DOX-PCL-PEG-ColIV/CLU nanoparticles.

Scheme 2. Cellular mechanisms of DOX-PCL-PEG-ColIV/CLU nanoparticles. ColIV covalently linked onto the nanoparticles degrades the collagen component of ECM, thereby
resulting in enhanced penetration of nanoparticles through the tumor ECM. CLU can form the protein corona on the surface of nanoparticles and further inhibit phagocytosis by
macrophage in the systemic circulation.

http://www.thno.org
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Materials and methods

Preparation DOX-PCL-PEG-ColIV/CLU of
nanoparticles

Materials

PCL-PEG-ColIV/CLU
nanoparticles
were
prepared by solvent diffusion method. Briefly, 2 mg of
PCL-PEG-ColIV and DOX (10:1 w/w) was dissolved
in 0.5 mL acetone. To label nanoparticles,
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyani
ne perchlorate (DiD) was also added to acetone at a
weight ratio of 0.3% to PCL-PEG-ColIV. The above
mixture was slowly added into purified water at a
stirring rate of 1000 rpm, and PCL-PEG-ColIV
nanoparticles were obtained by further stirring for 4 h
to remove the organic solvent. Then, CLU was
co-cultured with PCL-PEG-ColIV nanoparticles at the
weight ratio of 1:1000 to PCL-PEG- ColIV for 1 h at 37
°C [40].

Polycaprolactone-polyethylene glycol (PCL8kPEG2k-COOH) was purchased from Shanghai Jin-pan
Biological Technology Co., Ltd (Shanghai, China).
Doxorubicin
hydrochloride
(DOX-HCl)
was
purchased from Shanghai Yingxuan Chempharm Co.,
Ltd. (Shanghai, China). Collagenase Ⅳ(Col Ⅳ) was
provided by Shanghai Jinzhen Biological Technology
Co., Ltd (Shanghai, China). Clusterin (CLU) was
provided by Jingan Technology Co., Ltd (Shanghai,
China).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from
Sigma-Aldrich Co. (St. Louis, USA). 1,1’-Dioctadecyl-3,3,3‘,3’-tetramethylindodicarbocyanine
perchlorate (DiD) was purchased from Shanghai Yi
Sheng Biological Technology (Shanghai, China). Fetal
bovine serum (FBS) and high-glucose Dulbecco’s
Modified Eagle’s medium (DMEM) were purchased
from Hyclone (Los Angeles, California, USA). All the
cell lines used in this work were obtained from the
Shanghai Institute of Biochemistry and Cell Biology
(Shanghai, China). BALB/c nude mice were obtained
from the Shanghai SLAC Laboratory Animal Co., Ltd.
(Shanghai, China).
RAW264.7, MCF-7, and 293T cells were cultured
in DMEM supplemented with 10% FBS (1%
penicillin/streptomycin). Cells were incubated at 37
°C in a humidified 5% CO2 atmosphere. All animal
experiments were performed in accordance with the
institutional guidelines of the Soochow University
Animal Center.

Synthesis of PCL-PEG-ColIV
PCL-PEG-ColIV was synthesized by a
carbodiimide method. Briefly, NHS (30.6 mg, 0.3
mmol) and EDC (57.4 mg, 0.3 mmol) were dissolved
in 1 mL of dichloromethane and vortexed thoroughly.
PCL-PEG-COOH (100 mg, 0.1 mmol) was added to 5
mL dichloromethane and stirred for 15 min until
PCL-PEG-COOH was sufficiently dissolved. Then,
NHS/EDC solution and PCL-PEG-COOH solution
were mixed and stirred for 6 h. The intermediate
(PCL-PEG-EDC) was dried under reduced pressure
condition at 40 °C for 10 min. PCL-PEG-EDC
suspension was obtained by dilution with 5 mL of
phosphate-buffered saline (PBS) (pH 7.4) solution.
PCL-PEG-ColIV was synthesized by mixing the
PCL-PEG-EDC suspension and ColIV (6.5 mg)
dissolved in 1 mL PBS solution (pH 7.4) and stirred
for 2 h. PCL-PEG-ColIV was dialyzed in purified
water for 24 h to remove the excess nonreaction
materials. PCL-PEG-ColIV powder was obtained by
freeze-drying at −80 °C for 48 h and stored at −20 °C.

Characterization of nanoparticles
DOX-PCL-PEG-COOH, DOX-PCL-PEG-ColIV,
and
DOX-PCL-PEG-ColIV/CLU
nanoparticles
(DOX/polymer=10:1, w/w) equivalent to 0.2 mg/mL
polymer were individually prepared and dispersed in
distilled water by ultrasound sonication for 30 min.
The particle size and zeta potential of the samples
were measured using a Zetasizer (HPP 5001, Malvern,
UK). The morphology of nanoparticles was observed
by transmission electron microscopy (TEM, 120 kV,
HT-7700, Hitachi, Japan). The samples at 0.05 mL
were deposited onto lacey carbon TEM grids and left
for 2 min, dried in air at 110 °C for 5 min, and cooled
to
ambient
temperature
for
morphological
observation. The drug loading, and entrapment
efficiency of nanoparticles were determined via
dialysis method. DOX-PCL-PEG-COOH, DOX-PCLPEG-ColIV,
and
DOX-PCL-PEG-ColIV/CLU
nanoparticles loaded with 1 mg of DOX were dialyzed
in 1000 mL of purified water for 24 h to obtain free
DOX. Then, the fluorescence intensity of free DOX
was measured. The encapsulation efficiency and drug
loading of nanoparticles were calculated according to
the following equations (1) and (2):
Drug loading (%) =

W total DOX−W free DOX
W carrier

Encapsulation efficiency (%) =
×100% (2)

×100%

(1)

W total DOX−W free DOX
W total DOX

Drug release and cytotoxicity of nanoparticles
Two different PBS solutions (pH 7.4 and 5.5)
were used as dissolution media to investigate the
release characteristics of DOX, DOX-PCL-PEGCOOH, DOX-PCL-PEG-ColIV, and DOX-PCL-PEGColIV/CLU nanoparticles. Each sample equivalent to
1 mg DOX was placed in a dialysis bag, tied tightly
with a cotton rope, suspended in a 100 mL of beaker
http://www.thno.org
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containing 40 mL PBS, and vibrated in water-bath at
37 °C. In addition, 1 mL of dialysate was sampled at
0.5, 1, 2, 4, 8, 12, 24, 48, and 72 h, and 1 mL of blank
dissolution medium preheated at 37 °C was added
simultaneously. The samples were determined by a
fluorescence fixed-point scanning method. The
cumulative release percentage was also calculated.
The cytotoxicities of blank and drug-loaded were
evaluated in different cells (293T, RAW264.7, and
MCF-7). The concentration of cells was adjusted to
2×105 cells/mL and seeded in 96-well culture plate for
24 h. Various concentrations of samples were
obtained
by
diluting
PCL-PEG-ColIV/CLU
nanoparticles to 10, 50, 100, 500, 750, and 1000 µg/mL
with DMEM. For DOX-PCL-PEG-ColIV/CLU
nanoparticles, the concentrations were diluted to 5,
10, 25, 50, 100, 250, and 500 µg/mL. Then, 100 µL of
each sample was added into each hole and
co-cultured for 24 h (n=6). MTT solution (10 µL) at 5
mg/mL was added to each hole and co-cultured in
the incubator for 4 h. The supernatant was removed,
and 100 µL of dimethyl sulfoxide was added to each
hole. The 96-well plate was shaken by a
micro-oscillator for 10 min, and its absorbance was
measured at 570 nm within 30 min by using a
microplate reader. Cell viability was calculated
according to the following equation (3):
Cell viability (%) =

OD570sample −OD570 blank

OD570 control −OD570 blank

×100

(3)

Antiphagocytosis of nanoparticles in RAW
264.7 cells
The concentration of RAW264.7 cells was
adjusted to 2×105 cells/mL and seeded in an
observation dish for 24 h. The supernatant was
removed, and RAW264.7 cells were added with 1 mL
DMEM mixed with DOX, DOX-PCL-PEG-COOH or
DOX-PCL-PEG-ColIV/CLU nanoparticles (n=3). The
DOX concentration was 0.25 mg/mL, and the
co-culture time was 2 h (37 °C, 5% CO2). Hoechst
33342 (10 µL/mL) of 200 µL was added to each dish
and maintained for 15 min to stain the cells.
Subsequently, RAW.264.7 cells were washed with PBS
solution in triplicate. RAW264.7 cells were fixed with
formalin (4%, v/v) for 15 min and washed with PBS
solution in triplicate. Finally, all liquid in the glass
dish was removed. The uptake in RAW264.7 cells was
observed by confocal laser scanning microscopy
(CLSM, Leica, Germany).
The concentration of RAW.264.7 cells was
adjusted to 2×105 cells/mL and seeded in 12-well
plates for 24 h. The supernatant was removed, and 1
mL of DMEM mixed with DOX, DOX-PCL-PEGCOOH or DOX-PCL-PEG-ColIV/CLU nanoparticles
was added. The DOX concentration was 0.25 mg/mL,

and the co-culture time was 2 h at 37 °C. The
supernatant was removed, and PBS solution was used
to wash in triplicate. RAW.264.7 cells were digested
by 1 mL of trypsin for 2 min in each hole and collected
by centrifuging at 1000 rpm for 4 min. The
supernatant was removed, and the precipitate was
suspended in 0.5 mL of PBS solution. The fluorescence
intensity of RAW264.7 cells was quantitatively
analyzed via flow cytometry (BD FACSCalibur™,
Becton Dickinson and Company, Franklin Lake,
USA).

Cellular uptake of nanoparticles in MCF-7 cells
The concentration of MCF-7 cells was adjusted to
2×105 cells/mL and seeded in an observation dish for
24 h. The supernatant was removed, and MCF-7 cells
were added with 1 mL of DMEM mixed with DOX,
or
DOX-PCL-PEG-COOH
DOX-PCL-PEG-ColIV/CLU nanoparticles (n=3). The
DOX concentration was 0.25 mg/mL, and the
co-culture time was 2 h (37 °C, 5% CO2). Hoechst
33342 (10 µL/mL) of 200 µL was added to each dish
for staining cell for 15 min. Subsequently, MCF-7 cells
were washed with PBS solution in triplicate. MCF-7
cells were fixed with formalin (4%, v/v) for 15 min
and washed again with PBS solution in triplicate.
Finally, all liquid in the glass dish was removed. The
uptake of MCF-7 cells was observed by CLSM.
The concentration of MCF-7 cells was adjusted to
2×105 cells/mL and seeded in 12-well plates for 24 h.
The supernatant was removed, and 1 mL DMEM
mixed with DOX, DOX-PCL-PEG-COOH or
DOX-PCL-PEG-ColIV/CLU nanoparticles (n=3) were
added. The DOX concentration was 0.25 mg/mL, and
the co-culture time was 2 h (37 °C, 5% CO2). The
supernatant was removed, and sediment was washed
with PBS solution in triplicate. MCF-7 cells in each
hole were digested by 1 mL of trypsin for 2 min and
collected by centrifuging at 1000 rpm for 4 min. The
supernatant was removed, and precipitate was
suspended in 0.5 mL of PBS solution. The fluorescence
intensity of MCF-7 cells was quantitatively analyzed
by flow cytometry.

Penetrability of nanoparticles in 2D and 3D
ECM models
The components of the 2D ECM model (Table S1)
were mixed in ice bath, and the bubbles were
removed by maintaining for 1 h [41]. The above
mixture was added to the head of quartz capillary (0.5
mm external diameter, 0.35 mm inside diameter, and
80 mm length). The head and end of quartz capillary
were sealed with a sealing film and placed in water
bath, which was then vibrated at 37 °C for 12 h. After
the gel was formed in a quartz capillary tube, the 2D
http://www.thno.org
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ECM model was established and used for penetration
study.
Ten microliters of DOX-PCL-PEG-COOH, DOXPCL-PEG-ColIV, and DOX-PCL-PEG-ColIV/CLU
nanoparticles (equivalent to 1 mg/mL of DOX) were
injected into the head of quartz capillary and
co-cultured for 3 h. The fluorescence intensity of the
head, middle, and end of quartz capillary was
observed via CLSM [42].
The components of the 3D ECM model, chitosan
solution (0.24% w/w), and gelatin coating solution
(0.24% w/w) were mixed at the ratio of 1 to 3, and the
pH was adjusted to neutral using 1 N NaOH solution
in an ice bath (Table S2). The resulting mixture (500
µL) was added to each well in 12 well plates (n=3).
After 2 h of ultraviolet sterilization, the mixture was
placed in 5% CO2 cell incubator at 37 °C and
maintained for 30 min to form the gel matrix.
Meanwhile, MCF-7 cells were digested with a count of
2×105 cells/mL. Then, 2 mL of the cellular suspension
was incubated with the gel matrix in each well for 24
h. The 3D ECM model was observed and
photographed by an optical microscope [43,44].
One hundred microliters of DOX-PCL-PEGCOOH, DOX-PCL-PEG-ColIV, and DOX-PCL-ColIV/
CLU nanoparticles (1 mg/mL of the polymer) was
added into each well and co-cultured in a 5% CO2
incubator at 37 °C for 2 h. Hoechst33342 (10 µL/mL)
at 200 µL was used to stain the MCF-7 cells for 15 min.
Then, the suspension of MCF-7 cells was collected and
centrifuged at 200 rpm for 5 min. The supernatant was
removed, and the precipitate was suspended with 200
µL of PBS again. The appropriate amount of cellular
suspension was dropped on the glass slide and dried
for 1 h in the fume cupboard. The dried MCF-7 cells
were covered with a clean cover glass. The uptake of
MCF-7 cells in the 3D ECM model was observed using
CLSM.

In vivo fluorescent imaging
The mouse breast tumor model was established
by subcutaneous inoculating 200 µL of MCF-7 cells
(5×107 cells/mL) into the right armpit of female
BALB/c nude mice at 2–4 weeks old. After 2 weeks,
tumor volume reached 50–80 mm3. MCF-7
cell-bearing nude mice were randomly divided into
four groups (n=3). DiD-labeled DOX-PCL-PEGCOOH, DOX-PCL-PEG-ColIV, and DOX-PCL-PEGColIV/CLU (10 mg/mL) nanoparticles or saline of
150 µL was injected through the tail vein, and the DiD
fluorescence was observed at predetermined time
points (0, 12, 24, 48, and 72 h) by a small animal
imaging system (Caliper IVIS Lumina II, Xenogen,
USA). The excitation wavelength was 640 nm, and the
emission wavelength was 680 nm. After 72 h, MCF-7
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cell-bearing nude mice were sacrificed by cervical
dislocation, and the main organs including the heart,
liver, spleen, lung, kidney, and tumor tissues were
obtained. The tissues were washed with PBS. Then,
the bio-distributions of DiD-labeled nanoparticles
were observed and calculated using IVIS imaging
analysis software.

In vivo antitumor effect
MCF-7 cell-bearing nude mice were randomly
divided into four groups (n=6). DOX-PCL-PEGCOOH, DOX-PCL-PEG-ColIV, and DOX-PCL-PEGColIV/CLU nanoparticles or saline were injected via
tail vein. The DOX dose of each group was 5 mg/kg.
The mice were administered every 2 days for 10 days.
The changes of mouse body weight and tumor size
were recorded throughout the whole experiment.

Histological study
After treatment, MCF-7 cell-bearing nude mice
were sacrificed by cervical dislocation. The main
tissues and organs, including the heart, liver, spleen,
lung, kidney, and tumor were obtained, cleaned with
PBS solution, and fixed with 10% formalin solution,
which were then embedded in paraffin and cut into
slices. The slices were H&E stained. Subsequently, the
changes of tissues and organs were observed using an
ordinary optical microscope.
In addition, the expression of collagen IV in
tumor specimens was also analyzed. The tumor
specimens isolated from saline and DOX-PCLPEG-ColIV/CLU nanoparticle groups were fixed in
4% paraformaldehyde and incubated with anti-IV
collagen antibody.

Statistical analysis
All data were presented as means±standard
deviation. The statistical analysis of the samples was
performed via Student’s t-test by using SPSS Statistics
17.0 software. A p-value below 0.05 was considered
statistically significant.

Results and Discussion
Preparation of DOX-PCL-PEG-ColIV/CLU
nanoparticles
PCL-PEG-ColIV was synthesized by linking
PCL-PEG-COOH and ColIV (160 U/mg) via a
carbodiimide method (Figure S1A). The brown
powder of PCL-PEG-ColIV was formed and stored at
-20 °C (Figure S1B). The significant change of melting
point measured by differential scanning calorimetry
(DSC) meant that ColIV-modified PCL-PEG
(PCL-PEG-ColIV) had been successfully synthesized
(Figure S2). The critical micelle concentrations
(CMCs) of PCL-PEG-COOH and PCL-PEG-ColIV
http://www.thno.org
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indicated the PCL-PEG-ColIV formation (Figure S3).
For detecting the combination rate of ColIV, the
calibration curve of ColIV was drawn (Figure S4A),
and the calculated combination rate of ColIV was
96%. The unconjugated ColIV was removed via
dialysis. Enzyme ColIV activity in nanoparticles was
determined by ninhydrin colorimetry and the
calibration curve of glycine was drawn (Figure S4B).
The ColIV activity reached up to 99.74%. DOX-loaded
nanoparticles (DOX-PCL-PEG-ColIV) were prepared
by self-assembly, and the calibration curve of DOX
was drawn at the concentration range of 1–5 µg/mL
for the detection of drug loading and encapsulation
efficiency (Figure S4C). DOX-PCL-PEG-ColIV/CLU
nanoparticles were prepared by adsorbing CLU on
the surface of DOX-PCL-PEG-ColIV nanoparticles.
Bovine serum albumin (BSA) was commonly used as
a standard substance in the determination of CLU
concentration. The calibration curve of BSA showed a
good linearity in the concentration range of 0–50
µg/mL, and the binding rate of CLU on
DOX-PCL-PEG-ColIV nanoparticles was 84.54%
(Figure S4D).

Characterization of
DOX-PCL-PEG-ColIV/CLU nanoparticles
The appearance, TEM images, particle size, and
zeta potential of three blank nanoparticle solutions
(PCL-PEG-COOH, PCL-PEG-ColIV, and PCL-PEGColIV/CLU nanoparticles) were preliminarily
investigated. All three blank nanoparticle solutions
were clear and transparent (Figure S5A), and they had
regular spherical structure (Figure S5B). The particle
size of PCL-PEG-ColIV nanoparticles increased from
68.0 nm to 150.4 nm after modification with ColIV.
Such increase was related to the increase of molecular
weight of enzymes. After further adsorption with
CLU, the particle size was 151.8 nm. The zeta
potentials of all three nanoparticles were
approximately -20 mV (Figure S5C).
We further explored the characterization of three
drug-loading nanoparticles, including DOX-PCLPEG-COOH, DOX-PCL-PEG-ColIV, and DOX-PCLPEG-ColIV/CLU nanoparticles. The appearance of all
three drug-loading nanoparticle solutions was also
clear and red transparent, as shown in Figure 1A, and
they were similar to blank nanoparticles in Figure 1B.
Fourier-transform infrared spectroscopy (FT-IR)
results proved that DOX had been encapsulated into
PCL-PEG-COOH and PCL-PEG-ColIV nanoparticles
(Figure S6). After modification of ColIV, the particle
size of DOX-PCL-PEG-ColIV nanoparticles increased
from 90.1 nm to 150.2 nm, and such an increase was
related to the fact that PCL-PEG modification
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facilitates the formation of larger aggregates/
supramolecular assemblies. After further CLU
adsorption, the particle size of DOX-PCL-PEGColIV/CLU was 151.4 nm without a significant
difference compared with DOX-PCL-PEG-ColIV. All
three nanoparticles had negative charge zeta
potentials in the range of -12–-18 mV, and their
absolute values had minimal difference (Figure 1C).
The particle sizes and zeta potentials in drug-loaded
nanoparticles were close to those of three blank
nanoparticles. As shown in Figure 1D, the DOX
loading capacity of PCL-PEG-COOH nanoparticles
was 9.01%, similar to DOX-PCL-PEG-ColIV
nanoparticles (8.34%) and PCL-PEG-ColIV/CLU
nanoparticles (8.84%). Meanwhile, the encapsulation
efficacies were 90.09% for DOX-PCL-PEG-COOH
nanoparticles, 83.38% for DOX-PCL-PEG-ColIV
nanoparticles, and 88.36% for DOX-PCL-PEGColIV/CLU nanoparticles, thereby showing a
relatively high encapsulation efficiency. No
significant difference was observed in the drug
loading between each group (p>0.05).

In vitro drug release and cytotoxicity of
DOX-PCL-PEG-ColIV/CLU nanoparticles
In order to compare the drug release from
nanoparticles in the normal physiological fluid
(pH7.4) and tumor tissues (pH5.5), two PBS solutions
with different pH levels (pH7.4 and 5.5) were used as
dissolution media. The release study was carried out
by a dialysis bag method. The release rate of DOX
(pure drug), DOX-PCL-PEG-COOH, DOX-PCL-PEGColIV, and DOX-PCL-PEG-ColIV/CLU nanoparticles
in PBS solutions are shown in Figure 2A and 2B. The
pure drug presented a remarkable higher drug release
at pH5.5 (32%) than at pH7.4 (65%) at 72h due to its
pH dependent solubility. DOX-PCL-PEG-COOH
nanoparticles, DOX-PCL-PEG-ColIV nanoparticles,
and DOX-PCL-PEG-ColIV/CLU nanoparticles were
similar to DOX in pH 7.4 and 5.5 media. At pH 7.4, the
release medium cannot form a sink condition, so no
different release profiles were observed between the
drug and drug-loaded nanoparticles. However, at
pH5.5, a relatively high drug release was found for
DOX-PCL-PEG-COOH nanoparticles compared with
other groups. This may be attributed to the fact that
DOX is highly dispersed in the PCL layer at a
molecular level, thereby exhibiting higher drug
release than free DOX. The release of DOX depends
on the pH value of the release media. The tumor cells
are in slightly acidic microenvironment, conducive to
the release of DOX from nanoparticles in acidic tumor
site [45].
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Figure 1. Three types of drug-loaded nanoparticle solutions (a) DOX-PCL-PEG-COOH; (b) DOX-PCL-PEG-ColIV; (c) DOX-PCL-PEG-ColIV/CLU). (A) Appearance. (B) TEM
images. The scale bar represents 100 nm. (C) Particle size and zeta potential. (D) Drug loading capacity and encapsulation efficiency.

The safety of blank PCL-PEG-ColIV/CLU
nanoparticles was investigated via MTT method for
three different cell types, namely, 293T, RAW264.7,
and MCF-7 cells. As shown in Figure 2C, the cellular
survival rates of PCL-PEG-ColIV/CLU nanoparticles
co-cultured with 293T cells, RAW264.7 cells, and
MCF-7 cells after 24 h were higher than 80% in the
concentration range of 10–1000 µg/mL, thereby
showing satisfactory biological safety. The cytotoxicity of DOX-PCL-PEG-ColIV/CLU nanoparticles
to 293T cells, RAW264.7 cells, and MCF-7 cells was
further explored in the concentration gradients of 5,
10, 25, 50, 100, 250, and 500 µg/mL in Figure 2D. The
IC50
values
of
DOX-PCL-PEG-ColIV/CLU
nanoparticles to 293T cells, RAW264.7 cells, and
MCF-7 cells were 524.29 µg/mL, 795.38 µg/mL, and
147.89 µg/mL, respectively. The drug-loaded
nanoparticles significantly promote the apoptosis of
MCF-7 tumor cells, showing relatively low toxicity in
293T cells and RAW264.7 cells.

Antiphagocytosis of
DOX-PCL-PEG-ColIV/CLU nanoparticles
To explore whether the DOX-PCL-PEGColIV/CLU nanoparticles had antiphagocytosis
ability, the cellular uptake of DOX, DOX-PCL-PEGCOOH, and DOX-PCL-PEG-ColIV/CLU nanoparticles in RAW264.7 cells was determined using CLSM.
As shown in Figure 3A, DOX and DOX-PCL-PEGCOOH nanoparticles were both easily observed in
RAW264.7. By contrast, DOX-PCL-PEG-ColIV/CLU

nanoparticles significantly reduced the cellular
uptake. These results indicated that DOX-PCL-PEGColIV/CLU nanoparticles could reduce the
phagocytosis of nanoparticles from RAW264.7 cells.
The cellular uptake of DOX, DOX-PCL-PEGCOOH, and DOX-PCL-PEG-ColIV/CLU nanoparticles in RAW264.7 cells was also determined via flow
cytometry. The average fluorescence intensity of DOX
and DOX-PCL-PEG-COOH nanoparticles both
increased significantly (p < 0.01) compared with the
DOX-PCL-PEG-ColIV/CLU nanoparticles (Figure
3B). These results evidently showed that
DOX-PCL-PEG-ColIV/CLU nanoparticles had an
antiphagocytosis effect on RAW264.7 cells. This
condition might decrease the specific uptake of
nanocarriers by the main organs in vivo. Clusterin has
been known as the major protein in the corona of both
polymer-modiﬁed nanocarriers, with its highest
enrichment on PEGylated surfaces. Furthermore,
pre-loading of the PEGylated nanocarriers with
clusterin reduced macrophage uptake, providing
evidence for a dysopsonizing function of clusterin
concerning internalization into macrophages [34].

Cellular uptake of DOX-PCL-PEG-ColIV/CLU
nanoparticles
To
investigate
the
internalization
of
nanoparticles with the MCF-7 cells, the cellular
uptakes of DOX, DOX-PCL-PEG-COOH, and
DOX-PCL-PEG-ColIV/CLU
nanoparticles
were
observed using CLSM after co-cultivation with MCF-7
http://www.thno.org
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cells for 2 h. DOX, DOX-PCL-PEG-COOH, and
DOX-PCL-PEG-ColIV/CLU
nanoparticles
were
almost completely taken up by the MCF-7 cells
(Figure 4A). The ColIV and CLU-modified
nanoparticles did not affect the uptake of MCF-7 cells.
The internalization of DOX, DOX-PCL-PEGCOOH, and DOX-PCL-PEG-ColIV/CLU nanoparticles in MCF-7 cells was further quantitatively
detected via flow cytometry. The average fluorescence
intensity of the three groups ranged from 12 to 15, and
no significant difference was observed (Figure 4B).
ColIV and CLU-modified nanoparticles did not affect
the uptake of nanocarriers by tumor cells. The relative
fluorescent intensity of DOX-PCL-PEG-COOH in
RAW 264.7 cells (Figure 3) was higher than that in
MCF7 cells (Figure 4) because the unmodified
nanoparticles have higher abilities of macrophage
(RAW 264.7 cells) uptake than the tumor cell uptake.

Penetrability of nanoparticles in the 2D and 3D
ECM models
Gels are composed of HA (5 mg/mL). The
collagen type IV was derived from rat tail (5 mg/mL),
and gelatin (2.4 mg/mL) served as the 2D ECM
model. The white translucent gels could also be
formed (Figure S7A). The capillary was filled with
gels, wherein the ColIV effect on penetrability was
detected. The fluorescence of three parts of capillary
was observed using CLSM, including the head,
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middle, and terminal parts.
The penetration of DOX-PCL-PEG-COOH,
DOX-PCL-PEG-ColIV, and DOX-PCL-PEG-ColIV/
CLU nanoparticles in the 2D ECM model is shown in
Figure 5A. In the DOX-PCL-PEG-COOH nanoparticle
group, DOX fluorescence only appeared in the
middle, whereas DOX fluorescence penetrated
through the whole capillary in the nanoparticles
modified with ColIV (10 U). As shown in Figure 5B,
both DOX-PCL-PEG-ColIV and DOX-PCL-PEGColIV/CLU nanoparticles showed significantly
higher fluorescence intensity than DOX-PCL-PEGCOOH at the terminal site of the capillary(p < 0.001),
while only DOX-PCL-PEG-ColIV had a remarkable
increase of fluorescence signal at the head and middle
sites of the capillary (p < 0.001, p < 0.01). Even
interesting, DOX-PCL-PEG-COOH nanoparticles
physically mixed with the amount of effective ColIV
(10 U or 100 U) simply penetrate into the middle of
the 2D ECM gel in the capillary, but the nanoparticles
physically mixed with 1000 U of ColIV penetrated
through the three parts of the capillary (Figure S8).
The nanocarrier-conjugated ColIV can significantly
increase the penetration for ECM gels. These data
showed that the nanoparticles chemically modified
with ColIV had stronger penetration ability than the
nanoparticles physically mixed with the same amount
of ColIV.

Figure 2. (A) In vitro drug release in PBS buffer solutions at pH 7.4. (B) In vitro drug release in PBS buffer solutions at pH 5.5. (C) Cell viability of different cell types co-cultured
with PCL-PEG-ColIV/CLU nanoparticles for 24 h via the MTT method. 293T cells (blue bar), RAW264.7 cells (red bar), and MCF-7 cells (green bar). (D) Cytotoxicity of
DOX-PCL-PEG-ColIV/CLU nanoparticles in 293T, RAW264.7, and MCF-7 cells. *p < 0.05, **p < 0.01 compared with free DOX group.
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Figure 3. Cellular uptake of different carriers in RAW 264.7 cells after incubation for 2 h. (A) Confocal laser scanning microscopy. (B) Flow cytometry (n=3). The cellular uptakes
of free DOX, DOX-PCL-PEG-COOH, and DOX-PCL-PEG-ColIV/CLU nanoparticles were compared (**p < 0.01).

To further explore the effect of ColIV on
penetrability, the 3D ECM model was also
established. Most MCF-7 cells in the ECM 3D model
were suspended and clustered (Figure S7B), whereas
the MCF-7 cells cultured on 2D plates were
adhere-wall.
The
significant
differences
in
morphology between the 2D and 3D ECM models and
the 3D ECM model well simulated the actual living
environment of tumor cells in vivo.
The penetration of DOX-PCL-PEG-COOH,

DOX-PCL-PEG-ColIV, and DOX-PCL-PEG-ColIV/
CLU nanoparticles in the 3D ECM model was imaged
by CLSM in Figure 5C. DOX fluorescence was not
obvious in the DOX-PCL-PEG-COOH nanoparticle
group, but DOX fluorescence significantly increased
in the groups of DOX-PCL-PEG-ColIV and
DOX-PCL-PEG-ColIV/CLU nanoparticles. The ColIV
effectively increased the penetration of nanoparticles
to tumor ECM and delivered several DOX to the
tumor site.
http://www.thno.org
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In vivo fluorescent imaging
MCF-7 cell-bearing nude mice, which were used
to study the biodistribution of DiD-labeled
nanoparticles, were employed to mimic human breast
cancer. The DiD signals of NS, DOX-PCL-PEGCOOH, DOX-PCL-PEG-ColIV, and DOX-PCL-PEGColIV/CLU nanoparticles were detected after
injection of 12, 24, 48, and 72 h by using a small animal
imaging system. As shown in Figure 6A,
DOX-PCL-PEG-COOH and DOX-PCL-PEG-ColIV
nanoparticles were distributed throughout the body
at 24 and 48 h, and the fluorescence of DOX-PCL-
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PEG-COOH
nanoparticles
almost
completely
disappeared, but DOX-PCL-PEG-ColIV nanoparticles
still had high fluorescence at 72 h. However, the
fluorescence intensity of DOX-PCL-PEG-ColIV
nanoparticles was selective and higher in the liver and
tumor sites than the other two groups over time. The
DOX-PCL-PEG-ColIV nanoparticles could penetrate
all collagen-rich tissues and organs along with the
blood circulation. Although the liver has a very low
concentration
of
collage,
the
nanoparticle
accumulated highly in the liver. This might be due to
the high blood stream flow in the liver compared to

Figure 4. Cellular uptake of different carriers in MCF-7 cells after incubation for 2h. (A) Confocal laser scanning microscopy. (B) Flow cytometry. The cellular uptakes of DOX,
DOX-PCL-PEG-COOH, and DOX-PCL-PEG-ColIV/CLU nanoparticles were observed using CLSM after co-cultivation with MCF-7 cells for 2 h (NS no significant difference).
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other organs, which can perfuse and motivate the
transport and uptake of DOX-PCL-PEG-ColIV
nanoparticles. By contrast, the distribution of
DOX-PCL-PEG-ColIV/CLU nanoparticles had a
distinct selectivity. The fluorescence intensity of
DOX-PCL-PEG-ColIV/CLU nanoparticles mainly
concentrated in the liver and tumor, whereas
fluorescent signals were seldom found in the spleen

917
and lung because of the protein corona formed on the
surface of nanoparticles. Although nanoparticles
modified with PEG with stealth effect can reduce the
binding of proteins on the surface of nanoparticles
and help avoid the rapid recognition by the reticular
endothelial system, nanoparticles may still be
recognized. Thus, complete avoidance of liver uptake
was rarely possible [46,47].

Figure 5. Penetration ability of various drug-loaded nanocarriers in the 2D and 3D ECM models. (A) Confocal images in the 2D ECM model (ColIV= 10 U/mL). (B) Mean
fluorescence intensity vs. distance from the capillary head. **p < 0.01, ***p < 0.001. (C) Confocal images in the 3D ECM model (ColIV= 10 U/mL).
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Figure 6. Tissue distribution. (A) In vivo fluorescence images of MCF-7 tumor-bearing nude mice after administration of nanoparticles through the tail vein at 0, 12, 24, 48, and
72 h. (B) In vivo fluorescence images of various organs after administration of nanoparticles through the tail vein at 72 h. (C) Radiant efficiency of fluorescence signals, **p < 0.01,
***p < 0.001.

At 72 h post of tail vein injection of
nanoparticles, the mice were sacrificed, and the
distribution in the main organs and tumor tissue was
analyzed in Figure 6B. Their radiant efficiency was
also quantified in Figure 6C. In the liver, the
fluorescence intensity of the DOX-PCL-PEG-ColIV

nanoparticle group (p < 0.01) and the
DOX-PCL-PEG-COOH nanoparticle group (p < 0.001)
significantly increased compared with DOX-PCLPEG-ColIV/CLU nanoparticles. This result further
illustrated that DOX-PCL-PEG-ColIV nanoparticles
were taken up rapidly in the liver. By contrast,
http://www.thno.org
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DOX-PCL-PEG-ColIV/CLU nanoparticles were taken
up relatively slowly and had antiphagocytosis effect.
In the tumor tissue, the DOX-PCL-PEG-ColIV
nanoparticle and DOX-PCL-PEG-ColIV/CLU nanoparticle groups had more fluorescence than the
DOX-PCL-PEG-COOH nanoparticle group. The
results were consistent with Figure 6A, thereby
further showing that DOX-PCL-PEG-ColIV/CLU
nanoparticles had antiphagocytosis effect and helped
deliver the drugs into the tumor.

In vivo antitumor efficacy
MCF-7 cell-bearing nude mice were randomly
divided into four groups, namely, the NS,
DOX-PCL-PEG-COOH, DOX-PCL-PEG-ColIV, and
DOX-PCL-PEG-ColIV/CLU nanoparticle groups. The
body reactions and body weight changes were
monitored after tail vein injection every 2 days for 10
consecutive days. The mice in the four groups had no
abnormalities, such as high frequency tremor after 2 h
of administration. The body weight of NS,
DOX-PCL-PEG-COOH, DOX-PCL-PEG-ColIV, and
DOX-PCL-PEG-Col IV/CLU nanoparticles were
22.01±0.44, 20.99±0.55, 22.14±0.35, and 22.32±2.01 g at
0 days, and 23.07±0.07, 21.44±1.16, 22.69±0.84, and
23.09±1.01 g at 10 days, respectively (Figure 7A). The
body weight of mice in all groups did not significantly
change; thereby suggesting that the toxicity of DOX
loaded nanoparticles was relatively small to nude
mice.
The change of tumor volume in the four groups
was recorded every 2 days for 10 consecutive days, as
shown in Figure 7B. The tumor tissues were removed
from the body for imaging at 10 days in Figure 7C.
Compared with the NS group, the tumor volume of
the DOX-PCL-PEG-COOH nanoparticle group was
significantly different (p < 0.05), but the tumor
volume of DOX-PCL-PEG-ColIV nanoparticle group
did not show any difference (p>0.05). By contrast, the
tumor volume of the DOX-PCL-PEG-ColIV/CLU
nanoparticle group remarkably decreased and
showed a significant difference (p < 0.01). In addition,
the tumor volume significantly decreased for
DOX-PCL-PEG-ColIV/CLU nanoparticles, whereas
those of DOX-PCL-PEG-COOH and DOX-PCL-PEGColIV nanoparticles increased.
However, the changes of tumor size in the
DOX-PCL-PEG-COOH and DOX-PCL-PEG-ColIV
nanoparticle groups were not consistent with the
results of fluorescence distribution in nude mice after
72 h of tail vein administration. Therefore, this study
further investigated the tissue fluorescence
distribution of nude mice after 12 h of administration.
As shown in Figure S9, DOX-PCL-PEG-COOH
nanoparticles had obvious fluorescence, but
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DOX-PCL-PEG-ColIV
nanoparticles
had
less
fluorescence in the tumor tissue. This condition
speculated that DOX-PCL-PEG-COOH nanoparticles
experienced less phagocytosis caused by the PEG
chain on the surface at 12 h, thereby resulting in an
increased uptake at the tumor site. However, due to
the good penetration of ColIV, DOX-PCL-PEG-ColIV
nanoparticles penetrate the visceral tissues rich in
collagen at 12 h, thereby resulting in a remarkable
decrease in the uptake of DOX-PCL-PEG-ColIV
nanoparticles at the tumor site. Meanwhile, the
fluorescence intensity of DOX-PCL-PEG-COOH
nanoparticles decreased with the growth of tumors at
72 h, whereas DOX-PCL-PEG-ColIV nanoparticles
redistributed from other organs to tumors, thereby
resulting in significant accumulation of tumors. The
main reason why the antitumor effect of
DOX-PCL-PEG-ColIV nanoparticles was lower than
that of DOX-PCL-PEG-COOH nanoparticle was that
the dynamic equilibrium of distribution in different
kinds of nanoparticles differed in vivo.

Histological study
The major tissues of MCF-7 cell-bearing nude
mice after the treatment were stained for histological
observation, as shown in Figure 8A. Compared with
the normal group, the DOX-PCL-PEG-COOH,
DOX-PCL-PEG-ColIV, and DOX-PCL-PEG-ColIV/
CLU nanoparticle groups showed no obvious
histological changes in the main organs, including the
heart, liver, spleen, lung, and kidney, during the
treatment. Although DOX-PCL-PEG-ColIV nanoparticles showed distributed in some organs in Figure
6 A and B, no obvious toxicity resulted from the
treatment because the nanoparticles can be
accumulated in the capillary basement membranes of
various organs but hardly penetrate the capillary wall
through the enhanced permeability and retention
effect [48, 49].
The appearance of tumor slices under different
magnifications is shown in Figure 8B. In the NS
group, MCF-7 cells were intensive and overlapped.
The nuclei of MCF-7 cells were identical in size and
clearly visible and consisted of abundant eosinophilic
granules. In the DOX-PCL-PEG-COOH nanoparticle
group, tumor cell density decreased, the cells were
broken, and some of the areas were vacuolated. In the
DOX-PCL-PEG-ColIV nanoparticle group, the edge of
the tumor tissue was intact, and ring-like vacuoles
and caseous necrosis were observed. In the
DOX-PCL-PEG-ColIV/CLU nanoparticle group,
caseous necrosis and a large number of vacuoles in
the tumor site were observed. In addition, the
vacuoles gradually extended to the inside of the
tumor tissue. Referring to relevant references, the
http://www.thno.org
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structure of vacuoles was similar to that of adipocytes,
and adipocytes appeared in the tumor site, which
might be related to the transformation of MCF-7
tumor cells. Gerhard Christofori’s team used
combination therapy of MEK inhibitor (Trametinib)
and diabetes medicine (Rosiglitazone) to treat breast
cancer. By inhibiting the MEK function and activating
the epithelial–mesenchymal retrograde transformation, breast cancer cells can be transformed into
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adipocytes and maintain adipocyte morphology,
which can effectively inhibit the invasion of cancer
cells [50]. These studies suggested that DOX-PCLPEG-ColIV/CLU nanoparticles may stimulate
epithelial–mesenchymal retrograde transformation,
thereby leading to the transformation of tumor cells
into adipocytes, and caseous necrosis may be
associated with DOX delivered to the tumor tissue.

Figure 7. In vivo antitumor efficacy. (A) Changes of body weight in tumor-bearing nude mice. (B) Changes of body weight in tumor-bearing nude mice, *p < 0.05, **p < 0.01. (C)
Comparison of tumor volume in tumor-bearing nude mice.
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Figure 8. Histological HE staining assessments of major organs and tumor tissues in tumor-bearing nude mice. (A) Major organs (400×). (B) Tumor site (100× and 400×). Black
boxes in the 100× group were scaled-down versions of the images in the 400× group.

In order to clarify the degradation effect of
DOX-PCL-PEG-ColIV/CLU on collagen IV, the
collagen IV levels in tumor tissues were also
compared between control and nanoparticle groups
after given the preparations to mice every 2 days for
10 consecutive days. As shown in Figure 9,
DOX-PCL-PEG-ColIV/CLU could degrade the

collagen IV protein in vivo condition, showing
significantly lower collagen IV positive cells than
control group. This also indicates that the collagenase
IV-modified nanoparticles can work in vivo for the
degradation of collagen IV and penetrate the dense
tumor tissues.

http://www.thno.org
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Conclusions
In this study, we designed novel PCL-PEG
nanoparticles modified with ColIV and CLU. These
nanoparticles load DOX to increase the penetration to
the tumor ECM and reduce the phagocytosis by the
reticuloendothelial system. The particle size of
DOX-PCL-PEG-ColIV/CLU nanoparticles was 151.4
nm, and they had regular spherical structure and
relatively high encapsulation efficiency. DOX-PCLPEG-ColIV/CLU nanoparticles exhibited a distinct
reduction of phagocytosis in RAW264.7 cells and a
significant improvement of penetration to tumor
ECM, which was confirmed by the 2D and 3D ECM
models. In addition, the result of tissue distribution
strongly suggested that DOX-PCL-PEG-ColIV/CLU
nanoparticles significantly reduced the accumulation
in the liver and kidney. The nanoparticles combined
with ColIV and CLU can well exert antitumor ability.
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DOX-PCL-PEG-ColIV nanoparticles may stimulate
epithelial–mesenchymal retrograde transformation,
thereby leading to the transformation of tumor cells
into adipocytes. Caseous necrosis may be associated
with DOX delivered to the tumor tissue.
DOX-PCL-PEG-ColIV/CLU nanoparticles showed
high safety, excellent cellular uptake in MCF-7 cells,
and penetration ability through the ECM, antiphagocytosis ability, and antitumor effects both in vivo and
in vitro. This study provided a theoretical basis for
investigating long circulating nanocarriers to
overcome the tumor ECM barriers. Because
DOX-PCL-PEG-ColIV/CLU
nanoparticles
can
degrade not only collagen in the tumor tissue but also
the collagen matrix in the normal tissues including
blood vessels, more detailed study should be
conducted on potential toxicity issues for further
applications.

Figure 9. Collagen IV levels in tumor tissues before and after treated with DOX-PCL-PEG-ColIV/CLU nanoparticles. (A) HE staining (200× and 400×). (B) Percentage of collagen
IV positive cells, ***p < 0.001.

http://www.thno.org

Theranostics 2021, Vol. 11, Issue 2

Supplementary Material
Supplementary figures, tables, methods, results.
http://www.thno.org/v11p0906s1.pdf

Acknowledgments
This work was partially supported by the project
funded by the Priority Academic Program
Development (PAPD) of Jiangsu Higher Education
Institutions
and
National
Natural
Sciences
Foundation of China Grants 81773749 and 81973352
(to Yi Zhang).

Competing Interests
The authors have declared that no competing
interest exists.

References
1.
2.
3.
4.

5.
6.

7.

8.
9.
10.
11.
12.
13.

14.

15.
16.
17.

Zhao CY, Cheng R, Yang Z, Tian ZM. Analysis of circulating tumor DNA to
monitor metastatic breast cancer. Molecules. 2018; 23: 826.
Pérez-Herrero E, Fernández-Medarde A. Advanced targeted therapies in
cancer: Drug nanocarriers, the future of chemotherapy. Eur J Pharm
Biopharm. 2015; 93: 52-79.
Yuan ZQ, Chen WL, You BQ, Liu Y, Yang SD, Li JZ, et al. Multifunctional
nanoparticles co-delivering EZH2 siRNA and etoposide for synergy therapy
of orthotopic non-small-cell lung tumor. J Control Release. 2017; 268: 198-211.
Chen WL, Yang SD, Li F, Li JZ, Yuan ZQ, Zhu WJ, et al. Tumor
microenvironment-responsive micelles for pinpointed intracellular release of
doxorubicin and enhanced anti-cancer efficiency. Int J Pharm. 2016; 511:
728-40.
Holle AW, Young JL, Spatz JP. In vitro cancer cell-ECM interactions inform in
vivo cancer treatment. Adv Drug Deliv Rev. 2016; 97: 270-9.
Yang SD, Ren ZX, Chen MT, Wang Y, You BG, Chen EL, et al.
Nucleolin-targeting AS1411-aptamer-modified graft polymeric micelle with
dual pH/redox sensitivity designed to enhance tumor therapy through the
codelivery of doxorubicin/TLR4 siRNA and suppression of invasion. Mol
Pharm. 2018; 15: 314-25.
Zhang XX, Li B, Huang HY, Chen LQ, Cui JH, Liu YL, et al. RGD-decorated
chitosan-functionalized single-walled carbon nanotubes loading docetaxel
effectively deactivate the A549 tumor cells in vitro and in vivo. Int J Pharm.
2018; 543: 8-20.
Browne S, Zeugolis DI, Pandit A. Collagen: finding a solution for the source.
Tissue Eng Part A. 2013; 19: 1491-4.
Murphy MC, Huston J, Glaser KJ, Manduca A, Meyer FB, Lanzino G, et al.
Preoperative assessment of meningioma stiffness using magnetic resonance
elastography. J Neurosurg. 2013; 118: 643-8.
Levental KR, Yu H, Kass L, Egeblad M, Erler JT, Fong SF, et al. Matrix
crosslinking forces tumor progression by enhancing integrin signaling. Cell.
2009; 139: 891-906.
Wen JH, Vincent LG, Fuhrmann A, Choi YS, Hribar KC, Taylor-Weiner H, et
al. Interplay of matrix stiffness and protein tethering in stem cell
differentiation. Nat Mater. 2014; 13: 979-87.
Provenzano PP, Inman DR, Eliceiri KW, Keely PJ. Matrix density-induced
mechanoregulation of breast cell phenotype, signaling and gene expression
through a FAK-ERK linkage. Oncogene. 2009; 28: 4326-43.
Lee SM, Han HK, Koo HB, Na JH, Yoon HY, Lee KE, et al. Extracellular matrix
remodeling in vivo for enhancing tumor-targeting efficiency of nanoparticle
drug carriers using the pulsed high intensity focused ultrasound. J Control
Release. 2017; 263: 68-78.
Murty S, Gilliland T, Qiao P, Tabtieng T, Higbee E, Al Zaki A , et al.
Nanoparticles functionalized with collagenase exhibit improved tumor
accumulation in a murine xenograft model. Part Part Syst Charact. 2014;
31(12): 1307-12.
Zinger A, Koren L, Adir O, Poley M, Alyan M, Yaari Z, et al. Collagenase
Nanoparticles Enhance the Penetration of Drugs into Pancreatic Tumors. ACS
Nano. 2019; 13: 11008-21.
Zhang L, Hao P, Yang D, Feng S, Peng B, Appelhans D, et al. Designing
nanoparticles with improved tumor penetration: surface properties from the
molecular architecture viewpoint. J Mater Chem B. 2019; 7: 953-64.
Ran R, Wang H, Liu Y, Hui Y, Sun Q, Seth A, et al. Microfluidic self-assembly
of a combinatorial library of single- and dual-ligand liposomes for in vitro and
in vivo tumor targeting. Eur J Pharm Biopharm. 2018; 130: 1-10.

923
18. Buchheit CL, Weigel KJ, Schafer ZT. Cancer cell survival during detachment
from the ECM: multiple barriers to tumour progression. Nat Rev Cancer. 2014;
14: 632-41.
19. Kawasaki H, Manickam A, Shahin R, Ote M, Iwanaga M. Expression of matrix
metalloproteinase genes during basement membrane degradation in the
metamorphosis of Bombyx mori. Gene. 2018; 638: 26-35.
20. Hering TM, Wirthlin L, Ravindran S, McAlinden A. Changes in type Ⅱ
procollagen isoform expression during chondrogenesis by disruption of an
alternative 5' splice site within Col2a1 exon 2. Matrix Biol. 2015; 36: 51-63.
21. Frane AV. Comment on: epidermolysis bullosa pruriginosa: a systematic
review exploring genotype-phenotype correlation. Am J Clin Dermatol. 2015;
16: 335-337.
22. Xu X, Wang Y, Lauer-Fields JL, Fields GB, Steffensen B. Contributions of the
MMP-2 colagen-binding domain to gelatin cleavage: Substrate binding via the
colagen-binding domain is required for hydrolysis of gelatin but not short
peptides. Matrix Biol. 2004; 23: 171-81.
23. Boudko SP, Danylevych N, Hudson BG, Pedchenko VK. Basement membrane
collagen Ⅳ: Isolation of functional domains. Methods Cell Biol. 2018; 143:
171-85.
24. Zhou H, Fan Z, Deng J, Lemons PK, Arhontoulis DC, Bowne WB, et al.
Hyaluronidase embedded in nanocarrier PEG shell for enhanced tumor
penetration and highly efficient antitumor efficacy. Nano Lett. 2016; 16:
3268-3677.
25. Blanco E, Shen H, and Ferrari M. Principles of nanoparticle design for
overcoming biological barriers to drug delivery. Nat Biotechnol. 2015; 33: 941–
951.
26. NDong C, Tate JA, Kett WC, Batra J, Demidenko E, Lewis LD, et al. Tumor cell
targeting by iron oxide nanoparticles is dominated by different factors in vitro
versus in vivo. PLoS One. 2015; 10: e0115636.
27. Pino P, Pelaz B, Zhang Q, Maffre P, Nienhaus G, Parak W. Protein corona
formation around nanoparticles - from the past to the future. Mater Horiz.
2014; 1: 301-13.
28. Calvo P, Gouritin B, Brigger I, Lasmezas C, Deslys J, Williams A, et al.
PEGylated polycyanoacrylate nanoparticles as vector for drug delivery in
prion diseases. J Neurosci Methods. 2001; 111: 151-5.
29. Wörz A, Berchtold B, Moosmann K. Protein-resistant polymer surfaces. J
Mater Chem. 2012; 22: 19547-61.
30. Haruta K, Otaki N, Nagamine M, Kayo T, Sasaki A, Hiramoto S, et al. A novel
PEGylation method for improving the pharmacokinetic properties of
anti-interleukin-17A RNA aptamers. Nucleic Acid Ther. 2017; 27: 36-44.
31. Zhou H, Fan Z, Li PY, Deng J, Arhontoulis DC, Li CY, et al. Dense and
dynamic polyethylene glycol shells cloak nanoparticles from uptake by liver
endothelial cells for long blood circulation. ACS Nano. 2018; 12: 10130–41.
32. Gref R, Lück M, Quellec P, Dellacherie E, Harnisch S, Blunk T, et al. 'Stealth'
corona-core nanoparticles surface modified by polyethylene glycol (PEG):
influences of the corona (PEG chain length and surface density) and of the core
composition on phagocytic uptake and plasma protein adsorption. Colloids
Surf B Biointerfaces. 2000; 18: 301-13.
33. Kim HP, Andrieux K, Delomenie C, Chacun H, Appel M, Desmaële D, et al.
Analysis of plasma protein adsorption onto PEGylated nanoparticles by
complementary methods: 2-DE, CE and Protein Lab-on-chip system.
Electrophoresis. 2007; 28: 2252-61.
34. Schöttler S, Becker G, Winzen S, Steinbach T, Mohr K, Landfester K, et al.
Protein adsorption is required for stealth effect of poly (ethylene glycol)-and
poly (phosphoester)-coated nanocarriers. Nat Nanotechnol. 2016; 11: 372-7.
35. Shen J, Yang X, Xie B, Chen Y, Swaim M, Hackett SF, et al. MicroRNAs
regulate ocular neovascularization. Mol Ther. 2008; 16: 1208-16.
36. Lynch I, Dawson KA. Protein-nanoparticle interactions. Nano Today. 2008; 3:
40-7.
37. Goy-López S, Juárez J, Alatorre-Meda M, Casals E, Puntes VF, Taboada P, et al.
Physicochemical characteristics of protein-NP bioconjugates: the role of
particle curvature and solution conditions on human serum albumin
conformation and fibrillogenesis inhibition. Langmuir. 2012; 28: 9113-26.
38. Riaz MA, Stammler A, Borgers M, Konrad L. Clusterin, signals via
ApoER2/VLDLR and induces meiosis of male germ cells. Am J Transl Res.
2017; 9: 1266-76.
39. Young-Jun S, Byeong-Ho K, Hye-Sook J, Park IS, Lee KU, Lee IK, et al.
Clusterin induces matrix metalloproteinase-9 expression via ERK1/2 and
PI3K/Akt/NF-κB pathways in monocytes/macrophages. J Leukoc Biol.
2011;90: 761-9.
40. Monteiro-Riviere NA, Samberg ME, Oldenburg SJ, Riviere JE. Protein binding
modulates the cellular uptake of silver nanoparticles into human cells:
Implications for in vitro to in vivo extrapolations. Toxicol Lett. 2013;220:
286-93.
41. Theocharis AD, Vynios DH, Papageorgakopoulou N, Skandalis SS, Theocharis
DA. Altered content composition and structure of glycosaminoglycans and
proteoglycans in gastric carcinoma. Int J Biochem Cell Biol. 2003;35: 376-90.
42. OzcelikkaleA, Shin K, Noe-Kim V, Elzey BD, Dong Z, Zhang JT, et al.
Differential response to doxorubicin in breast cancer subtypes simulated by a
microfluidic tumor model. J Control Release. 2017; 266: 129-39.
43. Kim J, Staunton JR, Tanner K. Independent control of topography for 3D
patterning of the ECM microenvironment. Adv Mater. 2016; 28: 132-7.
44. Yamada KM, Cukierman E. Modeling tissue morphogenesis and cancer in 3D.
Cell. 2007; 130: 601-10.

http://www.thno.org

Theranostics 2021, Vol. 11, Issue 2

924

45. Kolosenko I, Avnet S, Baldini N, Viklund J, De Milito A. Therapeutic
implications of tumor interstitial acidification. Semin Cancer Biol. 2017; 43:
119-33.
46. Suk JS, Xu Q, Kim N, Hanes J, Ensign LM. PEGylation as a strategy for
improving nanoparticle-based drug and gene delivery. Adv Drug Deliv Rev.
2015; 99: 28-51.
47. Aggarwal P, Hall JB, Mcleland CB, Dobrovolskaia MA, McNeil SE.
Nanoparticle interaction with plasma proteins as it relates to particle
biodistribution, biocompatibility and therapeutic efficacy. Adv Drug Deliv
Rev. 2009; 61: 428-37.
48. Cao Y, Huang HY, Chen LQ, Cui JH, Zhang LSW, Lee BJ, et al. Tumor
microenvironment-responsive PEI-Betaines modified single-walled carbon
nanotube with co-delivery of doxorubicin and survivin siRNA. Adv Drug
Deliv Rev. 2019;11: 9763-76.
49. Abyaneh HS,Regenold M, McKee TD, Allen C, Gauthier MA. Towards
extracellular matrix normalization for improved treatment of solid tumors.
Theranostics. 2020; 10: 1960-80.
50. Ishay-Ronen D, Diepenbruck M, Kalathur RKR, Sugiyama N, Tiede S, Ivanek
R, et al. Gain fat-lose metastasis: converting invasive breast cancer cells into
adipocytes inhibits cancer metastasis. Cancer Cell. 2019; 35: 17-32.

http://www.thno.org

