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Abstract

Background Vasculogenic mimicry (VM), when microvascular channels are formed by cancer cells independent

of endothelial cells, often occurs in deep hypoxic areas of tumors and contributes to the aggressiveness and metas-
tasis of triple-negative breast cancer (TNBC) cells. However, well-developed VM inhibitors exhibit inadequate efficacy
due to their low drug utilization rate and limited deep penetration. Thus, a cost-effective VM inhibition strategy needs
to be designed for TNBC treatment.

Results Herein, we designed a low-intensity focused ultrasound (LIFU) and matrix metalloproteinase-2 (MMP-2)
dual-responsive nanoplatform termed PFP@PDM-PEG for the cost-effective and efficient utilization of the drug
disulfiram (DSF) as a VM inhibitor. The PFP@PDM-PEG nanodroplets effectively penetrated tumors and exhibited sub-
stantial accumulation facilitated by PEG deshielding in a LIFU-mediated and MMP-2-sensitive manner. Furthermore,
upon exposure to LIFU irradiation, DSF was released controllably under ultrasound imaging guidance. This secure
and controllable dual-response DSF delivery platform reduced VM formation by inhibiting COL1/pro-MMP-2 activity,
thereby significantly inhibiting tumor progression and metastasis.

Conclusions Considering the safety of the raw materials, controlled treatment process, and reliable repurposing
of DSF, this dual-responsive nanoplatform represents a novel and effective VM-based therapeutic strategy for TNBC
in clinical settings.
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Introduction

Vasculogenic mimicry (VM), when tube-like structures
are formed by cancer cells independent of endothelial
cells, is a distinct pattern of tumor angiogenesis for tumor
growth, especially in the hypoxic central region [1-4].
These capillary-like structures are composed of endothe-
lial tumor cells and are supported by periodic acid—
Schiff (PAS)-positive cells and a rich extracellular matrix
(ECM), which delivers nutrients and oxygen and accel-
erates tumor growth [5, 6]. VM is associated with high
tumor grade, accelerated proliferation, and poor progno-
sis in patients with different malignant tumors, including
triple-negative breast cancer (TNBC) [7, 8]. The absence
of an endothelial lining in VM also provides tumor cells
with greater access to circulation, thereby accelerating
tumor metastasis [9, 10]. Moreover, VM can lead to the
failure of multiple antitumor therapies, including antian-
giogenic agents, chemotherapies, and immunotherapies
[3, 11]. Therefore, developing a safe and efficient treat-
ment strategy by inhibiting VM will greatly improve the
clinical outcome of cancer patients.

A series of developed inhibitors have been applied for
antitumor therapy based on multiple mechanisms of VM
formation, including VE-Cad, Ras, HER2, VEGF, COX-2,
and the MMP-2 pathway [12, 13]. Extensive research and
development costs have been dedicated to such inhibi-
tion. Despite the impressive results from in vitro experi-
ments and animal models, the effectiveness of these
inhibitors for broad clinical translation remains unsatis-
factory [14—16]. The increased areas of VM tend to con-
centrate in the central regions of the tumor where severe
hypoxia is prevalent, which results in extremely low uti-
lization of these carefully developed inhibitors [4, 17]. In
addition, the dense extracellular matrix (ECM) hinders
the penetration and uniform distribution of inhibitors.
Finally, balancing toxicity/side effects with the efficacy of
systematic administration are also major problems that
should be considered in the development of VM inhibi-
tors. Therefore, the development of cost-effective VM
inhibitors to safely and efficiently inhibit tumor recur-
rence and metastasis is urgently needed.

Repurposing of existing drugs is a safe, reliable, and
cost-effective approach for developing VM inhibitors. For
instance, disulfiram (DSF), which was originally used for
chronic alcoholism, was recently found to regulate the
differentiation of tumor stem cells and promote apoptosis
by reshaping energy metabolism through acetaldehyde
dehydrogenase (ALDH), an NAD®-dependent protein
[18-21]. More importantly, DSF can reduce the expres-
sion of type I collagen (COL1, the main component of
the ECM) and affect precursor matrix metalloprotein-
ase-2 (pro-MMP-2) activation [21, 22]. The decrease in
COL1 expression could reduce the MT1-MMP-mediated
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activation of MMP-2 by increasing MT1-MMP mRNA
and protein levels [23-27]. Inhibition of activated
MMP-2 could also reduce the degradation of the base-
ment membrane within the ECM, thereby inhibiting VM
and preventing distant metastasis [23, 28]. This study
provides a valuable opportunity for the cost-effective
development and efficient utilization of VM inhibitors
in clinical settings. However, DSF is unstable in acidic
environments and rapidly degrades in the bloodstream,
resulting in relatively low bioavailability [29, 30]. Thus, a
well-designed drug delivery platform needs to be further
developed to deliver DSF to TNBC, especially in deep
areas where VM is prone to occur.

Due to the rapid development of nanotechnology,
low-intensity focused ultrasound (LIFU)/MMP-2 dual-
responsive nanoplatforms are expected to promote the
deep penetration and uniform dispersion of bioavail-
able DSF in TNBC. Matrix metalloproteinases (MMPs)
are significantly overexpressed in deep hypoxic areas
hypoxia, where VM is prone to occur, compared to their
lower levels in normal tissues [31, 32]. Therefore, MMP-
2-responsive dePEGylation was utilized to effectively
inhibit VM formation in deep areas. Given the specifi-
cally high level of MMP-2 where VM is prone to occur,
the PEG shed in response to MMP-2 provides a great
impetus for DSF uptake by specific cancer cells [33-36].
Moreover, LIFU-responsive phase change nanodroplets,
mainly including lipids and polymers, could serve as non-
invasive and precise tools for ultrasound (US) imaging-
guided DSF delivery. More importantly, the liquid—gas
phase change of LIFU-responsive nanodroplets can dis-
rupt the dense ECM, improve deep tumor penetration,
and distribute DSF uniformly through the cavitation
effect and enhance penetration [37-39].

As illustrated in Scheme 1, we designed and assembled
a LIFU/MMP-2 dual-responsive and phase-changeable
nanoplatform loaded with DSF for VM-based cancer
therapy. PLGA-MMP-2-PEG was first synthesized with
an MMP-2 substrate peptide and then used to encapsu-
late perfluoropentane (PFP) and load DSF to generate a
nanodroplet (designated PFP@PDM-PEG) as an ultra-
sound molecular probe for drug delivery visualization.
PFP@PDM-PEG efficiently accumulated in tumor tissues
where VM is prone to occur and then the PEG group was
shed in response to hydrolysis by MMP-2 present in high
levels in the tumor ECM, leading to enhanced tumor cell
uptake. When subjected to LIFU irradiation, the nan-
odroplets underwent a conversion into microbubbles.
This conversion resulted in enhanced ultrasound imag-
ing performance, facilitated on-demand DSF release,
and improved penetration and distribution of DSF. The
DSF released from PFP@PDM-PEG reduced VM for-
mation by inhibiting COL1 expression, thereby affecting
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Scheme 1 Schematic of the phase transition of PFP@PDM-PEG for efficient targeted inhibition of VM and pulmonary metastasis in triple-negative

breast cancer
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pro-MMP-2 activation, which further inhibited tumor
growth and distant metastasis. The design strategy of
this LIFU/MMP-2 dual-responsive nanoplatform offers
a promising approach for VM-based TNBC treatment
by repurposing DSE, potentially leading to cost savings
and expediting the clinical translation of breast cancer
treatment.

Materials and methods

Materials

Poly (lactic-co-glycolic acid)-carboxylic acid (PLGA-
COOH) with a molecular weight of 20,000 Da
(LA:GA=50/50) was obtained from Jinan Daigang Bio-
technology Co., Ltd. (Jinan, China). The MMP-2 sub-
strate peptide (EGPLGVRGK) and PEGsy,-COOH
were custom synthesized by Qiyue Biotechnology Co.,
Ltd. (Xi'an, China). FITC-labeled MMP-2-PEG was
also custom synthesized. DSF was obtained from Alad-
din Reagent Co., Ltd. (Shanghai, China). Recombinant
mouse MMP-2 was purchased from Abcam Inc. (Abcam,
Cambridge, Britain), and p-aminophenyl mercuric acid
(APMA) was obtained from Genmed Scientifics, Inc.,
USA.

Synthesis of PFP@PDM-PEG and PFP@PD

To synthesize the PEGylated MMP-2 peptide (EGPL-
GVRGK-PEG), we first used Fmoc solid-phase peptide
synthesis (SPPS) following a known method to create the
MMP-2 peptide (EGPLGVRGK). Next, PEG;,,,-COOH
was introduced, and the reaction vessel was sequentially
washed with dimethylformamide (DMF), dichlorometh-
ane (DCM), and methanol before drying. The mixture
was then cleaved using a combination of trifluoroacetic
acid (TFA), water, 1,2-ethyldimercaptan (EDT), and tri-
isopropyl silane (TIS), followed by sequential evaporation
to eliminate the organic solvent DCM. Finally, the crude
product was subjected to dialysis against distilled water
(MWCO 3,500 Da) for purification. Then, the PEGylated
MMP-2 peptide was affixed to the surface of the PLGA-
COOH shell using the standard carbodiimide method,
resulting in the formation of PLGA-MMP-2-PEG. This
material was subsequently subjected to freeze-drying for
further use.

For the next stage, a mixture comprising PLGA-MMP-
2-PEG, DSEF, and PFP was dissolved in dimethyl sulfoxide
(DMSO) and subjected to ultrasonication in an ice bath
for 3 min (100 W, on:off=1:1) using a sonicator (Sonics
& Materials Inc., Newtown, CT, USA). Next, 8 ml of a
polyvinyl alcohol solution (4% w/v) was introduced, and
the ultrasonication process was repeated under the same
conditions. Subsequently, a solution of isopropyl alcohol
(10 ml, 2% v/v) was added, and the mixture was magneti-
cally stirred in an ice bath for 3 h to remove the organic
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solvent. After this process, the PFP@PDM-PEG nanodro-
plets were obtained by centrifugation (4 °C, 12,000 rpm,
8 min), followed by washing and resuspension.

To optimize the synthesis of the nanodroplets, we
tested different feeding ratios of DSF and PLGA-MMP-2-
PEG, including DSF/PLGA-MMP-2-PEG (w/w) ratios of
1:2.5, 1:7.5, 1:12.5, 1:17.5, and 1:22.5. Notably, the feeding
ratio of 1:12.5 (w/w) yielded the highest encapsulation
efficiency (EE) (Additional file 1: Fig. S1). Consequently,
we utilized this specific feeding ratio in subsequent
experiments.

The release curve of DSF was assessed using the dialy-
sis membranes diffusion technique. First, PFP@PDM-
PEG solution was equivalently poured into two dialysis
membranes (MW cut-off=2000 Da, n=3), one of which
was irradiated with LIFU (2 W cm ™ for 3 min), and the
other one was without any treatment. Then, the dialysis
membrane was placed into an 80 ml buffer solution con-
taining Tween-80 (v/v=0.1%) and ethanol (v/v=30%).
Next shake slowly on a shaker (120 rpm, 37 °C). At spe-
cific times (0.5, 1, 2, 4, 8, 16, 24, 48 h), 500 pL buffer solu-
tion was collected for measurement by the HPLC system
and replaced by 500 pL of a fresh buffer solution. Finally,
the cumulative release ratio of DSF in the two groups was
calculated.

For the synthesis of the PFP@PD nanodroplets, a mix-
ture containing PLGA-COOH (50 mg), DSF (5 mg), and
PFP (200 pl) was dissolved in DMSO and subjected to
ultrasonication. The subsequent steps mirrored the pro-
cedure described above. Additionally, fluorescent dyes,
such as Dil, DiR or FITC, were introduced during the
synthesis process to confer the nanodroplets with fluo-
rescence imaging capability.

Characterization of the PFP@PDM-PEG and PFP@PD
nanodroplets

The morphology of the PFP@PDM-PEG and PFP@PD
nanodroplets was examined using transmission electron
microscopy (TEM, Hitachi H-7500, Tokyo, Japan) and
scanning electron microscopy (SEM, Hitachi SU8010,
Tokyo, Japan). Particle size and zeta potential were
determined using a Malvern Zetasizer Nano ZS90 (UK).
Nuclear magnetic resonance (‘H NMR) spectra were
recorded on an NMR spectrometer (Bruker AVANCE
NEO 400, Bruker BioSpin GmbH, Rheinstetten, Ger-
many) to confirm the successful formation of covalent
bonds between PLGA-COOH, the MMP-2 substrate
peptide, and PEG.

To quantitatively evaluate the binding rate of FITC-
labeled MMP-2-PEG to PLGA-COOH, flow cytometry
(FCM) was employed (Sonic SH800, Japan), using PFP@
PD nanodroplets as a control. The excitation wavelength
was set to 488 nm.
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Cell culture and animal model

The 4T1 cell line (a mouse TNBC cell line) was main-
tained in RPMI-1640 medium supplemented with 10%
fetal bovine serum (FBS, v/v) and 1% penicillin-strepto-
mycin (v/v) under standard conditions (5% CO,, 37 °C).
All experiments involving mice were conducted follow-
ing the approval of the Animal Care and Use Committee
of Chongqing Medical University. Female BALB/c mice
(6-8 weeks old) were procured from Chengdu Dossy
Experimental Animals Co., Ltd. The 4T1 tumor-bear-
ing model was established by subcutaneously injecting
1x107 4T1 cells into the right lower abdomen of each
mouse.

In vitro cellular uptake and in vivo biodistribution

In vitro cellular uptake

In the in vitro cellular uptake study, 4T1 cells were seeded
in 3.5 cm confocal dishes at a density of 2x 10* cells per
dish. Dil-labeled PFP@PDM-PEG (with an equal PLGA
concentration of 1.0 mg mL™') was added for incubation
at 37 °C for 1 h in the absence or presence of APMA-acti-
vated MMP-2 (1 pug mL™). Subsequently, the pretreated
nanodroplets were added to each well for 1, 2, or 4 h of
coincubation. After a 20-min incubation with DAPI,
the cells were examined using confocal laser scanning
microscopy (CLSM, OLYMPUS confocal microscope
CSU-W1, Japan). Additionally, flow cytometry (FCM,
Sonic SH800, Japan) was employed to assess the impact
of MMP-2-triggered PEG deshielding on 4T1 cell uptake.

In vivo biodistribution

For the in vivo biodistribution experiment, tumor-bear-
ing mice were randomly divided into two groups (n=3):
the PFP@PDM-PEG group and the PFP@PD group. Each
group of mice received an intravenous injection of DIR-
labeled nanodroplets at a dose of 10 mg kg™ DSE. Small
animal fluorescence imaging equipment (AniView 600
pro, Guangzhou, China) was used to monitor the accu-
mulation of nanodroplets in the tumor region at various
time points (0, 3, 6, 12, 24, and 36 h after injection). Addi-
tionally, three mice from each group were euthanized
after 24 h, and their major organs (heart, liver, spleen,
lungs, kidneys) and tumor tissues were collected for fluo-
rescence imaging. Quantitative analysis was performed
on the obtained fluorescence images.

Drug penetration

To evaluate the ability of the drug delivering nanodrop-
lets to penetrate from the surface to the core, 3D sphe-
roid models of 4T1 cells were constructed. Using 6-well
ultralow adherent plates, 1x10° 4T1 cells were cultured
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for 10 days. The cells were then incubated with FITC-
labeled PFP@PDM-PEG (with an equal PLGA concen-
tration of 1.0 mg mL™") at 37 °C for 1 h in the absence
or presence of APMA-activated MMP-2 (1 pg mL™).
Subsequently, pretreated nanodroplets were added to
3D cell spheroids with or without LIFU irradiation. After
4 h of coincubation, CLSM was used for observation.
Scanning various layers from the surface to the interior
of the tumor spheroids was conducted to quantify the
penetration depth. For the assessment of intratumoral
drug penetration, mice bearing 4T1 tumors were ran-
domly divided into three groups: the PFP@PD group, the
PFP@PDM-PEG group, and the PFP@PDM-PEG + LIFU
group. In the PFP@PDM-PEG+LIFU group, a LIFU
device (LMSCO051 ACA; Institute of Ultrasound Imaging,
Chonggqing Medical University, Chongging, China) was
employed. The nanodroplets were labeled with the fluo-
rescent dye Dil. Ultrasound irradiation was administered
24 h after injection. Confocal laser scanning microscopy
(CLSM) was performed on frozen tumor slices to directly
observe drug penetration after staining with DAPI.

In vitro and in vivo ultrasound imaging (USI) performance
In vitro phase transition confirmation

To confirm the acoustically induced phase transition
capability of the PFP@PDM-PEG, the nanodroplets were
excited by LIFU, and their phase transition was observed
under an optical microscope. In Vitro Ultrasound Imag-
ing (USI) Performance: The in vitro ultrasound imaging
(USI) performance of PFP@PDM-PEG was assessed by
diluting a sample of PFP@PDM-PEG and placing it in a
perforated 3% agarose gel phantom. The sample was then
exposed to pulsed-wave LIFU irradiation for durations
ranging from one to four minutes at power levels of 1-4
W cm™2 Ultrasound images were captured before and
after each LIFU treatment to determine the most suitable
LIFU parameters for in vivo evaluation.

In vivo study

4T1 tumor-bearing mice were randomly divided into
two groups. Each group received an intravenous injec-
tion of PFP@PD or PFP@PDM-PEG (200 pL, with an
equal PLGA concentration of 1.0 mg mL™). After 24 h,
US mode, contrast-enhanced ultrasound (CEUS) mode,
and peak intensity (PI) mode images were acquired at
the tumor site both before and after LIFU treatment (2
W ¢cm~2, 3 min). The analysis of ultrasonic intensity was
conducted using DFY ultrasound imaging analysis soft-
ware developed by the Institution of Ultrasound Imaging
at Chongqing Medical University, China.



Liu et al. Journal of Nanobiotechnology (2024) 22:209

Antitumor efficacy of PFP@PDM-PEG in vitro.

In vitro cytotoxicity evaluation

4T1 cells were seeded in 96-well plates at a density of
4x10% cells per well and incubated for 24 h. Subse-
quently, the cells were cultured for an additional 24 h in
fresh medium (2% FBS) containing varying concentra-
tions of DSF or PFP@PDM-PEG (equivalent DSF concen-
trations of 250 nM, 500 nM, 750 nM, 1000 nM, 1500 nM,
and 2000 nM). The PFP@PDM-PEG group was further
divided into two subgroups, with or without APMA-
activated MMP-2 pretreatment (1 pg mL™!). After a 2-h
incubation with 10 puL of CCK-8 reagent, the viabilities of
the cells in each well were determined using a microplate
reader (Cytation 3, BioTek, Vermont, USA) at a wave-
length of 450 nm. The cell viability at the half maximal
inhibitory concentration (IC50) was calculated using the
provided equation considering the background absorb-
ance of the medium.

Cell apoptosis assay

4T1 cells were seeded into a six-well plate and cultivated
for 24 h. Subsequently, 4T1 cells were randomly assigned
to different groups (n=3): (i) Control group, (ii) LIFU
group (exposed only to LIFU), (iii) DSF group, (iv) PFP@
PDM-PEG group, (v) PFP@PDM-PEG with APMA-
activated MMP-2 (1 pg mL™!), and (vi) PFP@PDM-PEG
with APMA-activated MMP-2 (1 ug mL™') +LIFU group
(LIFU irradiation was applied after a 4-h incubation.
After 24 h, all cells were collected, stained with Annexin
V-FITC/PI apoptosis detection kit, and analyzed for cel-
lular apoptosis using FCM.

Assessment of cell migration and invasion
Cell Migration: 4T1 cells (2.5x10° per well) were ini-
tially seeded in 6-well plates. When the cell density
reached 80-90%, a precise denuded area was created in
the center of each well using a 10 pl pipette tip. Subse-
quently, the detached cells were washed away with PBS.
The cells were then subjected to various treatments,
including serum-free medium, DSF, and PFP@PDM-PEG
(with an equivalent DSF concentration of 1000 nM). The
PFP@PDM-PEG group was further subdivided into two
groups for pretreatment with APMA-activated MMP-2
(1 pg mL™Y) or not. To exclude any potential effects of
LIFU on cell migration, all groups received LIFU irradia-
tion (2 W ¢cm™2, 3 min) after a 4-h incubation. After 24 h,
microscopic observations were made, image collection
was performed, and the scratch width was quantitatively
analyzed using Image] software (version 1.52 g, Java
1.80_172, NIH).

Cell Invasion: For the cell invasion study, 1x10°
cells were plated on Matrigel-coated Transwell cham-
bers (Costar, Corning, NY, USA). Following the same
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treatment conditions as described above, 4T1 cells were
treated with serum-free medium, DSF, or PFP@PDM-
PEG for 24 h. Cells that had migrated to the lower sur-
face of the membrane were fixed with 75% ethanol at 4 °C
for 20 min. Then, the cells were stained for 15 min with
hematoxylin. Subsequently, the cells in random objec-
tive fields were observed at X 10 magnification after being
washed three times.

VM formation assay

For the VM formation assay, an 8-well culture slide (Fal-
con®, Corning, USA) was coated with 30 pL of Matrigel
(Corning Cat. No. 354234) using a thin gel coating
method at 37 °C for 15 min. The cells were suspended in
serum-free Opti-MEM (Life Technologies, USA) supple-
mented with 1% GlutaMAXTM (Life Technologies, USA)
and placed on the Matrigel-coated surface. Each well
received 2.5 x 10° cells and was subjected to various treat-
ments based on the experimental group (such as those in
the cell migration study). The cells were then incubated
for 24 h. After incubation, the slides were examined and
photographed using an inverted microscope (OLYMPUS,
Tokyo, Japan). Quantitative analysis of VM formation
was performed using Image] software.

In vivo VM targeted therapy

To evaluate the antitumor efficacy of PFP@PDM-PEG
due to its inhibition of VM formation in vivo, 4T1 tumor-
bearing mice were randomly assigned to different groups
(n=5):

(i) Control group, (ii) LIFU group (exposed only to
LIFU), (iii) DSF group, (iv) PFP@PD group, (v) PFP@
PDM-PEG group, and (vi) PFP@PDM-PEG+LIFU
group. Mice were administered 200 pL of normal saline,
PFP@PD, PFP@PDM-PEG, or DSF suspension via the
tail vein (equivalent DSF concentration: 10 mg kg™').
LIFU irradiation (2 W cm™2, 3 min) was applied to the
tumor area 24 h postinjection. Tumor dimensions were
measured every two days, and tumor volume was calcu-
lated using the formula (length X width”2)/2 mm?. After
two weeks, blood samples were collected from the orbit
to assess routine blood indices and biochemical indi-
ces. Subsequently, the mice in each group were eutha-
nized, and major organs (heart, liver, spleen, lungs, and
kidneys) were stained with H&E to evaluate histopatho-
logical toxicity. The metastatic burden in both the lungs
and liver was evaluated by counting the number of meta-
static nodules in the histopathological whole-slide images
(WSIs). After staining with CD34/PAS (Abcam, ab8536,
Cambridge, MA), COL1 (Affinity Biosciences, AF7001,
Jiangsu, China), or activated MMP-2 (Abcam, ab92536,
Cambridge, MA), the tumor tissues were examined to
determine the mechanism by which PFP@PDM-PEG
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inhibits VM development. Furthermore, the protein lev-
els of COL1 and active MMP-2 in tumor tissues were
quantified through Western blot analysis.

Statistical analysis

The results are presented as the mean + standard devia-
tion of the mean for each sample. Statistical analysis was
performed using one-way analysis of variance (ANOVA)
and t tests in GraphPad Prism 9.0 software (GraphPad
Prism software, San Diego, CA, USA) to compare data
between different groups.

Results and discussion

Characterization of PFP@PDM-PEG

As shown in Fig. 1A, 'H NMR spectroscopy (200 MHz,
[D8] THE, 25 °C, TMS) was performed to verify the suc-
cessful conjugation of PLGA-COOH and MMP-2-PEG.
Peaks corresponding to the free MMP-2 substrate pep-
tide were detected at 6 3.9 (Hy), 8.3 (Hg), 1.9 (H;), and 1.2
(H;) ppm. Peaks for PLGA were observed at § 5.2 (H,), 1.5
(Hy), and 6 4.8 (H,) ppm. Additionally, PEG proton peaks
were identified at both § 3.6 (H,) and § 3.5 (Hy) ppm.

A .(ﬂt) ............... B EI‘[
i.um i =1m“»” ' 3
(hkg) (f) (g) (|) (g) ! (l) ,
EGPLGVRGK j L

T /\/T )
PEG

. (1) (g)
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Furthermore, the binding rate of FITC-labeled MMP-
2-PEG to PLGA-COOH was quantitatively evaluated to
be approximately 99% (Additional file 1: Fig. S2). These
results confirmed the successful and efficient conjugation
of PLGA-COOH to MMP-2-PEG, which provided con-
ducive support for further preparation of LIFU/MMP-2
dual-responsive PFP@PDM-PEG. Next, a simple emul-
sion evaporation method was used to synthesize PFP@
PDM-PEG. Transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) images of PFP@
PDM-PEG were collected to observe the morphology and
uniformity of the nanodroplets. The results illustrated
that PFP@PDM-PEG and PFP@PD exhibited spheri-
cal structures with a uniform dispersity (Fig. 1B). Then,
dynamic light scattering (DLS) was utilized to determine
the hydrodynamic size and surface zeta potential of the
nanodroplets. As depicted in Fig. 1C. The average diam-
eter of PFP@PDM-PEG, measured to be approximately
343 nm, was slightly larger than that of PFP@PD (approx-
imately 305 nm). Furthermore, the surface potential
shifted from -5.6 mV to -9.3 mV upon modification with
MMP-2 peptide-terminated PEG (Fig. 1D). HPLC was
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used to detect and establish the standard curve of DSF,
and the content of DSF in the nanodroplets was calcu-
lated based on this standard curve (Additional file 1: Fig.
S3). The encapsulation efficiency (EE) and loading capac-
ity (LC) of DSF in the nanodroplets were calculated using

the following methods (n=3):

__ DSF encapsulated in nanodroplets 9
EE = Total DSF added X 100%

__ DSF encapsulated in nanodroplets 0
LC = Weight of nanodroplets X 100%

Additional file 1: Table S1 illustrates that the LC of the
nanodroplets was 6.8% for PFP@PDM-PEG and 7.1% for
PFP@PD. Additionally, the EE was found to be 75.7% for
PFP@PDM-PEG and 77.6% for PFP@PD.

The acoustic droplet vaporization (ADV) effect pro-
motes drug release from the nanodroplets into the
surrounding medium after microbubble collapse.
Approximately 44.23% of the total DSF was released
from the PFP@PDM-PEG + LIFU group after 48 h, which
was significantly higher than the 6.47% released by the
PFP@PDM-PEG without LIFU group (Additional file 1:
Fig. S4). These results demonstrated that PFP@PDM-
PEG has excellent stability with little drug leakage in the
bloodstream. After LIFU irradiation, the drug offloading
in the tumor was accelerated.

Antitumor efficacy of PFP@PDM-PEG in vitro.

In vitro cytotoxicity of PFP@PDM-PEG

The cytotoxicity of free DSF, PFP@PDM-PEG without
MMP-2, and PFP@PDM-PEG with MMP-2 (nanodro-
plets pretreated with 1 pg mL™! activated MMP-2) was
evaluated using the CCK-8 assay (Additional file 1: Fig.
S5A). No significant cytotoxicity was observed at DSF
concentrations below 750 nM. However, when the DSF
concentration reached or exceeded 1000 nM, the groups
with encapsulated DSF showed lower cell viability rates
than did the free DSF group, indicating that the affinity of
hydrophobic DSF for cancer cells had improved [40]. The
encapsulated DSF exhibited increased cytotoxicity, likely
due to improved cellular uptake [41]. In particular, com-
pared with the same concentrations of free DSF and nan-
odroplets without MMP-2 pretreatment, the cells treated
with MMP-2-pretreated nanodroplets had significantly
lower viability rates. This can be attributed to responsive
cleavage of the MMP-2 substrate peptide and enhanced
endocytosis of the nanodroplets via dePEGylation. The

(See figure on next page.)
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IC50 values of 4T1 cells treated with DSF, PFP@PDM-
PEG without MMP-2, and PFP@PDM-PEG with MMP-2
were 2250, 1702, and 1213 nM, respectively (Additional
file 1: Fig. S5B). Finally, a DSF concentration of 1000 nM
was selected as the minimum effective concentration for
subsequent investigations.

In vitro anti-tumor therapy

The combination of MMP-2 responsiveness and LIFU
irradiation synergistically enhances the apoptotic effect
(Additional file 1: Fig. S5C-D). The therapeutic effect
of free DSF was limited due to its low solubility in the
medium. However, the delivery efficiency of DSF was
increased after inclusion in the nanodroplets, especially
after pretreatment with activated-MMP-2, the apoptosis
of cancer cells was increased, which may be attributed to
the significantly enhanced uptake of the nanodroplets by
cancer cells after MMP-2-induced PEG shedding. After
LIFU irradiation, DSF was released more and faster, and
the therapeutic effect was the best. The total apoptotic
number was about 52.13%.

In vitro cellular uptake and in vivo biodistribution

To mimic the cellular uptake behavior of the nanodro-
plets in the tumor microenvironment, specifically in
the presence of MMP-2, Dil-loaded nanodroplets were
pretreated with activated MMP-2 (1 ug mL™!) and sub-
sequently cocultured with 4T1 cells. The fluorescence
intensity of the Dil-labeled nanodroplets (red) around
the cell nuclei (blue) increased over time. Importantly,
the MMP-2-pretreated group exhibited significantly
stronger red fluorescence, indicating more efficient cel-
lular internalization (Fig. 2A, C). Flow cytometry analysis
verified these observations, showing a 1.3-fold increase
in uptake in the MMP-2-treated group compared to the
MMP-2-free group (Fig. 2B).

In vivo, the tumor-bearing mice were divided into the
PFP@PDM-PEG and PFP@PD groups. The fluorescent
dye DiR was encapsulated in the nanodroplets for real-
time monitoring. Optical imaging using an in vivo fluo-
rescence imaging system was performed at various time
points after intravenous injection. The PFP@PDM-PEG
group displayed a gradual increase in the fluorescence
signal that peaked at 24 h, signifying superior tumor
accumulation. In contrast, the PFP@PD group exhibited

Fig. 2 Cellular uptake in vitro and biodistribution in vivo. A Confocal laser scanning microscopy (CLSM) images, B flow cytometry profiles,

and C the mean fluorescence intensity, as determined from the CLSM images, of 4T1 cells incubated with MMP-2-treated or MMP-2-free PFP@
PDM-PEG at various time points; scale bar: 20 um (n=5, t test, *p <0.05). D In vivo fluorescence images of tumor-bearing mice at various time
points postinjection and E ex vivo fluorescence images of the main organs: heart, liver, spleen, lung, kidney, and tumor (white dotted circles). F
Quantitative analysis of the fluorescence intensity in the tumor sites at different time points in vivo and G quantitative analysis of the corresponding

fluorescence intensities of the tissues in vitro (n=3, t test, *p <0.05)
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minimal fluorescence signals at the tumor site, which
were significantly lower than those observed in the PFP@
PDM-PEG group (Fig. 2D-F). Quantitative analysis of
the tissues in vitro (heart, liver, spleen, lungs, kidneys,
and tumor) at the time when the tumor fluorescence was
the strongest confirmed these results (Fig. 2G). In sum-
mary, PFP@PDM-PEG, modified with the MMP-2-PEG
peptide, exhibited enhanced tumor accumulation that
was attributed to PEGylation-enhanced EPR effect-medi-
ated "passive" tumor targeting and MMP-2-induced deP-
EGylation in the tumor microenvironment.

PEGylation improves stability and circulation time
by creating a hydrophilic and negatively charged coat-
ing on nanoparticles, but it also hinders cellular uptake
[35]. To overcome this limitation, PEG molecules are
incorporated onto nanoparticle surfaces for responsive
de-PEGylation, allowing adaptation to the tumor or intra-
cellular environment. MMP-2, an enzyme overexpressed
in malignant cancers, has been investigated as a trigger
for de-PEGylation [42]. By cleaving peptide linkers in the
tumor environment, PEGylated nanodroplets can simul-
taneously remove their PEG layers where MMP-2 is over-
expressed, enhancing selective intracellular uptake [42,
43]. This study also highlights the promising PEG detach-
ment mechanism of the designed PFP@PDM-PEG,
which facilitates the cellular uptake of nanodroplets.

Deep penetration of the LIFU/MMP-2 dual-responsive
PFP@PDM-PEG

To evaluate the ability the LIFU/MMP-2 dual-responsive
PFP@PDM-PEG nanodroplets to penetrate deeply into
tumors, a three-dimensional 4T1 cell tumor spheroid was
established to mimic the high cell density and increased
interstitial pressure characteristic of tumors. After coin-
cubation with FITC-labeled nanodroplets for 4 h, a sig-
nificant increase in green fluorescence was observed in
the de-PEGylated group (PFP@PDM-PEG MMP-2%)
compared to the PEGylated group (PFP@PDM-PEG
MMP-27), confirming the enhanced uptake of drugs or
nanoparticles that occurred after MMP-2-responsive
dePEGylation. However, the fluorescence was mainly
concentrated at the periphery of the tumor spheroid. Fol-
lowing LIFU irradiation, widespread green fluorescence
was observed throughout the entire spheroid, penetrat-
ing deep into the tumor core (Fig. 3A, C). Analysis of
the CLSM images confirmed intratumoral penetration.
Compared to the PFP@PDM-PEG group, the PFP@
PDM-PEG+LIFU group exhibited a significant increase
in fluorescence, with a noticeable increase in Dil-labeled
red fluorescence throughout the entire tumor (Fig. 3B, D).
These findings demonstrate that the LIFU/MMP-2 dual-
responsive delivery system, PFP@PDM-PEG, achieves
superior deep penetration to enhance the anti-VM effect
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of DSFE. Additionally, UTMD effectively dilates the vascu-
lar endothelial space, which is particularly advantageous
in the tumor environment [44—47]. Combining nanodro-
plets with LIFU enables efficient drug delivery through
the dilated space, leading to enhanced drug release and
improved therapeutic outcomes. Moreover, UTMD
has been shown in the literature to promote penetra-
tion. Finally, the MMP-2 response further promotes the
uptake of drugs or nanoparticles by deep tumor cells.

In vitro and in vivo ultrasound imaging
When exposed to LIFU irradiation, the PFP@PDM-
PEG nanodroplets undergo acoustic droplet evapora-
tion, when enables ultrasound imaging. First, optical
microscopy was used to observe the liquid—gas phase
transition of PFP within PFP@PDM-PEG. After LIFU
irradiation (2 W ¢cm™2, 3 min), the size of the PFP@PDM-
PEG increased from nanometers to micrometers. The
number of PFP@PDM-PEG particles that had undergone
phase change increased with increasing excitation time
(Fig. 4A). Next, the in vitro ultrasound imaging effects of
PFP@PDM-PEG with different LIFU parameters, both
in B mode and contrast-enhanced ultrasound (CEUS)
mode, were observed. As shown in Fig. 4B, the optimal
US imaging effect of PFP@PDM-PEG was achieved by
performing LIFU (2 W c¢cm™?) for 3 min. Quantitative
analysis of the echo intensity supported this finding,
as the peak value was reached under these conditions,
which was consistent with the CEUS images (Fig. 4D, E).
For the in vivo US imaging experiment, ultrasound
images of the tumor site (with or without LIFU irra-
diation) were collected 24 h after nanodroplet injection
based on the biodistribution results. Immediate ultra-
sound imaging revealed that the PFP@PDM-PEG group
displayed more pronounced CEUS signals than did the
PFP@PD group (Fig. 4C). Furthermore, the parametric
peak intensity (PI) color map provided additional evi-
dence that MMP-2-responsive de-PEGylation played
a role in enhancing the tumor accumulation of PFP@
PDM-PEG. The quantitative analysis results corrobo-
rated the in vivo ultrasound images, validating these find-
ings (Fig. 4F, G). The results validated the distinguished
US imaging capabilities of the PFP@PDM-PEG NPs both
in vivo and in vitro, which is conducive to further vascu-
logenic mimicry inhibition therapy and real-time image
monitoring.

Inhibition of VM formation and cell motility in vitro

VM can result from tumor cells through mechanisms
such as tubular formation, migration, and invasion
deformation [17]. Therefore, assessing these behaviors
posttreatment is crucial for the development of VM-
inhibiting therapies. We evaluated the ability of 4T1 cells
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to form VM channels in vitro using Matrigel. As shown
in Fig. 5A and D, 4T1 cells exhibited some capacity to
form capillary-like tubes on Matrigel overnight. However,
after treatment with MMP-2-treated PFP@PDM-PEG,
the cells formed few typical vasculogenic-like structures
(1.8£0.7%), which was significantly less than that in the
control group. DSF (46.0+11.3%) and MMP-2-free PFP@
PDM-PEG (7.3 £1.4%) also reduced tubular formation by
cells. Figure 5B and E show the inhibitory effects of free
DSF and DSF-loaded PFP@PDM-PEG on 4T1 cell migra-
tion as determined by a cell scratch assay. Compared to
the control group, the DSF-loaded responsive nano-
system treated with MMP-2 exhibited the most potent
blocking effect, resulting in the smallest cell migration
area (27.1+1.6%). Similarly, the Transwell invasion assay
demonstrated that the MMP-2-treated PFP@PDM-PEG
group had significantly fewer invading cells (42.0+2.6)
than the other groups (Fig. 5C, F). Thus, this DSF-loaded
responsive nanosystem shows promise for effectively
inhibiting cell migration and invasion.

This study robustly demonstrated that these nanodro-
plets can effectively inhibit the tubular formation by and
the invasion and migration of tumor cells, indicating
strong in vitro potential for VM inhibition and support-
ing further in vivo applications.

In vivo antitumor therapy and inhibition of distant
metastasis

Mouse breast cancer models were constructed to assess
the antitumor therapeutic effects of vasculogenic mim-
icry inhibition with the LIFU/MMP-2 dual-responsive
nanodroplets. LIFU irradiation was performed on the
mice 24 h after intravenous injection of the nanodrop-
lets. During the observation period of 14 days, a total of
7 treatments were performed (Fig. 6A). The PEG modi-
fication and responsiveness from the MMP-2 peptide
allowed more PFP@PDM-PEG to accumulate in the
tumor area, resulting in smaller tumor volumes in the
responsive PFP@PDM-PEG group. Without LIFU exci-
tation, the antitumor effect of PFP@PDM-PEG alone
was limited due to the slow and limited release of DSF.
During treatment, the tumor growth rate of the mice
in the PFP@PDM-PEG+LIFU group was the slowest
(Fig. 6B). Similarly, the tumor volume in the PFP@PDM-
PEG+LIFU group was the smallest among all the groups

(See figure on next page.)
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(Fig. 6C and Additional file 1: Fig. S6), indicating that the
PFP@PDM-PEG+LIFU had the most robust antitumor
effect. The quantitative analysis supported these signifi-
cant differences (Fig. 6D). In particular, the PFP@PDM-
PEG+LIFU group exhibited the highest rate of tumor
growth inhibition, reaching 78.1+10.5% (Fig. 6D). This
may be attributed to the targeted controlled release and
enhanced penetration of DSF with the dual-responsive
PFP@PDM-PEG nanosystem, which reduced the blood
supply to the tumor tissue and eventually achieved
the desired antitumor effect by inhibiting VM channel
formation.

VM formed by tumor cells lacking robust endothe-
lial cells facilitates metastasis along blood vessels and is
a significant factor in breast cancer mortality. Thus, we
also evaluated the combined effect of the dual-respon-
sive nanodroplets and LIFU on lung metastasis inhi-
bition (Fig. 6E). According to the statistical analysis
(Fig. 6F), there was a substantial number of microscopic
pulmonary metastases in both the control and LIFU
groups, with an average of 15+ 8.4 and 14.2+6.9 meta-
static deposits per mouse, respectively. In contrast, mice
treated with PFP@PD, PFP@PDM-PEG, and DSF for
14 days displayed fewer metastatic deposits, averaging
8.8+2.8, 8.6+1.9, and 8.6+ 1.7 per mouse, respectively.
Remarkably, mice administered PFP@PDM-PEG + LIFU
exhibited notably fewer microscopic pulmonary metasta-
ses, with only 1+ 1.7 deposits per mouse. This represents
a 60% reduction in lung metastases compared to that in
the control group, with 3 out of 5 mice in the PFP@PDM-
PEG+LIFU group showing no lung metastasis, indicat-
ing the potential of PFP@PDM-PEG+LIFU to inhibit
distal tumor spread. Notably, no significant hepatic
metastases were detected in any of the groups (Addi-
tional file 1: Fig. S7). The results showed that while inhib-
iting the growth of primary tumors, nanodroplet+ LIFU
treatment significantly suppressed lung metastasis in
mice by inhibiting VM formation, suggesting its promis-
ing clinical applications.

In Vivo Mechanisms of Targeted VM Therapy

To evaluate the impact of treatment on VM chan-
nel blockade, we employed the CD34-PAS dual-stain-
ing technique, which is considered the gold standard
for assessing VM channels in tumor cell-lined VM. In

Fig. 4 Low-intensity focused ultrasound (LIFU)-driven phase transition and PFP@PDM-PEG ultrasound imaging. A Optical microscopy images
of PFP@PDM-PEG irradiated with LIFU (2 W cm™) for 0-4 min. Scale bar: 200 um. B Ultrasound images of PFP@PDM-PEG after LIFU irradiation
with various parameters. C In vivo ultrasound images of US mode, CEUS mode and the parametric peak intensity (Pl) color map under LIFU
irradiation. Quantitative analysis of the mean intensity in the corresponding US mode D and CEUS mode E. Quantitative analysis of the mean
intensity in B mode F and CEUS mode G at different time points (n=3, t test, *p <0.05, **p <0.01, ***p < 0.001, ****p < 0.0001)
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Fig. 7A, the VM channels are shown in red, while the
endothelium-dependent microvessels are shown in
brown. In the control group, the LIFU group, and the
DSF group, VM channel clusters were arranged in cir-
cular or oval patterns with larger lumen areas. In con-
trast, the other three treatment groups had fewer VM

e L AT

structures. Semiquantitative analysis of the microscopic
observations revealed that compared with the control
treatment, the experimental treatment led to a decrease
in the density of VM channels. Notably, the PFP@
PDM-PEG+LIFU group exhibited more robust inhibi-
tion of VM channels than the other treatment groups
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(Fig. 7D, 20x magnification). Similarly, treatment with
PFP@PDM-PEG +LIFU significantly reduced the mean
VM area per field in the tumor slices compared to that
of the other groups (Fig. 7E, 20 X magnification). These
findings suggest that DSF delivery via PFP@PDM-PEG,
with enhanced penetration and precise drug release
after LIFU, is superior to free DSF in terms of generat-
ing a potent anti-VM effect. Furthermore, red blood cells
(indicated by red arrowheads) and shedding tumor cells
(indicated by blue arrowheads) were found only in the
VM channels of the control and LIFU groups, possibly
due to DSF inhibiting VM function as a metastatic escape

route. Moreover, endothelium-dependent microves-
sels with relatively smooth lumens (Fig. 7A, depicted by
brown dashed areas) were distributed throughout the
tumor tissues in each group, indicating that the investiga-
tion did not affect anti-endothelial cell-dependent angio-
genesis. This result was further supported by the mean
density data (Additional file 1: Fig. S8), which showed
no significant differences among the groups. Given the
crucial roles of COL1 and activated MMP-2 in VM for-
mation, we used immunofluorescence and Western
blotting to assess the expression levels of these proteins
posttreatment. The green fluorescence signals of COL1
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and activated MMP-2 in the PFP@PD, PFP@PDM-PEG
with or without LIFU, and DSF groups showed varying
degrees of attenuation compared to those in the control
and LIFU groups. The lowest intensity of both COL1 and
activated MMP-2 fluorescence was observed in the PFP@
PDM-PEG with LIFU group (Figs. 7B, Additional file 1:
Fig. S9-510). Western blot analysis also confirmed that
the tumor tissues in the PFP@PDM-PEG+ LIFU group
exhibited the lowest of COL1 and activated MMP-2 pro-
tein expression levels (Fig. 7C). These findings demon-
strate that our treatment approach inhibits tumor growth
and metastasis by inhibiting COL1 expression, thereby
affecting pro-MMP-2 activation and further inhibiting
VM formation in breast cancer-bearing mice.

In Vivo Biological Safety Evaluation

The in vivo biological safety assessment revealed that the
blood biochemistry and routine blood indices remained
within normal limits (Additional file 1: Fig. S11). H&E
staining of vital organs (Additional file 1: Fig. S12) indi-
cated that none of the treatments had any adverse effects
on the organ health of the mice. Preliminary studies
confirmed the biosafety of each treatment in vivo, dem-
onstrating that all treatments were well tolerated at the
tested levels. Notably, no significant weight loss was
observed in the mice following these treatments (Addi-
tional file 1: Fig. S13). This finding suggested that neither
free DSF nor DSF-loaded nanodroplets induced systemic
toxicity, even in the presence of LIFU radiation.

Conclusion

In this study, we repurposed the FDA-approved antial-
coholism drug DSF with a versatile nanoplatform. This
platform is enhanced by MMP-2-responsive drug deliv-
ery mechanisms and is specifically engineered to increase
drug accumulation in tumor regions with dense VM. This
was achieved by surface modification with the PEGylated
peptide EGPLGVRGK, which is responsive to the trig-
ger MMP-2, leading to effective PEG deshielding. This
tailored response to MMP-2 not only facilitates cellular
drug uptake but also optimizes drug distribution within
the tumor. Furthermore, the integration of image-guided
low-intensity focused ultrasound (LIFU) precisely con-
trolled the release of DSF, ensuring its deeper penetra-
tion and more uniform dispersion within the tumor.
This innovative approach enables controlled drug release
while simultaneously inhibiting the expression of COL1.
The inhibition of COL1, in turn, hampers the activation
of pro-MMP-2, thereby disrupting VM, a critical fac-
tor in tumor growth and metastasis. Importantly, these
VM-resistant effects of the DSF-loaded nanodroplets
contributed to the inhibition of tumor growth and lung
metastasis, highlighting their therapeutic potential. The
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intelligent design of this nanodroplet system, coupled
with its biofriendly functionalization, offers a novel and
strategic approach to tackling the complex microvascular
environment of TNBC. This study not only demonstrates
the feasibility of using LIFU irradiation to disrupt such
environments but also opens new avenues for effective
cancer treatment strategies.
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