Open Access Article. Published on 30 Ebw-benem 2020. Downloaded on 2025/10/29 9:01:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

CHEMISTRY (& cievica

CCS Bh ROYAL SOCIETY

OF CHEMISTRY

PEILFR

FRONTIERS

W) Check for updates ‘

Cite this: Mater. Chem. Front.,
2020, 4, 1397

Received 12th December 2019,
Accepted 17th January 2020

DOI: 10.1039/c9gm00753a

Intervaginal space injection of a liquid metal can
prevent breast cancer invasion and better-sustain
concomitant resistance

Yupeng Cao,?® Xiajun Hu,® Qiang Zhang,® Wenda Hua,® Nan Hu,?*? Yifeng Nie,°
Xue Xu,® Yonggang Xu," Chongging Yang,® Xiaohan Zhou,?® Wentao Liu*® and
Dong Han () *a°

Chest wall (CW) invasion by recurrent or locally advanced breast cancer (BC) requires further treatment
with more potential complications. The negative margin of a tumor has been proposed as a critical
factor in BC surgery; however, the ideal margin remains controversial, and data suggest that this
parameter cannot further reduce CW invasion. Herein, a liquid metal (LM) was introduced as an
interstitial stream (IS) to separate the BC and CW to prevent tumor invasion into the CW. Successful
continuous separation and the prevention of CW invasion were observed in 4T1 tumor-bearing mice by
magnetic resonance imaging (MRI) and anatomical observation, respectively. Furthermore, the inhibition
of primary tumor growth and the prevention of accelerated secondary tumor growth suggest that this
method potently retains concomitant resistance (CR). Subsequently, the enhanced maturation of
dendritic cells (DCs) from the LM group suggests that this method may activate T cell-dependent
immunity to retain CR through DC maturation. Additionally, LM was shown to have limited toxicity. In
this study, LM was introduced as an IS into the interstitial space, which potentially links superficial and
deep sites in the body, and showed excellent ability to prevent CW invasion, thus also providing a
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Introduction

Breast cancer (BC) is one of the most common cancers in
females worldwide."” Depending on the stage of BC at diagnosis,
numerous therapeutic options are currently available, including
surgery, chemotherapy, radiation therapy and immunotherapy.’®
For early-stage BC, breast conserving therapy (BCT) is commonly
performed as a surgical treatment,™ but this treatment strategy
can fail, leading to local recurrence.® Recurrences in the chest wall
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potential way to efficiently deliver drugs.

(CW) require further treatment,> as does locally advanced BC
involving the CW.* However, these further treatments are asso-
ciated with more complications. For instance, pulmonary and
infectious complications following CW resection and reconstruc-
tion have been reported.” Therefore, avoiding CW invasion is
critical for obtaining a favorable prognosis.

The negative margin width for the surgical resection of BC
is related to the risk of recurrence.® To reduce recurrence
involving the CW, many studies have focused on methods for
the intraoperative determination of tumor margins, including
magnetic resonance imaging (MRI), computed tomography
and invisible near-infrared fluorescent light imaging.®™?
In addition, treatment of locally advanced BC that has not
invaded the CW requires recognizing the negative tumor
margins.> However, the optical negative margin width is still
controversial regarding minimizing the recurrence risk after
the surgical resection of BC.*'*'® More effective methods are
needed to reduce CW invasion. In recent years, the biological
utilisation of the intervaginal space in medical applications has
been emerging.'”° In particular, a previous study on the flow
behavior of LMs in the connected fascial space (FS) showed that
the IS in the FS system is a potential pathway to deliver drugs
targeting certain regions of the body."
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In this study, we introduced an LM, a gallium-based alloy, as
an obstruction to reduce the CW invasion of BC in breast
tumor-bearing mice. Intervaginal space injection (ISI) of a LM
into the wrist was performed in tumor-bearing mice. MRI
was used to observe the obstructive effect of the LM. Gross
dissection was performed to detect the ability of this method to
block CW invasion. In addition, the potential immunological
effect of this method was observed by flow cytometry (FCM).
Histological sections of various viscera were examined to
confirm the safety of LM in this study.

Experimental
ISI in tumor-bearing mice

A gallium-based alloy composed of 75% gallium and 25%
indium melted at 15 °C was provided by the Technical Institute
of Physics and Chemistry at the Chinese Academy of Sciences.
Female Balb/c mice (with a body weight of approximately 20 g)
were purchased from Beijing Vital River Experimental Animal
Corporation (Beijing, China). The 4T1 BC cell line used in this
study was purchased from the Type Culture Collection (Chinese
Academy of Sciences, Shanghai, China).

All the animal experiments were approved by the Committee
at the Institute of the Chinese Academy of Medical Science. 4T1
cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (Gibco), 100 U mL ™"
penicillin, and 1 mg mL~" streptomycin at 37 °C in an incubator
with 95% air and 5% CO,. 4T1 cells (1 x 10°) suspended in PBS
were subcutaneously injected into the left flank of each female
BALB/c mouse. On the seventh day, 4T1 cells (2 x 10°) suspended
in PBS were injected into the right flank of each female BALB/c
mouse. The tumor volume was calculated according to the
following formula: width®> x length x 0.5. The tumor volume at
a specific time point divided by the tumor volume on day 8 is
reported. On the eighth day, each mouse in the LM group
underwent ISI with LM (0.1 mL), and each mouse in the PBS
group underwent ISI with PBS (0.1 mL). The control group was not
subjected to ISI.

In vivo MRI

The mice were observed by MRI (Bruker, 7T) before and after
ISI on day 8. In addition, MRI was performed on day 12.
T,-weighted MRI was used with the following parameters:
TR = 2000 ms; TE = 30 ms; FOV = 28 x 28 mm?; and image
size = 256 x 256.

Ex vivo analysis of DCs in the spleen

To study DC maturation, the spleens were harvested from the
mice and stained with anti-CD11c-PE (Biolegend, Clone: N418,
Catalog: 117307), anti-CD86-APC (Biolegend, Clone: GL-1, Cat-
alog: 105011), and anti-CD80-Alexa Fluor™ 488 (Biolegend,
Clone: 16-10A1, Catalog: 104715) antibodies according to the
manufacturer’s protocols. A Beckman Coulter Navios flow
cytometer system (USA) was used. The data were analyzed by
the flow cytometer workstation.
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Histopathological analysis

This analysis aimed to examine the potential toxicity of LM
in mice. Heart, liver, spleen, lung and kidney tissues were
harvested from the mice and fixed overnight in 4% neutral-
buffered paraformaldehyde. The histological slides were stained
with hematoxylin and eosin (HE), followed by dehydration
through a graded series of ethanol solutions from 75% to
100%, and examined in a blinded manner by a well-trained
pathologist. Histological observations and photomicrography
were performed using a digital slide scanner (NanoZoomer-XR
C12000, Japan). Damage to the above visceral tissues was
examined in an average of five fields of view (x200).

Results and discussion

To directly assess the separation effect of LM, we utilized
T,-weighted MRI to observe the positions of the tumor and
CW in mice. Because the transverse relaxation (T,) value of
tumors is high in this paper, the signal of the tumors was high
in the T,-weighted MRI. Because the T, value of PBS is higher
than that of tumors, the signal of PBS is higher than that of the
tumor in the T,-weighted MRI.>" Before ISI, the tumor exhibited
high signal intensity. Hydrogen in mice was used for visualiza-
tion by MRI as LM does not contain hydrogen. Hence, we can
observe LM in mice through its low signal intensity, as shown
in Fig. 1b. In addition, a portion of the injected LM rapidly
entered the region between the tumor and CW within ten
minutes after ISI. Similarly, phosphate-buffered saline (PBS)
was distributed in the region between the tumor and CW. The
results suggest that fluids, including PBS and LM, can flow
through the FS to the region near a tumor.

LM outperformed PBS in mice in this study. Specifically, the
mobilities of these two agents were different. LM distributed
more in the region between the tumor and the CW, while
PBS distributed in the region between the tumor and arm.
Furthermore, LM remained in the mice longer than PBS.
As shown in Fig. 1b, LM remained at four days after injection,
but PBS could not be observed at this time point. PBS is a water-
based solution and hence can be absorbed by mice. It is
difficult for LM to diffuse throughout the body due to its high
surface tension."” Therefore, LM has the potential to remain in
a region in mice for a long period and resist tumor invasion.
Subsequently, we compared the separation effect between the
LM and blank control groups. As shown in Fig. 2, LM remained
between the CW and the tumor. However, the tumors in the
other two groups grew adjacent to CW tissues. As evidenced by
tumors explanted during the growth period, LM and PBS did
not flow to the region near the tumor on the opposite flank.
This result suggests that LM is limited to a certain region in
tumor-bearing mice.

Dissection was performed to examine the ability of LM to
separate the tumor and the CW. At the molecular level, the
invasion of the tumor involves the tumor cells secreting
enzymes to degrade the extracellular matrix adjacent to the
tumor. At the tissue level, invasion refers to the direct extension
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Fig. 1 Study course and MRI of the LM and PBS groups. The green dashed
line represents PBS, the blue full lines indicate the tumor, the red dotted
lines represent LM, and days 8-0 and 8-1 indicate images taken before and
after ISI, respectively. (a) The study course, including the first and second
tumor inoculations, ISI with LM and MRI. (b) Observation of mice in the LM
and PBS groups before and after ISI with LM and on the following 4th day.
The low signal intensity representing LM was distributed in the region
between the tumor and the CW, whereas PBS was distributed near the
tumor after ISI, but disappeared on the following 4th day.
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Fig. 2 MRI observations of the LM and blank control groups. LM remaining
in the targeted region is indicated by red dotted lines and separates the CW
and the tumor, which is indicated by blue full lines.

and penetration by cancer cells into neighboring tissues. The
barrier between the tumor and the chest wall muscle was
breached.*” As shown in Fig. 3, CW invasion occurred in mice
in the control group. The muscles of the CW adjacent to the
breast tumor were seriously damaged in the control group, and
the tumor margin was ambiguous. Compared to the control group,
the LM group exhibited better separation of the tumor margin.
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Fig. 3 Anatomical observation of mice in the LM and control groups upon
surgical dissection. The black arrows represent invasion regions, the blue
triangles represent LM, the blue arrows represent tumors and the red
dashed lines represent the region of interest (ROI); mosaics were used to
cover the heads and abdomens of the mice. LM separated the tumor and
the CW; however, CW invasion occurred in mice of the control group.

After dissection, LM was found to have remained in the region
between the tumor and the CW, and the CW muscles were not
damaged. Importantly, LM was enwrapped by a film of fascia,
a type of interstitial tissue. After ISI, LM flowed from the
injection site and continuously distributed in the region
between the tumor and the CW through the FS. Direct tumor
invasion disrupting the fascia film has been reported.>?
In addition, tumor invasion occurring on the adjacent normal
tissues due to the acidic microenvironment has been
reported.** Because of the acidic environment, the gallium-
based liquid metal might be degraded to form gallium(i)
ions, which can be used as an anticancer agent.>® In this
study, LM was shown to play a role in separating the tumor
and the CW and hence resisting the CW invasion by the
tumor. Due to the direct physical separation created by LM,
the tumor cells cannot invade fascia films and other tissues.
Moreover, as LM localized adjacent to the tumor, the tumor
margin was distinct, which facilitates tumor recognition. In
addition, the fascia enwrapping the CW remained smooth
because it was not invaded. Hence, the fascia enwrapping the
breast tumor was easily dissected, which will benefit BCT.
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Fig. 4 Tumor growth analysis. (a) The primary tumor volumes in the three
groups were plotted. The primary tumor volumes on days 11 to 14 in the
LM group were significantly lower than those in the other groups. (b) The
secondary tumor weights in the three groups were not significantly
different. p values were determined with the t-test (*o < 0.05).
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Fig. 5 DC maturation. (a) Identification of DCs by CD1lc using FCM.
(b) DC maturation in the three groups was plotted according to CD11c,
CD80 and CD86 expressions. DC maturation in the LM group was
significantly increased compared to the other groups. p values were
determined with the t-test (***p < 0.001).

Relapse after surgery results in worse patient outcomes.
However, in experimental and clinical settings, primary tumor
dissection has been shown to contribute to the accelerated
growth of spontaneous metastases.”®® This phenomenon,
the inhibition of metastases by the primary tumor, is called
concomitant resistance (CR) and is relieved by dissection of the
primary tumor.”®?° Hence, the reduction in CR of metastatic
foci after treatment should be taken into consideration.
In this experiment, secondary tumor weight and primary tumor
growth were compared in the three groups. As shown in Fig. 4a,
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Fig. 6
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the volume of the primary tumor was significantly lower in the
LM group than in the PBS and control groups from day 11 to
day 14 after ISI. In addition, the secondary tumors were not
heavier in the LM group than in the other two groups, as shown
in Fig. 4b. Therefore, LM inhibited primary tumor growth and
concurrently retained potent CR.

T cell-dependent immunity plays a pivotal role in CR.*°
As one of the most important classes of antigen-presenting
cells, DCs play crucial roles in initiating and regulating T cell-
dependent immunity.*" CD80 and CD86 molecules expressed
on dendritic cells are co-stimulatory molecules known for their
role in the activation of T-cell. CD80 is downregulated on most
of the cancer cells. In addition, the loss of CD80 is sufficient to
allow cancer cells to escape the attack of the immune system
and to impart anergy and apoptosis in tumor-infiltrating
T cells. CD86 is responsible for delivering additional or second
signals to T cells when it interacts with the ligand CD28.
Upregulating the expression of co-stimulatory molecules such
as CD80 and CD86 and the secreted pro-inflammatory cyto-
kines of DCs contribute to the presentation of antigens to
T cells.’> And this enhanced immune effect might further
contribute to the sustainment of CR. The immune effects of
DC induced by mechanical stimuli have been reported; for
instance, DC activation by increased extracellular pressure and
changes in DC activity based on substrate stiffness.**** In this
study, the heavy LM not only separated the tumor and the CW
but also potentially stretched the fascia enwrapping the tumor
due to its presence and weight. Hence, this stretch force may have
activated immune responses in the mice. The expression of
co-stimulatory molecules (CD80 and CD86), which are the hall-
marks of DC maturation, is a critical factor that determines the
quality of adaptive immunity.*® Therefore, we examined DC
maturation in the spleens of mice in the three groups by analyzing
CD80 and CD86 expression by FCM. As shown in Fig. 5, CD80 and
CD86 expressions on DCs were higher in the LM group than in the
other two groups. Hence, the DC maturation rate was significantly
increased in the LM group compared to the other two groups.

These results suggest that LM introduced as an IS may
activate DC maturation through effects on fascia space and further

Kidney

Spleen

Histopathological examination of the hearts, livers, spleens, lungs and kidneys from mice in the LM, blank control and PBS control groups.
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prevent the accelerated growth of metastases after inhibiting
primary tumor growth. The combination of enhanced DC matura-
tion and checkpoint blockade therapy significantly inhibited tumor
growth.>” Hence, this method has the potential to prevent the
growth of metastases caused by a reduction in CR and enhance
the immune response in combination with checkpoint blockade
therapy.

LM is inorganic matter with reportedly low toxicity.*®
However, the dose of LM used in this study was quite high
for mice. We performed a histological examination to evaluate
the toxicity of LM. As shown in Fig. 6, vacuolar degeneration,
cytoplasm swelling and degeneration and inflammation occurred
in the heart, liver and lung tissues of mice in all three groups. The
spleen and kidney histological results revealed no abnormalities.
Although some negative effects occurred, the histological results
did not suggest that LM impaired the viscera of mice.

To avoid the risk of toxicity from LM, alternative materials
that satisfy the aforementioned features and show appropriate
biosafety and biocompatibility may be a better choice to facili-
tate the clinical application of this method. As suggested by a
previous study on ISs'® and this work, the materials injected in
the FS must have three features: mobility, the ability to diffuse
into tissues, and the ability to resist degradation. For instance,
collagen and hyaluronic acid used in the clinic have the
potential to replace the liquid metal. Additionally, loading
anticancer drug onto the substitute may be a more efficient
and effective treatment.>®

Conclusions

In summary, we have described a method of introducing LM
as an IS injection into the FS to efficiently link superficial to
deep sites and to successfully separate the CW and the BC in
tumor-bearing mice. LM flowed through the FS under the
injection site to the region between the primary tumor and
the CW. During the experimental period, LM did not flow to the
region between the secondary tumor and the CW. LM remained
for a long period and continuously resisted CW invasion by the
primary tumor. Based on the primary tumor growth and
secondary tumor weight results, the impact of this method on
CR was discussed. Subsequently, the significant increase in DC
maturation in the spleens from mice in the LM group suggests
that sustained CR may stem from T cell-dependent immunity
regulated by DCs. In addition, the combination of this method
and checkpoint blockade as a potential therapy was proposed
for the treatment of BC, not only as a preventative strategy for
CW invasion. Additionally, the advantages and disadvantages
of LM were discussed. Additional potential replacement mate-
rials were also discussed. This method utilized the interstitial
space, which is between two adjacent interstitial tissues, as a
pathway for targeted delivery to a particular region. The agents
can be injected at a superficial site and flow through the
interstitial space to deep within the body, exhibiting highly
efficient passage from superficial sites to specific deep regions.
More investigations on the IS, i.e., the link between superficial
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sites and deep sites, will be of great value and facilitate the
development of therapeutics that will contribute to human
health.
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