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Background: Tumor vessels were persistently compressed by solid stress from tumor interstitial
matrix, resulting in limited vessel perfusion and oxygen concentrations. Collagen within matrix
participated in transmitting the solid stress to tumor vessels and limiting drug delivery.
Purpose: The objective of this study was to identify whether gold nanoparticles (AuNPs)
were able to decompress colorectal cancer vessels and enhance vessel perfusion as well as drug
delivery in colorectal cancer.

Methods: Colorectal cancer xenograft mice were treated with AuNPs or normal saline for
14 days. The cancer stromal collagen I level, cancer vessel perfusion, hypoxia of tumor were
tested by histological examination. We also test the solid stress in the two groups. Furtherly, the
effect and the drug delivery of combined using AuNPs and cisplatin were tested. The effect and
the underlying mechanism of AuNPs on SW620 cells were tested by CCK8, flow cytometry,
Western-blot and atomic force microscope.

Results: AuNPs were able to decrease the density of colorectal cancer associated fibroblasts (CAFs),
to reduce the production of tumor stromal collagen I, and to diminish the expression of profibrotic
signals, including CTGF, TGF-B1 as well as VEGF in vivo and vitro via Akt signaling pathway.
Consequently, AuNPs could alleviate solid stress in tumors, subsequently leading to enhanced ves-
sel perfusion. Therefore, cisplatin as well as oxygen delivery to tumors were improved by AuNPs,
which reduced hypoxia while sensitizing therapy of cisplatin in colorectal cancer model.
Conclusion: AuNPs were effective agents in enhancing cisplatin delivery and potentiating
inhibiting tumor growth by decompressing colorectal cancer vessels.

Keywords: gold nanoparticles, colorectal cancer, vessel, decompression, solid stress, hypoxia

Impact statement

The organization and efficiency of vessel perfusion play a considerable role in the delivery
of drug and oxygen to tumors. In this study, we found that gold nanoparticles (AuNPs)
decreased colorectal cancer-associated fibroblast (CAF) density and reduced tumor stromal
collagen I production, which were associated with decreased expression of profibrotic sig-
nals of TGF-B1, connective tissue growth factor (CTGF), and vascular endothelial growth
factor (VEGF). Consequently, AuNPs reduced solid stress and tumor vascular compression
in tumors, which resulted in increasing vascular perfusion and drug and oxygen delivery
to tumors, thereby potentiating chemotherapy in colorectal cancer model.

Introduction
The organization as well as efficiency of vessel perfusion plays a considerable role in
the delivery of drug and oxygen to tumors.!? However, tumor vessels are abnormally
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compressed due to solid stress within the tumor microenvi-
ronment, resulting in the formation of hypoxic areas as well
as hindering intratumoral drug delivery within the tumor
microenvironment.®> The solid stress gradually initiates and
progresses in tumors in response to the proliferation of cancer
cells as well as stromal cells mediated by the cross talk of
matrix molecules in tumor microenvironment.* The tumor
stroma reserves and further transmits the stress to tumor,’
leading to poor and inconsistent tissue perfusion attributed to
distressed vessels, subsequently, causing hypoxia within the
tumor microenvironment. Cisplatin, a well-known chemo-
therapeutic drug, has been used for the treatment of numerous
human cancers including colorectal cancer. However, drug
resistance and some side effects limited the drug’s further use
in anticancer therapy. In addition, the most prominent factor is
the reduction in intracellular accumulation of cisplatin which
leads many tumors to acquire the cisplatin resistance.® Further-
more, combination therapies of cisplatin with other drugs have
been highly considered to enhance drug delivery and overcome
drug resistance.” Some studies have showed that patients with
poor tumor perfusion exhibit more insensitive chemotherapy
response as well as shorter survival than those with satisfactory
perfusion.® Therefore, as the important component of tumor
microenvironment, targeting tumor stroma and reducing solid
stress of the tumor are considered a combination adjuvant
therapy to enhance drug delivery to cancer tissues.

In spite of recognized contribution of matrix as well as
stromal cells to solid stress, the precise mechanisms of the
interplay between them to compress tumor vessels have not
been clarified. Notably, a large number of cancer-associated
fibroblasts (CAFs) and/or stellate cells (a type of stromal
cell) produce as well as keep the extracellular matrix (ECM),
which rely on host organ. Desmoplasia, mainly composed
of hyaluronan, collagen fibers, and other ECM molecules, is
prompted by the enhanced activity of these cells in tumors.>!?
A clear elucidation of the mechanisms of tumor vessel
compression would shed light on paradigms for promoting
tumor perfusion.

Gold nanoparticles (AuNPs), versatile vehicles, are univer-
sally utilized in active and passive delivery of biomolecules
to target organs. Drug-loaded nanoparticles are useful carriers
to target tumors by the enhanced permeability and retention
(EPR) effect, wherein nanoparticles of certain sizes tend to
accumulate in tumors with highly permeable vessels.!! Our
recent study has reported that AuNPs were able to enhance
tumor vessel perfusion as well as oxygen supply to obtain
optimal clinical outcomes in conjunction with recombinant
human endostatin, elevation of tumor-selective delivery,
induction of transient tumor vessel normalization, and reversal

of epithelial-mesenchymal transition.'>"* In our previous
researches, angiogenesis was reduced by monotherapy of
AuNPs in hepatic cancer.'* In addition, migration as well
as tube formation in human umbilical vein endothelial cells
(HUVECS) via the Akt pathway triggered by vascular endothe-
lial growth factor (VEGF)165 was inhibited by AuNPs.!>1¢

Although AuNPs have been previously classified as
antiangiogenesis, in this study, we demonstrated that AuNPs
could decrease colorectal CAF density, reduce the production
of collagen I, and diminish the expression of profibrotic sig-
nals of TGF-B1, connective tissue growth factor (CTGF) and
VEGF. AuNPs were able to reduce solid stress, decompress
colorectal cancer vessels, and increase cisplatin and oxygen
delivery, ultimately improving chemotherapy response by
the above-described mechanism. Therefore, solid stress can
be alleviated by decreasing the expression of tumor matrix
collagen as well as relevant agents to enhance tumor perfu-
sion as well as chemosensitivity.

Materials and methods

Reagents and cells

AuNPs were purchased from Shanghai Jie Ning Biotech Co.,
Ltd. (Shanghai, China). The average diameter of AuNPs
was 15 nm, which were dissolved in distilled water; then,
they were kept in a light-resistant container at 4°C. Cisplatin
was purchased from Jiangsu Haosen Pharmaceutical Co.,
Ltd. (Lianyungang, China). The colorectal cancer cell line
(SW620) was purchased from The Cell Bank of Type Culture
Collection of Chinese Academy of Sciences (CBTCCCAS,
Shanghai, China), which was maintained in DMEM contain-
ing 10% FBS (Thermo Fisher Scientific, Waltham, MA,
USA) in a 37°C incubator with 5% CO,,.

Colorectal cancer xenograft models and

treatment regimens

The in vivo experiments in mice were approved by the
Laboratory Animal Ethics Committee of Jinan University,
which were conducted strictly following the relevant recom-
mendations. Female Balb/c nude mice, 6—8 weeks old, were
commercially obtained from the Beijing HFK Bioscience
Co., Ltd. (Beijing, China), which were further kept in spe-
cific pathogen-free conditions. Briefly, SW620 cells (5x10°)
were subcutaneously injected into the right flank of the mice.
Then, the tumor size was monitored using calipers, which was
calculated with the following formula: volume = (length x
width? x 0.523). Once the tumor volume reached 100 mm?, the
animals were categorized into two groups (N=6, each group)
and treated with 1.0 mg-kg™' AuNPs or an equal amount of
saline intravenously every other day for 14 days. The blood
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samples, liver, kidney, and the tumor tissues were collected
and examined at day 14.

Enzyme-Linked Immuno Sorbent Assay
(ELISA)

Blood samples of xenograft nude mice were collected in
test tubes and immediately centrifuged at 3,500 rpm for
15 minutes, followed by collection of plasma samples
and storage at —80°C before detection. SW620 cells were
cultured in six-well plates with serum-free medium and
treated with different concentrations of AuNPs (AuNPsl:
10 ng/mL; AuNPs2: 25 ng/mL; AuNPs3: 50 ng/mL; AuNPs4:
100 ng/mL). The cell culture medium was collected after
treatment for 24 hours. ELISA Kit (Phoenix Pharmaceuticals,
Burlingame, CA, USA) was used to assess the levels of IL-6,
TNF-a, TGF-B1, CTGF, or VEGF in plasma following the
protocols.

Profibrotic marker detection of

colorectal cancer

At the termination of the animal experiment, 4 um sections of
4% paraformaldehyde-fixed paraffin-embedded tumor tissues
were made. The slides were deparaffinized through a series
of solutions (100% xylene through 100% ethanol to 100%
water), followed by incubation with alpha-smooth muscle actin
(0-SMA; CAF; 1:200 dilution; Proteintech, Wuhan, China),
active TGF-B1 (1:500 dilution; Abcam, Cambridge, UK),
CTGF (1:500 dilution; Abcam), or VEGF (1:250 dilution;
Abcam) at 4°C overnight. Then, tumor sections were treated
with goat anti-rabbit IgG (H + L) horseradish peroxidase (1:100
dilution; Beyotime, Haimen, China) at 37°C for 40 minutes.
Immunoreactivity was visualized with 3,3’-diaminobenzidine
(DAB) using microscope (Leica DM6000B).

Colorectal cancer stromal collagen | level
For tumor stromal collagen I staining, the tumors were
excised, frozen in optimal cutting temperature (OCT)
compound (Sakura Finetek, Torrance, CA, USA), and then
kept at —80°C. Later, cold acetone was used to fix the 5 um
cryosections, followed by rehydration in PBS. Tissue sections
were incubated with anti-collagen I antibody (1:200; Abcam)
at 4°C overnight, which were subsequently incubated with
FITC-conjugated Affinipure Goat Anti-Rabbit IgG (1:200;
Proteintech, Wuhan, China) for 1 hour in the dark. The stain-
ing was visualized using microscope (Leica DM6000B).

Vessel perfusion of colorectal cancer
For tumor vessel perfusion studies, a slow, intravenous
injection (~2 minutes) of FITC-lectin (Sigma-Aldrich

Co., St Louis, MO, USA) was performed on nude mice
at a concentration of 10 mg-kg™' 10 minutes before the
removal of tumors at the termination of the experiment.
After dissection, tumor tissues were frozen in OCT com-
pound and kept at —80°C. Then, cold acetone was used
to fix the 5 um cryosections, followed by rehydration in
PBS. Tissue sections were reacted with anti-CD31 anti-
body (1:500; Abcam), which were subsequently incubated
with rhodamine goat anti-rat antibody (dilution 1:200;
Proteintech, Wuhan, China) for 1 hour at dark. The stain-
ing was visualized using fluorescence microscope (Leica
DM6000B). The proportion of tumor vessel perfusion was
defined as the ratio of the lectin + area to CD3 1+ area using
Image J software.

Detection of colorectal cancer hypoxia
To evaluate the hypoxia in tumor, an intraperitoneal injec-
tion of pimonidazole at a dose of 60 mg-kg! was carried
out in nude mice 1 hour before tumor excision. After fixa-
tion of the tumor tissues, sections were made as described
earlier. Hypoxyprobe-1 Plus kit (HPI Inc, Burlington, MA,
USA) was purchased for pimonidazole staining following
the manufacturer’s protocol. Hypoxyprobe-1 adducts were
examined with an affinity-purified rabbit IgG polyclonal
antibody conjugated with horseradish peroxidase (1:100;
Beyotime).

Histologic image analysis

We randomly chose six fields at X200 magnification in each
slide under a fluorescence microscope (Leica DM6000B).
To determine the proportion of vessel perfusion, the number
of vessels counted by this program with the colocalization
of lectin and CD31 staining was divided by the number of
vessels counted with CD31 staining. Images of collagen I,
pimonidazole, a-SMA (CAF), TGF-B1-, CTGF-, or VEGF-
stained sections were evaluated according to the area pro-
portion of positive staining using Image J software. In the
assessment of all tumors, identical analysis settings and
thresholds were employed.

Colorectal cancer: solid stress

The tumor-opening technique was employed to detect solid
stress.’ The nude mice were anesthetized at the termination
of the experiment, followed by tumor excision, whose three
dimensions were determined after washing with Hank’s
balanced salt solution (HBSS). Specifically, a scalpel was
used to cut the tumor alongside the longest axis, to a depth
of 80% of the shortest axis. Then, the tumors were placed
in HBSS again for 10 minutes to eliminate the transient,
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poro-elastic responses. The opening area triggered by the cut
was subsequently detected at the middle of the cut, which was
located on the tumor surface. Solid stress was calculated as
the ratio of the size of the opening to the size of the dimen-
sion perpendicular to the cut.

Colorectal cancer: cisplatin delivery and

tumor growth

Nude mice bearing ectopic SW620 cells were split into four
groups (N=6 per group) when the tumor volume reached
100 mm? post inoculation. The animals were intravenously
injected with 1.0 mg-kg™ AuNPs, 5.0 mg-kg™ cisplatin, a
combination of 1.0 mg-kg™" AuNPs and 5.0 mg-kg™' cisplatin,
or an equal volume of saline every other day for 14 days.
At the termination of the experiment, animals were retro-
orbitally administered with 10.0 mg-kg™" cisplatin, half an
hour before the removal of tumors and organs. Then, the
tumors were extracted, followed by the measurement of the
volume by calipers. After dabbing off the excessive blood,
the tumor tissues were snap-frozen in liquid nitrogen for
analysis. HPLC (Agilent Technologies, Santa Clara, CA,
USA) on a COSMOSIL C18 column (250x4.5 mm, 5 um;
Shimadzu, Tokyo, Japan) was employed to determine the
cisplatin concentration extracted from the tumor tissues.
Agilent ChemStation software was utilized to analyze all
the acquired responses.

CCK-8 assay

5x10° SW620 cells/well were inoculated in 96-well plates
and treated with different concentrations of AuNPs for
24 hours (AuNPs1: 10 ng/mL; AuNPs2: 25 ng/mL; AuNPs3:
50 ng/mL; AuNPs4: 100 ng/mL). Twenty microliters of
CCK-8 solution was added to each culture well and incu-
bated for 4 hours. After shaking at a constant temperature for
10 minutes, the absorbance (OD) of each group was measured
with a multifunctional microplate reader (measured at a
wavelength of 540 nm). The proliferation of sw620 cells was
observed. Cell proliferation rate (%) = (experimental group
OD value/control group OD value) x 100%.

Western blot

SW620 cells (1x10°) were planked in six-well plates with
DMEM +10% FBS. After 24 hours, the medium was changed
to serum-free medium and then incubated with AuNPs
(50 ng/mL), VEGF165, or VEGF121 (20 ng/mL; catalog
no: 68-8784-63 and RP-8646; Thermo Fisher Scientific)
for 24 hours. The cells were washed with ice-cold PBS and
lysed in lysis buffer. The lysis (50 ug) was separated by

SDS-PAGE and transferred to polyvinylidene difluoride
(PVDF) membranes. TGF-B1, CTGF, VEGF, and phos-
phorylated Akt were analyzed using a TGF-3 Rabbit mAb
(no 3709), Rabbit CTGF mAb (no 86641), Rabbit VEGF
antibody (no 2463), Akt mAb (no 4691), and Akt rabbit
phospho-Akt mAb (no 4060; Cell Signaling, Beverly, MA,
USA). The GAPDH (no 5174) was used as a loading control.
The anti-rabbit peroxidase-conjugated secondary antibody
was detected using enhanced chemiluminescence reagents.

Apoptosis analysis by flow cytometry
SW620 cells were seeded into six-well plates followed by the
addition of different concentrations of AuNPs for 24 hours.
Then, cells were collected and washed twice with PBS.
Annexin V-APC/7-amino-actinomycin D (AAD) Apoptosis
Detection Kit (KeyGEN Biotechnology, Nanjing, China) was
employed to determine apoptotic cells by flow cytometry. In
brief, 5 uL 7-ADD and 50 UL binding buffers were added for
cellular staining in dark and room temperature conditions.
Then, 450 uL binding buffers and 1 puL. Annexin V-PE were
used for staining in the same conditions. The results were ana-
lyzed via flow cytometry (ACEA NovoCyte®; Biosciences,
Inc., San Diego, CA, USA) and followed by NovoExpress
1.2.4 software (ACEA Biosciences, Inc.).

Atomic force microscope (AFM) analysis
SW620 cells (1x10%) were planked on 22x22 mm coverslips
in six-well plates and were treated with different concentra-
tions of AuNPs for 24 hours. Then, the coverslip was fixed
by 4% paraformaldehyde and waited for natural drying.
The image was scanned with an AFM at room temperature.
The experiment used a 100 um scanner, contact mode, and
silicon probe, and the resonance frequency was 250-320 Hz.
All the images were analyzed via Proscan Image Processing
Software Version 2.1.

Statistical analyses

The experiments were performed in triplicates, and the data
were shown as mean = standard error (SE). GraphPad Prism
was utilized in all statistical analyses (version 5.0; GraphPad
Software, Inc., La Jolla, CA, USA). The two-tailed Student’s
t-test was used to determine the statistical significance of the
difference between two groups. One-way ANOVA was used
in comparisons of different groups, followed by Bonferroni’s
post hoc test for parametric data and Kruskal-Wallis test
followed by a Dunn’s multiple comparison test. A P-value
of <0.05 was considered to be statistically significant
(*P<0.05, **P<<0.01, and ***P<0.001).
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Results

Characterization of AuNPs

AuNPs were spherical granules with good dispersity as well
as consistent size, as illustrated by transmission electron
microscopy (TEM) images (Figure 1A and B). In addition,
the surface plasmon resonance (SPR) absorption peaks of
AuNPs was at around 517 nm, indicated by the ultraviolet
(UV)-visible spectrum (Figure 1C). The fluid particle size,
zeta potential, and pH value of AuNPs are summarized in
Table 1.

AuUNPs reduce colorectal cancer stromal

collagen |

Collagen I is widely involved in tumor vessel compression,
which subsequently triggers blood flow reduction as well as
considerable unperfused tumor areas. Moreover, previous
studies have demonstrated the facilitation of the stiffening
and reorganization of the collagen I via CAFs in tumor
cell invasion. In this study, the rapid inhibition of tumor
expression of collagen I by AuNPs was verified (P<<0.001;
Figure 2A and B), indicating that collagen I was degraded
or destabilized by AuNPs.

AuNPs reduce colorectal cancer stromal

fibrosis signaling

To determine the tumor stromal fibrosis signaling after treat-
ment with AuNPs or saline, ELISA kit and immunohis-
tochemistry (IHC) were employed to explore how AuNPs
affected TGF-B1, CTGF, or VEGF expressions in col-
orectal cancer model. As a result, AuNPs reduced plasma
levels of TGF-B1, CTGF as well as VEGF (all P<0.001;
Figure 3A—C) in nude mice. Moreover, the reduced tumor
expressions of TGF-B1, CTGF, and VEGF by AuNPs were

Figure | Characterization of AuNPs.

determined through immunohistochemistry assessment
(*¥***P<0.001; Figure 3D).

As described earlier, the rapid reduction in tumor stromal
collagen I level by AuNPs indicated that collagen I was
degraded or destabilized by AuNPs via an undefined mecha-
nism besides blocking the matrix production through TGF-31.
CTGEF is a matricellular protein, involved in stabilization of
transient fibrosis triggered by TGF-B1 activity,'”!® implying
that AuNPs were able to destabilize collagen I through the
inhibition of CTGF expression. In addition, the expressions
of CTGF and TGF-B1 were decreased by AuNPs in colorec-
tal cancer. Thus, besides the blocking in TGF-B1 pathway,
AuNPs were likely to decrease stromal collagen I expression
partially by destabilization in the existing collagen I through
CTGF. VEGF, a homodimeric glycoprotein, plays a core role
in angiogenesis by the regulation of the tumor neovascular-
ization as well as permeability of blood vessels.!*?° Besides,
previous studies have revealed an elevated VEGF level in
fibrosis and inflammatory diseases, including rheumatoid
disease, ocular disease, and Crohn’s disease.?"*? Our result
showed that AuNPs also reduced plasma VEGF concentra-
tions in mice. Taken together, these effects contributed to the
reduced level of collagen I in colorectal cancer.

AuNPs decrease colorectal CAF density

in tumors

Next, we decided to assess whether colorectal CAF density
could be reduced by AuNPs as well. CAFs are typically iden-
tified by o-SMA, a myocyte marker?*** and other agents, such
as fibroblast-specific protein (FSP-1). CAFs comprise of, as
high as, 80% of cells in the entire tumor mass, such as pancre-
atic cancer. Functionally, CAFs are deeply involved in cancer
development, progression, and metastasis.® In our study,
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Notes: (A, B) FETEM images reveal discrete particles of AuNPs. Scale bar: 200 nm and 100 nm. (C) UV-visible spectra of AuNPs. The UV-visible spectra of |5 nm AuNPs
were characterized by surface plasma resonance absorption peaks at approximately 517 nm.
Abbreviations: AuNPs, gold nanoparticles; FETEM, field-emission transmission electron microscopy; UV, ultraviolet.
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Table | The parameters of AuNPs

Parameters AuNPs
Fluid particle size (nm) 14.34+0.75
Zeta potential (mV) —21.19+0.64
pH value 8.0

Abbreviation: AuNPs, gold nanoparticles.

the density of a-SMA-positive cells was decreased by the
administration of AuNPs in colorectal cancer (**P=0.0032;
Figure 4A and B), indicating a declined activity of CAFs.
Therefore, AuNPs were likely to inhibit the activation of
fibroblasts to 0-SMA + CAF phenotype, thereby resulting
in reduced CAF density.

AuUNPs reduce solid stress in colorectal

cancer

Next, the role of AuNPs on solid stress in colorectal cancer
was evaluated. Solid stress is mainly generated by fibroblast
stress and kept as strain energy in the ECM. Subsequently,
the cooperation of hyaluronan as well as collagen transmit-
ted the strain energy to compress blood vessels, ultimately
causing inconsistent, unsatisfactory tissue perfusion as well
as hypoxia in the tumor microenvironment. Overall, these
factors facilitated tumor progression.?®?” Solid stress in
tumor was determined by recently established technique in
this study,® which showed that AuNPs reduced solid stress
in colorectal cancer (***P=0.0002; Figure 5). Therefore,
AuNPs were likely to decompress vessels by relieving solid
stress due to its antimatrix roles.

AuUNPs increase colorectal cancer vessel

perfusion
From the abovementioned results in the desmoplastic tumor
model, we cautiously speculated that the decreased solid

A Ctrl

Collagen1

stress by AuNPs might enhance vessel perfusion. As a result,
the tumors were burdened with the loss of sufficient blood
perfusion, which was indicated that blood perfusion was only
detected in 23% of vessels in colorectal cancer (**P=0.0026;
Figure 6A). After the administration of AuNPs, the propor-
tion of perfused vessels significantly rose to, as high as,
43%, which implicated that vascular decompression was at
least part of the mechanism.® Thus, AuNPs were capable of
enhancing blood perfusion in cancers through the reduction
in solid stress.

AuNPs enhance oxygen and colorectal

cancer cisplatin delivery

In view of the governing role of vessel perfusion in oxygen
as well as drug delivery, we first detected tumor oxygen-
ation using pimonidazole staining. Consequently, oxygen
concentrations were maintained in SW620 cells after the
administration of AuNPs, while a typical growth-dependent
decline in oxygenation was observed in the control group
(***P<0.001; Figure 6B). Therefore, the reduction in tumor
solid stress via “microenvironmental normalization” medi-
ated by AuNPs promoted the delivery of oxygen as well
as drugs. Moreover, tumors excised from mice with the
treatment of AuNPs harbored significantly smaller necrotic
regions of the entire tumor mass, as indicated by immuno-
histochemistry staining (***P<<0.001, Figure 6C). Next,
to determine whether AuNPs affected cisplatin delivery to
cancers, the cumulative degrees of small molecule chemo-
therapeutic cisplatin in the tumor, liver, and kidney were
assessed by HPLC. The results showed that AuNPs improved
cisplatin delivery to SW620 tumor (**P=0.0023; Figure 6D),
but not to liver (P=0.2365; Figure 6E) or kidney (P=0.3314;
Figure 6F), which implicated that only tumor tissues were
targeted by the delivery-enhancing strategy mainly due to

sokck

Tumor
collagen fraction (%)

Ctrl AuNPs

Figure 2 AuNPs decreased stromal collagen | level in SW620 tumor. (A) Immunofluorescence images of the effect of AuNPs on stromal collagen | (green) level in SW620
tumor. Scale bar, 100 um. (B) Quantification of tumor collagen | level after the administration of AuNPs. AuNPs reduced the proportion of collagen I-positive region in

SW620 tumor (n=6, ¥***P<<0.001, Student’s t-test).
Note: Error bars indicate SEM.

Abbreviations: AuNPs, gold nanoparticles; Ctrl, control; SEM, standard error of the mean.
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Figure 3 AuNPs decreased profibrotic cytokine levels in plasma and SW620 tumor.

Notes: (A) Plasma level of TGF-BI was decreased after treatment with AuNPs (n=6, ***P<<0.001). (B) Plasma level of CTGF was decreased (n=6, ***P<0.001).
(C) The plasma level of VEGF was reduced after the administration of AuNPs (n=6, ***P<0.001). (D) Histologic images of the effect of AuNPs on TGF-B1, CTGF, and VEGF
expression in SW620 tumor (n=6). Scale bar, 100 tm. AuNPs decreased the expression of TGF-B1, CTGF, and VEGF (***all P<0.001) in SW620 tumor. Student’s t-test was
used for analysis, and error bars indicate SEM.

Abbreviations: AuNPs, gold nanoparticles; CTGF, connective tissue growth factor; Ctrl, control; SEM, standard error of the mean; VEGF, vascular endothelial growth factor.
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Figure 4 AuNPs reduced o-SMA-positive CAF density in SW620 tumor.

Notes: (A) Histologic imaging illustrating the effect of AuNPs on the level of a-SMA-positive CAFs (brown) in tumor tissues. Scale bar, 100 um. (B) Immunohistochemical
analysis showed that the administration of AuNPs diminished the c-SMA-positive CAF density in SW620 tumor (n=6, **P=0.0032, Student’s t-test). Error bars indicate SEM.
Abbreviations: AuNPs, gold nanoparticles; ai-SMA; alpha-smooth muscle actin; CAFs, cancer-associated fibroblasts; Ctrl, control; SEM, standard error of the mean.
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Figure 5 AuNPs reduced solid stress in SW620 tumor.

Notes: An ex vivo technology was employed to evaluate tumor solid stress by
detecting the degree of tumor tissue relaxation (tumor opening relative to tumor
diameter) after a stress-releasing incision, with larger openings indicating higher
stress. Through its antimatrix effects, AuNPs decreased solid stress in SW620
tumor (n=6, ***P=0.0002, Student’s t-test). Error bars indicate SEM.
Abbreviations: AuNPs, gold nanoparticles; Ctrl, control; SEM, standard error of
the mean.

the specific accumulation of solid stress in tumor tissues.
Therefore, the administration of AuNPs could temporarily
promote blood perfusion, while relieving hypoxia as well as
necrosis in cancers.

AuNPs potentiate the efficacy of cisplatin
To further study the roles of AuNPs on delivery, a combined
administration of AuNPs and cisplatin was conducted on
SW620 tumors. Both cisplatin monotherapy and cisplatin
combined with AuNPs significantly inhibited tumor growth
(Figure 7A). Nevertheless, a more obvious reduced effect was
observed in mice with a combined administration of AuNPs
and cisplatin. The body weight of four groups had no signifi-
cant difference after treatment for 0—14 days (Figure 7B). The
histopathological examination of major organs also showed
no significant injury after AuNPs or combined administration
for 14 days (Figure 7C). The serum IL-6 and TNF- in the
cisplatin and combination group were significantly increased
comparing with the control and AuNPs group after treatment
for 1, 5, and 10 days. However, there was no significant
difference in serum IL-6 and TNF-a levels between the
cisplatin and combination group (Figure 7D and E). In line
with the abovementioned results, HPLC analysis detected
high concentrations of cisplatin in tumors after combined
therapy, both of which indicated that the delivery efficacy
of cisplatin was promoted by tumor vessel decompression
after the administration of AuNPs. Collectively, AuNPs
were able to enhance the therapeutic outcomes of cisplatin
via antimatrix effects and did not increase the toxicity when
combined with cisplatin.

AuNPs decrease the production of
TGF-B1, CTGF and VEGF via Akt-

dependent pathway

To further clarify the underlying mechanism of AuNPs on
colorectal cancer, we investigated the effect of AuNPs on
SW620 cells in vitro. First, there was no significant difference
of viability and apoptosis rate of SW620 cells after treatment
with different concentrations of AuNPs (Figure 8A—C),
indicating that the effect of AuNPs on tumor growth was not
mediated by the inhibition of cell proliferation and induction
of cell apoptosis. In addition, Western blot showed that the
expressions of TGF-B1, CTGF, and VEGF were decreased in
the AuNP treatment groups compared with the control group
(Figure 8D). As reported in our previous study,'* AuNPs
could inhibit the binding of VEGF165 to VEGFR2 via the
heparin-binding capacity of AuNPs, and the VEGFR2/PI3K/
Akt axis played an important role in regulating the production
of TGF-B1, CTGF, and VEGF.?*-° Hence, our results further
confirmed that the AuNPs could inhibit VEGF165-induced,
but not VEGF121-induced, Akt phosphorylation in colorectal
cancer cells (Figure 8E). Finally, we detected the secretions
of TGF-B1, CTGF, and VEGF in culture medium of SW620
cells. After AuNP treatment with different concentrations,
the levels of TGF-B1, CTGF, and VEGF in culture medium
were significantly decreased compared with the control group
(P<<0.001; Figure 8F—H). Therefore, our study indicated that
AuNPs can reduce TGF-1, CTGF, and VEGF production
via Akt-dependent pathway.

Cellular uptake and internalization of
AuNPs were visualized by AFM

Finally, we further measured the cellular uptake and inter-
nalization of AuNPs on colorectal cancer cells. The AFM
was used to analyze the effects of AuNPs on the morphol-
ogy and surface ultrastructure of SW620 cells. As shown in
Figure 9, the surface and the cytoplasm of SW620 cells were
intact and full in the control group. After AuNP treatment
with 10.0 ng/mL or 25.0 ng/mL, membrane invagination and
increasing of surface pore were found in SW620 cells. These
results indicated that colorectal cancer cells can uptake and
internalize AuNPs.

Discussion

In this study, the complicated effect of tumor matrix on
impeding drug delivery has been comprehensively assessed.
The excessive production of ECM by cancer cells, CAF,
and other stromal cells serves as structural support of the
tumor microenvironment, and there are dynamic molecular
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Notes: (A) Representative pictures of perfused tumor vessels (green) under immunofluorescence microscopy. The density of perfused vessels was elevated by the
administration of AuNPs in SW620 colorectal cancer models (n=6, ¥**P=0.0026). Scale bar, 100 um. (B) Pimonidazole injection and staining demonstrated that the hypoxic
fraction was decreased by the administration of AuNPs in SW620 tumor (n=6, ***P<0.001) due to the increased oxygen supply. Scale bar, 100 um. (C) Necrotic areas in
the tumoral regions measured by H&E staining following treatment with AuNPs. AuNPs reduce necrotic areas in SW620 tumors (n=6, ***P<<0.001). Scale bar: 100 um.
Cisplatin delivery to the tumor (D), liver (E), and kidney (F) after treatment with AuNPs. AuNPs promoted the cisplatin accumulation in SW620 colorectal cancer models
(n=3, ¥*P=0.0023), which, however, did not affect cisplatin accumulation in the liver (n=3, P=0.2365) or the kidney (n=3, P=0.3314). Student’s t-test was utilized for analysis,
and error bars indicate SEM.

Abbreviations: AuNPs, gold nanoparticles; Ctrl, control; SEM, standard error of the mean.

and mechanical interplays between cancer cells and stromal  in tumor initiation.**** Moreover, the content, organization,
cells.’¥2 In consideration of the collagen density in breast and biomechanical properties of the ECM contribute to
cancers and fibrosis in hepatic cancer as independent risk  tumor progression. Like collagen, hyaluronan has prognostic
factors, dense ECM and fibrosis are likely to be involved  value. There is an association between fibrillar collagen
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Figure 7 AuNPs potentiated cisplatin efficacy.

Notes: (A) Quantification of tumor volume at different times in mice models treated with AuNPs, cisplatin, combination of AuNPs and cisplatin, or saline. Both cisplatin and
AuNPs monotherapy significantly inhibited tumor growth compared with the control treatment, and tumor growth was more greatly inhibited by a combined treatment of
cisplatin and AuNPs (n=6). (B) Mouse body weight of the four groups was monitored before and after treatment in different times. (C) Representative images of liver and
kidney were removed from the four groups. (D—E) The effect of AuNPs, cisplatin, and combination treatment on the levels of serum IL-6 and TNF-o of mice. The serum IL-6
and TNF-a levels in the cisplatin and combination group were significantly increased comparing with the control and AuNPs groups at day |, day 5, and day 10 (*compared with
the control group, P<0.05; *compared with the AuNPs group, P<<0.05). One-way ANOVA was utilized for analysis, and error bars indicate SEM (*P<<0.05, **P<<0.001).
Abbreviations: AuNPs, gold nanoparticles; Ctrl, control; SEM, standard error of the mean.

alignment and poor clinical outcomes in breast cancer.**
Consistently, elongated collagen fibers have been reported
to correlate with unsatisfactory outcomes in patients with
colorectal, head and neck, and esophageal cancers.’” In
addition, the stiffening and organization of the collagen
fibers by CAFs have been confirmed to facilitate cancer
cell invasion.*®3 In spite of the impediment in larger drug

distribution by steric interplays with collagen, the delivery
of smaller chemotherapy agents is not directly blocked,*
which, however, is indirectly hindered by vessel compres-
sion. The contribution to solid stress in cancers is observed in
collagen as well as hyaluronan, of which, collagen can resist
tension, leading to a confined tumor microenvironment.?
The attempt to enlarge tumor microenvironment regions

submit your manuscript

6216

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

AuNPs enhance cisplatin delivery by decompressing vessels

—_ A Ctrl AuNPs1 AuNPs2 AuNPs3
£ 107z wz| 1077 can w2 1070 1078
Y 108 ]2 asa 108109 s 108 108
® ¥ X T X
h B 108 6 108 W 10% @ 108
c1 Y 2 o 2 100 S o
8 ald 1 & 10 & 10 3 10
b o5 1 & 10 & o & 10
<|5 H s 3
2 e 10 < 10 & 10 & 10
° Q23 Q24 23 Q24 Q23 Q24 Q23 T Q24
Y 92.64% 3.25% 92.38% 3.20% 91.61% 207% 91.16% s 2.52%
S o2 1002 - 1002 1002
3 1014 10° 104 10° 10°100¢ 1014 10° 10¢ 10° 10°10° 104 10° 10° 10° 10°10°® ~ qQt¢  10° 10¢ 10° 10° 10°°
o APC-H APC-H APC-H APC-H
>
Annexin V-APC
;\: Ctrl AuNPs1 AuNPs2 AuNPs3 AuNPs3 - - +
- VEGF121 - - +
= TGF-B1 s s S— - VEGF165 - + + - -
o
" Phophos-Akt
7] —
3 CTGF s  — -
o
g ARt s o o e,
< VEGF IR  mwe s
CAPDH s e e e s
GAPDH " S s s—
— 2,000 1,500 2,000
3 —_ —_
= =) a
= £ £
D 1,500 ) 5 1.500
2 a 1,000 <4
= = =
2 1000 c 1000
2 2 500 2
-
Q500 & & 500
& = w
o (D >

Figure 8 AuNPs reduced TGF-B1, CTGF, and VEGF production via Akt-dependent pathway.

Notes: (A) Cell proliferation rate after AuNP treatment with different concentrations was detected by CCK-8 assay (n=6). (B, C) The effect of different treatments on the
apoptosis of SW620 cells, no significant difference of the apoptosis rate was found after AuNP treatment with different concentrations (n=3). (D) The effects of AuNPs with
different concentrations on TGF-B1, CTGF, and VEGF expression of SW620 cells were determined using Western blot analysis. (E) The effects of AuNPs on the expression
of Akt and phosphorylated Akt were detected by Western blot analysis. (F-H) The effects of AuNPs with different concentrations on TGF-8 |, CTGF, and VEGF secretion
of SW620 cells were determined using ELISA analysis (n=3; AuNPs|: [0 ng/mL; AuNPs2: 25 ng/mL; AuNPs3: 50 ng/mL; AuNPs4: 100 ng/mL). One-way ANOVA was utilized
for analysis, and error bars indicate SEM (***P<0.001 vs Ctrl group).

Abbreviations: AuNPs, gold nanoparticles; CTGF, connective tissue growth factor; Ctrl, control; SEM, standard error of the mean; VEGF, vascular endothelial

growth factor.

during the proliferation of cancer as well as stromal cells
persistently exhibits tensile stress, which in turn resists
this enlargement through storage of tensile elastic “strain”
energy as well as stiffen from the extending collagen fibers.
In this way, the cells are confined, contributing to compres-
sive stress arising from the force of active proliferation.
Beyond this maximal compression, the excess compressive
stress is transmitted to tumor vessels. The newly generated
vessels are generally burdened with abnormal structure
and dysfunctions, which render poor perfusion as well as
oxygenation. In addition, insufficient vascular perfusion
confines the delivery of therapeutic agents into the tumor,
leading to unsatisfactory chemo/radiotherapy effects, which
promotes tumor invasion as well as metastasis.*' There-
fore, the compressive stress could be lowered by reducing

collagen levels in tumor microenvironment, which leads to
easy expansion of proliferating cells.

AuNPs, an perfect nano-drug supporter due to its bio-
compatibility as well as large surface area-to-volume ratio,
have been successfully utilized in the delivery of large
biomacromolecules without affecting their activity.* The
delivery of nanoparticles relies on heterogeneous vessels,
due to the passive targeting nature of the process.** The
permeability of the nanoparticles and macromolecules into
the majority of normal tissues is prohibited by the integrity
of the vascular endothelial; therefore, the selective delivery
into cancer tissues has the advantage of a long circulation
period but less toxicity. In our recent study, AuNPs were
reported to be involved in conjunction with recombinant
human endostatin, transient indication of tumor vasculature
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normalization, promotion of tumor-selective delivery, and
reversal of epithelial-mesenchymal transition, subsequently,
enhancing vessel perfusion and oxygen support in tumors to
obtain optimal therapeutic outcomes.'*!3

In this study, the rapid reduction in tumor stromal
collagen I level by AuNPs indicated that collagen I was
degraded or destabilized by AuNPs via an undefined mecha-
nism besides blocking the matrix production through TGF-B1
and CTGF. TGF-B1 and CTGF are the central factors of
tissue remodeling and fibrosis,'” and the plasma TGF-$1 and
CTGF were reduced after the treatment with AuNPs, which
means that AuNPs decompress stroma in tumor via regulat-
ing TGF-B1 and CTGF. Regulating the VEGF expression
can lead to the normalization of blood vessels,?® which help
to reduce the permeability of vessels in tumor. Our further
in vitro assays also confirmed the mechanism of effects of
AuNPs for reduction in TGF-B1, CTGF, and VEGF in col-
orectal cancer cells. The heparin-binding capacity of AuNPs'*
inhibited VEGF165-induced activation of VEGFR2 and the
downstream Akt signaling pathways in SW620 cells. Our
results revealed that AuNPs mainly disrupted the VEGF165—
VEGFR?2 interaction, but not VEGF121-VEGFR?2 interac-
tion, which is consistent to previous study that AuNPs do
not inhibit the activity of non-heparin-binding growth factors
such as VEGF121.* Although our results also suggest that
AuNPs may mildly enhance the VEGF121-induced AKT

phosphorylation. In general, VEGF165 is overexpressed in
tumors at a high frequency, and the AuNPs may integrally
reduce the AKT phosphorylation in tumor environment. Thus,
AuNPs may reduce the production and secretion of TGF-f31,
CTGF, and VEGF via AKT phosphorylation pathway. How-
ever, the underlying mechanism still remains unclear and
requires further study. Nevertheless, the AuNPs cannot inhibit
SW620 cell viability as previously reported.* Although
AuNPs alone have been shown to exert no impact on tumor
growth in various studies, especially in photothermal therapy
field;* however, different sizes of AuNPs show different
effects in VEGF165-induced proliferation of HUVECs, the
specific inhibitory effects of AuNPs size are better in 10-20
nm (diameter).*” In our study, the nanosphere of AuNPs and
the size of AuNPs used was 15 nm in our experiment, which
was an effective size to inhibit the VEGF165-induced activa-
tion. Therefore, the AuNPs inhibit colorectal tumor growth
in mice model mainly via reduction of stromal formation in
tumor microenvironment. In addition, the decompression of
stroma and vessel normalization in tumor may result in the
possibility of enhancing drug delivery.

CAF is one of the most important parts of the tumor
microenvironment; we found that AuNPs also reduced the
density of activated CAFs in colorectal cancer models. There-
fore, AuNPs are likely to inhibit the activation of fibroblasts
to 0-SMA + CAF phenotype, thereby resulting in reduced
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CAF density. Altogether, these combined reactions caused
reduced levels of collagen I in colorectal cancer models.
Our results have confirmed that AuNPs reduced solid stress
in colorectal cancer, indicating that AuNPs are likely to
decompress vessels in desmoplastic tumors by relieving
solid stress due to its antimatrix roles. In addition, our results
also demonstrate that AuNPs increases tumor vessel perfu-
sion through the reduction in solid stress in our models. In
consideration of the governing role of vessel perfusion in
oxygen as well as drug delivery, pimonidazole staining was
used to determine tumor oxygenation. Consequently, oxygen
concentrations were maintained in SW620 tumors after the
administration of AuNPs, while a typical growth-dependent
decline in oxygenation was observed in the control group.
Therefore, reduction in tumor solid stress via “microenvi-
ronmental normalization” mediated by AuNPs promoted the
oxygen delivery to cancers. HPLC analysis was employed in
the examination of the concentration of cisplatin in tumors,
which was increased by the administration of AuNPs mainly
due to the elevated blood flow in tumors. Moreover, although
previous study*® reported that the most important factor of
cisplatin resistance in cancers is the reduction in drug accu-
mulation in the tumor or in the cancer cell, enhancing the drug
delivery by combined use of AuNPs could be considered as
one of the potential strategies to overcome the resistance. Our
results also further indicated that AuNPs cannot significantly
increase the toxicity when combined with cisplatin. These
data implicate that enhancing cisplatin delivery by AuNPs
could be a safe and potent strategy for colorectal cancer.

In summary, despite the previous classification of AuNPs
as antiangiogenics,' in this study, we demonstrated that
AuNPs can enhance cisplatin delivery by vascular decom-
pression attributed to the decreased stromal activity as well
as confined production of stroma components which caused
compression. Remarkably, AuNPs targeted both CAFs and
collagen, two recognized contributors to solid stress.’ In
addition, we suggested that inhibitors of downstream Akt sig-
naling through TGF-B1, CTGF, or VEGF might exert similar
effects in decreasing solid stress to sensitize chemotherapy.
Undoubtedly, AuNPs are a potential strategy in colorectal
cancer therapies for combined with using cisplatin.

Conclusion

In this study, we verified that AuNPs decreased the colorectal
CAF density, reduced the production of tumor stromal col-
lagen I, and diminished the expression of profibrotic signals,
including CTGF, TGF-B1, and VEGF. Consequently, AuNPs
could alleviate solid stress in tumors, leading to enhanced
vessel perfusion. Subsequently, cisplatin and oxygen delivery

to tumors were improved by AuNPs, which reduced hypoxia
while sensitizing chemotherapy in colorectal cancer model.
Hence, AuNPs were effective agents in enhancing cisplatin
delivery and inhibiting tumor growth by decompressing
colorectal cancer vessels.
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