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Abstract
Background  Cancer-associated fibroblasts (CAFs), a major component of tumor stroma, play an important role in 
tumor progression and metastasis via paracrine signaling, extracellular matrix (ECM) remodelling, and the secretion of 
growth factors, cytokines, and chemokines promoting tumor growth. In this study, we aim to develop a multitargeted 
nanoparticle formulation to simultaneously target CAFs and triple negative breast cancer (TNBC) cells, aiming to block 
their crosstalk, remodel the ECM, and inhibit epithelial-mesenchymal transition (EMT) to suppress tumor growth and 
metastatic processes.

Methods  The potential of CAFs as therapeutic target for TNBC was evaluated by analyzing RNA-seq data from 
TNBC patients. A novel iRGD-functionalized polymer-lipid hybrid nanoparticle (iRGD-DOX-oHA-PLN) was specifically 
designed to target αvβ3 and αvβ5 receptors on both tumor cells and CAFs. A murine TNBC cell line and its orthotopic 
in vivo model were used for efficacy evaluation. Within this model, a murine fibroblast cell line was incorporated as 
a source of CAFs for in vitro investigation of the crosstalk between CAFs and tumor cells. In addition, the mechanism 
of iRGD-DOX-oHA-PLN nanoparticles in disrupting CAF-tumor cell interactions by blocking downstream features 
associated with metastases including paracrine communication, collagen organization and epithelial-mesenchymal 
transition (EMT) associated with metastasis were investigated both in vitro and in vivo.

Results  The iRGD-DOX-oHA-PLN demonstrates higher cellular uptake and cytotoxicity in CAFs overexpressing 
integrins αvβ3 and αvβ5 compared to normal fibroblasts. The results demonstrate that iRGD-DOX-oHA-PLN 
significantly restricts the interaction of CAFs and cancer cells, due to interruption of paracrine communication 
induced by pro-metastatic TGF-β and CXCL12 secretion together with a reduction of CXCR4 expression. Consistent 
with the in vitro results, in an orthotopic syngeneic TNBC murine model, iRGD-DOX-oHA-PLN effectively depletes 
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​​Introduction
Breast cancer is widely recognized as the most common 
malignant tumor in women worldwide. Among various 
subtypes, triple-negative breast cancer (TNBC) consti-
tutes approximately 10% to 15% of all breast cancers [1]. 
TNBC exhibits aggressive tumor growth in the absence 
of estrogen receptor (ER), progesterone receptor (PR) 
and human epidermal growth factor receptor 2 (HER2) 
expression. This, combined with the highly heteroge-
neous nature of TNBC, poses challenges in understand-
ing the underlying disease biology of TNBC, limiting the 
effectiveness of targeted therapies [2]. Among patients 
receiving standard immunotherapy combined with che-
motherapy, recurrence rates remain high [3, 4]. As can-
cer treatments advance beyond cancer cell-centered 
approaches, there is a growing emphasis on understand-
ing and targeting the tumor microenvironment (TME). 
Among various tumor stromal cells, cancer-associated 
fibroblasts (CAFs) are particularly abundant and have 
been shown to play a key role in modulating tumor 

progression and metastasis [5]. In TNBC tumors, up to 
80% of fibroblasts adopt an altered cancer phenotype, 
often characterized by increased expression of α-smooth 
muscle actin (α-SMA), fibroblast activation protein 
(FAP), and upregulation of cytokines such as transform-
ing growth factor-β (TGF-β) and interleukin-6 (IL-6) 
[6–8].

Despite the ongoing debate regarding the dual roles 
of CAFs in potentially promoting and inhibiting cancer 
invasion, most studies agree that the presence of CAFs 
play a critical role in facilitating treatment resistance 
and cancer metastasis through direct interaction with 
cancer cells [9]. Specifically, entrapped CAFs produce 
growth factors, chemokines, cytokines, and other small 
molecules contributing to carcinogenesis, angiogenesis, 
tumor invasion, and immunosuppression [10–13]. For 
example, CAF-derived TGF-β interacts with cancer cell 
receptors, promoting the EMT by inducing loss of their 
polarity and enhancing motility. The CXC-chemokine 
ligand 12 (CXCL12) produced by CAFs can engage with 

CAFs, reducing tumor-associated collagen production, and altering tumor-associated collagen signatures (TACS). 
Thus, iRGD-DOX-oHA-PLN treatment impedes tumor invasion by reducing MMP-9 secretion and inhibiting EMT.

Conclusion  The data reveals that simultaneously targeting CAFs and tumor cells, while blocking their crosstalk via 
application of a multitargeted nanomedicine, offers a compelling and effective strategy to inhibit metastasis of TNBC.

Keywords  Cancer-associated fibroblast (CAF), CAF-cancer interactions, Tumor microenvironment, Triple negative 
breast cancer, Multitargeted nanoparticles, Tumor-associated collagen signatures, Epithelial-mesenchymal transition
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C-X-C chemokine receptor type 4 (CXCR4) in cancer 
cells, promoting cancer cell proliferation [10]. Through 
its secretion of CXCL12, CAFs can impede recruitment 
and activation of T lymphocytes while promoting the 
recruitment of immunosuppressive cells to suppress anti-
tumor immunity [14]. Beyond their interaction with can-
cer cells via paracrine communication, another distinct 
function of CAFs is their ability to construct and remodel 
the extracellular matrix (ECM). As reported, CAFs 
can synthesize excessive ECM components, especially 
fibrillar collagens (type I, III, IV and V) and hyaluronan 
(HA), promoting tumor proliferation and metastasis 
[15]. Among these collagens, particularly type I which 
through aberrant deposition and alignment, increases 
ECM stiffness activating multiple pathways to support 
the proliferation and invasion of tumor cells [16]. The 
organization and alignment of collagen, also known as 
tumor-associated collagen signatures (TACS), actively 
influence tumor behavior and clinical outcomes [17]. In 
this respect, type I collagen serves as a diagnostic bio-
marker of metastasis and as a prognostic indicator, its 
expression being positively correlated with poorer clini-
cal outcomes in breast cancer. The underlie mechanisms 
of this phenomenon is varied and complex, suggesting 
type I collagen aids in promoting tumor progression and 
metastasis, including phosphoinositide 3-kinase (PI3K)-
Akt and TGF-β dependent pathways [18]. With respect 
to the ECM, HA also plays a pivotal role in regulating 
tumor progression. The overproduction of HA (> 1000 
kDa) seen in CAFs not only structurally supports tumor 
growth, but also enhances tumor cell invasion by inter-
acting with its receptor - cluster of differentiation 44 
(CD44) and the receptor for hyaluronic acid mediated 
motility (RHAMM), to upregulate signaling cascades 
including the mitogen-activated protein kinase/extracel-
lular-signal-regulated kinase (MAPK/ERK) pathway and 
the PI3K-Akt pathway. Additionally, CAFs can produce 
matrix degradation molecules such as matrix metallopro-
teinases (MMPs) to induce EMT and reduce cell adhe-
sion, ultimately facilitating the migration of cancer cells 
[19]. Therefore, targeting the CAFs and CAF-derived 
factors might be a promising strategy to achieve anti-
tumoral effect.

To simultaneously suppress CAF-cancer cell signal-
ing relevant to cell invasion, we developed a novel αvβ3/
αvβ5-targeted polymer-lipid hybrid nanoparticles (PLN) 
system (iRGD-DOX-oHA-PLN) in order to synergisti-
cally deliver the chemotherapeutic doxorubicin (DOX) 
and oligomeric HA (oHA, < 10 kDa) to tumor sites 
(Scheme 1). To do this, an internalizing RGD (iRGD: 
sequence CRGDKGPDC) was used to enhance inter-
nalization of nanoparticles into both TNBC cells and 
CAFs via recognition of αvβ3 and αvβ5 and their subse-
quent binding to neuropilin-1 (NRP-1) [20, 21]. In this 

approach, targeted delivery of oHA suppresses prolifera-
tion and metastasis of TNBC by competitively binding to 
CD44, thereby blocking CD44-HA interactions [21–23]. 
As a result, oHA inhibits paracrine communication 
between CAFs and cancer cells by suppressing TGF-β 
generation and CXCL12/CXCR4 signaling. To normalize 
the aberrant ECM, the iRGD-DOX-oHA-PLN depletes 
CAFs, reduces collagen production and altering TACS 
playing a significant role in regulating cancer behavior 
and prognosis. This system also impedes cell invasion by 
reducing MMP production to suppress the EMT. Collec-
tively, iRGD-DOX-oHA-PLNs significantly disrupts the 
pro-tumoral crosstalk between CAFs and cancer cells, 
regulating collagen and inhibiting the EMT; ultimately 
suppressing tumor progression and metastasis. These 
findings highlight the potent anti-tumor effects of iRGD-
DOX-oHA-PLN by targeting and regulating multiple 
components of the TME, indicating a potential therapeu-
tic strategy for TNBC.

Materials and methods
Reagents
Polyoxyethylene (40) stearate (Myrj 52), N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydro-
chloride (EDC), N-hydroxysuccinimide (NHS), 
poly-2-hydroxyethyl methacrylate (poly-HEMA), and 
all other chemicals were purchased from Sigma-Aldrich 
Canada (Oakville, ON, Canada). Ethyl arachidate was 
purchased from TCI America (Portland, OR, USA). Poly-
oxyethylene (100) stearate (Myrj 59) was purchased from 
Spectrum Chemical (Gardena, CA, USA). Cyclic peptide 
iRGD [c(CRGDRGPDC)] was purchased from LifeTein 
(Somerset, NJ, USA). Pluronic-F 68 was purchased from 
BASF Corporation (Parsippany, NJ, USA). Doxorubicin 
hydrochloride was purchased from MedChemExpress 
(Monmouth Junction, NJ, USA). oHA (~ 7 kDa) was pur-
chased from Bloomage Biochem Co., Ltd. (Shandong, 
China). D-Luciferin was purchased from Cayman Chem-
icals (Ann Arbor, MI, USA). Cyanine5 amine was pur-
chased from Lumiprobe Corporation (Hunt Valley, MD, 
USA). Anti-β-actin (ab8226), anti-αv (ab179475), anti-
αSMA (ab5694), anti-CXCR4 (ab124824), anti-vimentin 
(ab92547) antibodies, goat anti-mouse IgG H&L (HRP) 
(ab6789), goat anti-rabbit IgG H&L (HRP) (ab205718), 
goat anti-rabbit IgG H&L (Alexa Fluor® 594) (ab150080), 
and goat anti-mouse IgG H&L (Alexa Fluor® 488) 
(ab150113) were purchased from Abcam (Cambridge, 
UK). The β3 antibody (13166  S), β5 antibody (3629  S), 
and anti-collagen I antibody (72026  S) were purchased 
from Cell Signaling Technology (Boston, MA, USA). The 
anti-MMP-9 antibody (sc-13520) was purchased from 
Santa Cruz Biotechnology (Dallas, TX, USA). The anti-
FAPα antibody (MSB9727), CXCL12/SDF-1 alpha ELISA 
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medium supplemented with 10% fetal bovine serum, 
100 U/mL penicillin/streptomycin in a humidified atmo-
sphere with 5% CO2 and incubated at 37 °C.

Mouse fibroblast cell line NIH/3T3 (CRL-1658) was 
purchased from the American Type Culture Collection 
(ATCC) (Manassas, VA, USA). NIH/3T3 (abbreviated as 
3T3) cells were maintained in Dulbeccos Modified Eagle 
Medium (DMEM) supplemented with 10% fetal bovine 

kit (MCX120), and TGF-beta 1 ELISA kit (DB100C) were 
purchased from R&D Systems (Minneapolis, MN, USA).

Cell lines
The murine TNBC cell line 4T1-luc (JCRB1447) supplied 
by the JCRB Cell Bank (Osaka, Japan), was purchased 
from CellBank Australia (Westmead, NSW, Australia). 
4T1-luc cells were maintained in RPMI 1640 culture 

Scheme 1  Illustration of the synthesis of iRGD-DOX-oHA-PLN and its potential anti-metastatic effects via regulation of CAF-cancer cell crosstalk and ECM 
normalization. (A) Self-assembly of iRGD-DOX-oHA-PLN by microemulsion technology. (B) Mechanism of oHA-mediated blockade of CD44-HA-mediated 
CAF-cancer cell crosstalk. oHA released from iRGD-DOX-oHA-PLN disrupts oncogenic and pro-metastatic paracrine interactions between tumor cells 
and CAFs by suppressing CD44-HA signaling pathways, particularly through reduction of CXCL12 and TGF-β production and downregulation of CXCR4 
expression. (C) Combined effects of DOX and oHA on ECM normalization by decreasing collagen production and modulating TACS. Additionally, iRGD-
DOX-oHA-PLN impedes tumor cell invasion by inhibiting the EMT process
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serum, 100 U/mL penicillin/streptomycin in a humidi-
fied atmosphere with 5% CO2 and at 37 °C. 3T3 cells were 
activated (named as a3T3 cells) to acquire CAF proper-
ties as previously described [38, 39]. Briefly, 4T1 cells 
were cultured in flasks until 80% confluent. Cultured 
media was then collected, filtered and stored at -80 °C 
until used. When ~ 1 × 106 3T3 cells had been grown in a 
T25 flask overnight, the culture media was replaced with 
a mixture of 50% fresh media and 50% 4T1 cell-condi-
tioned media. The cells were then incubated for 24 h and 
recovered in fresh media for future experiments.

Animal models
Female BALB/c mice (6–8 weeks, 19 ± 1  g) were pur-
chased from the Jackson Laboratory (Bar Harbor, ME, 
USA). They were raised under specified housing condi-
tions (21 ± 1 ℃, 40% relative humidity and 12:12 light: 
dark cycle, ad libitum access to food and water). All 
animal experiments were conducted following Cana-
dian Council on Animal Care guidelines and with the 
approval from the Animal Care Committee of the Uni-
versity Health Networks (UHN, Toronto, ON, Canada). 
To establish the orthotopic TNBC tumor model, 5 × 105 
4T1-luc cells were injected into the fourth mammary fat 
pad of female BALB/c mice under continuous inhalation 
of 2% isoflurane.

Preparation and characterization of nanoparticles
DOX-oHA-PLNs were synthesized using a one-pot self-
assembly method, as outlined in previous studies [21]. 
Briefly, ethyl arachidate (25 mg), Myrj 52 (2 mg), and 
Myrj 59 (1 mg) were melted at 60 ℃, followed by add-
ing oHA (100 mg/mL, 100 µL, pH = 11.4), DOX (10 mg/
mL, 250 µL), and PF-68 (100 mg/mL, 50 µL). The mixture 
was stirred for 20 min and sonicated for 5 min at 100% 
peak amplitude of cycle 1 using a probe ultrasonicator 
(Hielscher USA, Inc., Ringwood, NJ, USA). Then, the 
emulsion was quickly transferred into 2 mL of ice saline 
to obtain DOX-oHA-PLN. To synthesize NPs with iRGD, 
Myrj-iRGD instead of Myrj 59 was used, while other 
procedures are the same. Both HPESO and Myrj-iRGD 
were prepared following the previously established pro-
tocols [24, 25]. For the preparation of NPs without oHA 
(DOX-PLN, iRGD-DOX-PLN), hydrolyzed polymers 
of epoxidized soybean oil (HPESO) were used to load 
DOX. Nanoparticles without DOX (oHA-PLN, iRGD-
oHA-PLN) were synthesized by replacing DOX with an 
equivalent volume of distilled deionized (DDI) water. 
Naked solid lipid nanoparticles (SLN) without drug load-
ing (iRGD-SLN) were produced by replacing DOX and 
oHA with DDI water. In the study of cellular uptake, 
cyanine5 (Cy5) amine was conjugated to oHA using 
EDC-NHS coupling to create oHA-Cy5, which was then 
employed in the synthesis of iRGD-DOX-Cy5-oHA-PLN. 

The particle size and zeta potential of the prepared 
nanoparticles were measured using Malvern Zetasizer 
Nano ZS (Worcestershire, UK)(Data not shown). As 
reported in our previous work, iRGD-DOX-oHA-PLN 
exhibits a particle size of approximately 180 nm, a nega-
tive zeta potential of -17.5 mV, and a polydispersity index 
(PDI) below 0.2. The encapsulation efficiencies (EE%) of 
DOX and oHA are 94.76% and 81.68%, respectively [26]. 
TEM imaging further confirmed the spherical morphol-
ogy of the iRGD-DOX-oHA-PLN. The binding affinity of 
iRGD-DOX-oHA-PLN and integrin was confirmed using 
a binding assay with recombinant human αvβ3 integrin. 
The colloidal stability in 5% dextrose or 50% FBS as well 
as storage stability of the nanoparticle formulations were 
also demonstrated in our previous studies [26–28].

In vitro cell viability by MTT assay
3T3 cells or a3T3 cells were seeded onto 96-well plates at 
a density of 1 × 104 cells/well. Following overnight incu-
bation, cells were treated with varying concentrations of 
iRGD-SLN, free DOX-oHA, DOX-oHA-PLN, and iRGD-
DOX-oHA-PLN and DOX concentrations of 0.01, 0.1, 
0.5, 1, 5, 10 and 50  µg/mL for 24  h. Subsequently, the 
medium was removed, and each well was supplemented 
with 20 µL of MTT solution (5  mg/mL) and 80 µL of 
fresh medium. After incubating for 4 h at 37 ℃, the sus-
pension was discarded, and 100 µL of DMSO was added 
to each well to dissolve formazan crystals. The relative 
cytotoxicity of each treatment group was determined by 
measuring absorbance at 567 nm. IC20 and IC50 values 
were determined using nonlinear fitting curves generated 
by GraphPad Prism 8.0.

Cellular uptake by spectrofluorometry
3T3 cells and a3T3 cells were seeded onto 96-well plates 
at a density of 1 × 104 cells/well. After overnight incuba-
tion, cells were treated with DOX-oHA-PLN and iRGD-
DOX- oHA-PLN, at the DOX concentration of 1.5  µg/
mL for 0.5, 1 and 2  h. At each time point, the culture 
media was removed and cells washed 3 × 5 min with PBS. 
Cells were subsequently collected and lysed with PBS 
containing 0.5% Triton X-100. DOX concentration was 
determined by fluorescence microplate assay through 
comparison of λex = 490  nm versus λem = 530  nm with 
calculations based on a preestablished standard curve.

Wound healing assay
4T1-luc cells monoculture or 4T1-luc:3T3 (1:1) were 
seeded into 24-well plates at a density of 2 × 105 cells per 
well. After 24 h adherence and proliferation, the conflu-
ent monolayer was scratched with a 200 µL pipette tip 
and washed with PBS three times. The remaining cells 
were treated with an FBS-free medium containing saline, 
iRGD-SLN, free oHA, oHA-PLN, and iRGD-oHA-PLN at 
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an equivalent oHA concentration of 10 µg/mL for 24 h. 
Photographs of the scratched areas will be captured at 
0 h, 8 h, and 24 h after treatments. Results will be quanti-
fied using Image J software.

Transwell migration assay
4T1-luc cells and a3T3 cells were seeded into T25 flasks 
at a density of 5 × 105 cells. Cells were treated with saline, 
iRGD-SLN, free oHA, oHA-PLN, and iRGD-oHA-PLN 
at an equivalent oHA concentration of 10  µg/mL was 
performed for 24  h, followed by digestion with trypsin 
and transferred to the lower wells of 24-well plates in 
complete cell culture media. Meanwhile, a3T3 cells and 
4T1-luc cells in FBS-free media were seeded into the 
upper chambers (8.0 μm pore polyester membrane) at a 
density of 5 × 104 cells. Following a 24 h migration period, 
cells remaining on the upper surface of the membrane 
were gently removed with cotton swabs. In contrast, cells 
that had migrated to the bottom surface were stained 
with a 0.5% crystal violet solution. Images capturing the 
migrated cells on the membrane’s bottom were taken 
using the EVOS XL Core imaging system (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). Results were quan-
tified using Image J software.

Invasion assay using co-cultured 3D spheroids
Round bottom 96-well plates were pre-coated with 100 
µL of poly-HEMA (6  mg/mL) and allowed to dry over-
night at room temperature in a biosafety hood. A mix-
ture of 3T3 and 4T1-luc cells at a 10:1 ratio, totaling 
2 × 103 cells were seeded onto plates. Two days post-
spheroid formation, most of the media was carefully 
removed, and Matrigel at a final concentration of 7 mg/
mL was added to encapsulate the spheroids. Growth 
factor-reduced Matrigel was polymerized by incubating 
at 37 ℃ for 30  min. Cell media containing treatments 
of saline, iRGD-SLN, oHA, oHA-PLN, and iRGD-oHA-
PLN, all at an equivalent oHA concentration of 10  µg/
mL were added. Brightfield images were then captured 4 
days following treatment using the EVOS XL Core imag-
ing system. Invasion fronts were identified using color 
thresholds in ImageJ.

ELISA
4T1-luc cells and a3T3 cells were cultured in 60 mm petri 
dishes at a density of 5 × 105 cells. The cells were treated 
with saline, iRGD-SLN, free oHA, oHA-PLN, and iRGD-
oHA-PLN, at an equivalent oHA concentration of 10 µg/
mL, for 24  h. Subsequently, the cell culture media were 
refreshed, and after an additional 24 h incubation period, 
the media were collected. These obtained media samples 
were then centrifuged to eliminate any cell debris. The 
levels of TGF-β in the supernatant were quantified using 
ELISA kits, following the manufacturer’s instructions.

To assess the levels of TGF-β and CXCL12 in mouse 
tumors, female BALB/c mice with orthotopic 4T1-luc 
tumors were examined. Three weeks post-tumor inocu-
lation, mice received intravenous injections of saline, 
DOX + oHA, DOX-oHA-PLN, or iRGD-DOX-oHA-PLN, 
at an equivalent DOX dose of 10 mg/kg. Three days fol-
lowing treatment, tumors were excised and bisected, 
with one half used for ELISA and the other for immu-
nohistochemical staining. ELISA tumor samples were 
chopped into pieces and placed in RIPA buffer contain-
ing protease and phosphatase inhibitors. Samples were 
then homogenized using a homogenizer (Fisher Scien-
tific, Ontario, Canada) and incubated for 1 h at 4 °C with 
mild shaking. The resulting lysates were sonicated for 
20 s at 50% amplitude using a UP100H probe ultrasoni-
cator (Hielscher Ultrasonics, Teltow, Germany). Follow-
ing sonication, samples were centrifuged at 15,000 × g 
for 20 min at 4 °C, and the supernatants were collected. 
Protein concentrations were determined using the BCA 
assay. Aliquots of these samples were stored at -80  °C 
until analysis. TGF-β and CXCL12 concentrations were 
quantified using ELISA kits following the manufacturer’s 
instructions.

Confocal microscopy
For cellular uptake studies, 3T3 cells and a3T3 cells 
were seeded onto 8-well chambered coverslips at 2 × 104 
cells/well density. After overnight incubation, cells were 
treated with DOX-Cy5-oHA-PLN and iRGD-DOX-Cy5-
oHA-PLN at intervals of 15, 30, 60, and 120 min followed 
by washing and fixing with 4% neutral paraformaldehyde 
for 15 min. Cell nuclei were stained with Hoechst 33,342 
after washing for 10  min, followed by an additional 
3 × 5 min washes with PBS before being imaged under a 
confocal microscope.

For the immunofluorescence analysis of FAPα and type 
I collagen, cells were washed 3 times with ice-cold PBS 
post-treatment and then fixed with 4% neutralized para-
formaldehyde for 15 min. The cells were then processed 
through the following steps: (1) blocking and permea-
bilization with PBS containing 5% bovine serum albu-
min (BSA) and 0.3% Triton X-100 for 1 h, (2) incubation 
with the primary antibody diluted in PBS containing 1% 
BSA and 0.3% Triton X-100 for 1  h, followed by three 
washes with ice-cold PBS, (3) incubation with secondary 
antibodies for 1  h, (4) staining with Hoechst 33,342 for 
10 min, and (5) three final washes with PBS before obser-
vation under a confocal microscope.

Western blotting
To assess the expression levels of integrins αv, β3, and β5, 
a total of 5 × 105 3T3 cells or a3T3 cells were cultured in 
T25 flasks overnight. Cells were then lysed using radio-
immunoprecipitation assay (RIPA) buffer supplemented 
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with protease and phosphatase inhibitors. To maximize 
yield, cell lysates were subjected to sonication for 20 s at 
50% pulse intensity using an ultrasonicator, followed by 
centrifugation to collect cell supernatants. Protein con-
centrations were quantified employing the bicinchoninic 
acid (BCA) assay. The integrins αv, β3, and β5 expression 
levels were subsequently determined through western 
blot analysis. To assess expression levels of E-cadherin, 
N-cadherin, MMP-9, and CXCR4, 5 × 105 4T1-luc cells 
were cultured in T25 flasks overnight. Cells were treated 
with a3T3 conditioned media saline, iRGD-SLN, free 
oHA, oHA-PLN, and iRGD-oHA-PLN, at an equivalent 
oHA concentration of 10 µg/mL, for 24 h. Specifically for 
CXCR4 assessment, cells received a 24-h pre-treatment 
with a3T3 conditioned media. Following these treat-
ments, proteins were harvested as previously described, 
and the protein expression levels of E-cadherin, N-cad-
herin, and MMP-9 were analyzed using western blot 
analysis.

Immunohistochemical analysis
Samples including the fourth mammary fat pad from 
healthy female BALB/c mice, mouse tumors grown for 3 
weeks post-inoculation, and the secondary half of tumors 
referenced under the “ELISA” section were collected and 
fixed in 10% neutral buffered formalin for 48 h followed 
by standard preparation into paraffin blocks. Specimens 
were then sectioned at 7 microns and processed for inte-
grin (αv, β3, β5), CXCR4, α-SMA immunohistochemis-
try or picrosirius red staining. A component of staining 
procedures was carried out by the CFIBCR Histology/
Microscope Core Unit (Toronto, ON, Canada). The per-
centage of cells or areas stained was quantified using 
HALO™ Image Analysis Software.

Bioinformatics analysis
The expression profiles of CAF marker (FAP) and type I 
collagen markers (COL1A1: collagen type I alpha 1 chain; 
COL1A2: collagen type I alpha 2 chain) were analyzed 
using R statistical computing software (version 4.3.2), 
drawing on RNA-seq data from The Cancer Genome 
Atlas (TCGA) database (cite reference ​h​t​t​​p​s​:​/​​/​w​w​​w​.​​c​a​n​​c​e​
r​.​​g​o​v​​/​c​​c​g​/​r​e​s​e​a​r​c​h​/​g​e​n​o​m​e​-​s​e​q​u​e​n​c​i​n​g​/​t​c​g​a​​​​​)​, specifically 
for patients with ER-negative, PR-negative, and HER2-
negative breast cancer. Kaplan-Meier overall survival 
analyses of the expression of FAP and correlation analy-
ses were also conducted with R software (version 4.3.2), 
drawing on the same database. Kaplan-Meier overall 
survival analysis for ACTA2 (actin alpha 2) and COL1A1 
was performed using the online tool kmplot.com based 
on mRNA gene chip data from patients with TNBC. The 
demographic details (including race, ethnicity, age, and 
other relevant characteristics) are provided in the supple-
mentary Excel file (Supplementary Table S1).

Statistical analysis
Statistical analyses were conducted utilizing GraphPad 
Prism 8.0. The significance of the findings was evalu-
ated using one-way analysis of variance (ANOVA) with 
Tukey’s multiple comparison test correction, or via 
unpaired t-test. The data presented reflects the results 
of at least 3 independent experiments. Error bars denote 
mean ± standard deviation (S.D).

Results
Elevation of CAFs and type I collagen negatively impacts 
survival of TNBC patients
Previously it has been shown that the tumor stroma is 
crucial to cancer progression, with a higher stroma ratio 
in TNBC serving as a prognostic marker associated with 
worse overall survival and lower periods of disease-free 
survival [38–41]. Among stromal components, CAFs and 
the collagen they produce play pivotal roles in remod-
eling ECM and promoting metastasis, contributing to 
poorer clinical outcomes [41]. To evaluate the potentials 
of CAFs and collagen as therapeutic targets for TNBC 
treatment, we first analyzed the transcriptional profiles 
of the CAF marker FAP, together with the type I colla-
gen synthesis genes COL1A1 and COL1A2 in TNBC 
patients. Notably, primary tumors from TNBC patients 
exhibited significantly higher levels of expression of these 
genes compared to normal healthy breast tissue, suggest-
ing a dependency of this enhancement on an increased 
presence of CAFs and type I collagen (Fig. 1A-C). To fur-
ther study whether these stromal factors directly influ-
ence survival of TNBC patients, Kaplan-Meier overall 
survival analysis was performed. This analysis revealed 
that elevated levels of CAFs and collagen are indeed 
associated with unfavorable clinical outcomes (Fig. 1D 
and E). These data suggest that targeted therapeutics for 
CAF may offer a promising strategy for improving TNBC 
patient outcomes.

Higher cellular uptake and cytotoxicity of iRGD-DOX-oHA-
PLN in CAFs than in normal fibroblasts
To target CAFs within the TME, a novel αvβ3/αvβ5-
targeted polymer-lipid hybrid nanoparticles system 
(iRGD-DOX-oHA-PLN) was developed to synergisti-
cally deliver the agents DOX and oHA. To test the effi-
cacy of this nanoparticle, we established a murine CAF 
model (a3T3, which is derived from murine fibroblast 
line NIH/3T3) for in vitro experiments. The upregulation 
of FAPα on a3T3 indicated the successful induction of 
CAF (Fig. 2A). The western blot results demonstrated an 
upregulation of integrins (αv, β3, β5), which are targets 
of iRGD (Fig. 2B). The observed upregulation of integrins 
inspired us to further study the nanoparticle uptake by 
normal fibroblasts and CAFs. Time-dependent uptake of 
Cy5-labeled iRGD-DOX-oHA-PLN was observed in both 

https://www.cancer.gov/ccg/research/genome-sequencing/tcga
https://www.cancer.gov/ccg/research/genome-sequencing/tcga
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NIH/3T3 (3T3) and a3T3 cells, with a3T3 cells exhibiting 
a notably enhanced uptake and fluorescence signals for 
both DOX and oHA over a 2 h period (Fig. 2C and Figure 
S1). Moreover, iRGD-NPs showed significantly enhanced 
(~ 2.1-fold) cellular uptake compared to non-iRGD-NPs 
at 2  h in a3T3, whereas no significant difference was 
observed between iRGD-NPs and non-iRGD-NPs uptake 
in 3T3 (Fig. 2C). These findings suggest that the enhanced 
uptake of iRGD-NPs in a3T3 cells is facilitated by ele-
vated αvβ3 and αvβ5 expression. The relative cytotoxic-
ity of different treatments was then evaluated on 3T3 and 
a3T3 cells. The viability curves indicated that iRGD-SLN 
(no drug-loaded nanoparticle) exhibited only mild toxic-
ity towards both cells (Fig. 2D). However, the IC20 values 
revealed a more significant inhibitory effect on a3T3 cells 
compared to 3T3 cells, potentially due to the attenuation 
of αvβ3 and αvβ5-mediated signaling. Aligning with the 
cellular uptake findings, iRGD-DOX-oHA-PLN showed 
markedly increased cytotoxicity in a3T3 relative to 3T3. 
Moreover, a notable reduction in IC50 values from DOX-
oHA-PLN (1.97 ± 0.226  µg/mL DOX) to iRGD-DOX-
oHA-PLN (0.774 ± 0.159  µg/mL DOX) treatments was 
only observed in a3T3 cells, emphasizing the targeted 

effectiveness of iRGD-DOX-oHA-PLN in CAFs com-
pared with normal fibroblasts (Fig. 2E and F). The above 
finding indicates that iRGD-DOX-oHA-PLN exhibits 
effective enhanced cellular uptake and cytotoxicity on 
CAFs compared with normal fibroblasts.

Anti-migration effects observed in vitro
Both CAFs and tumor cells secrete cytokines and che-
mokines that activate each other, creating a positive 
feedback loop to promote their reciprocal migration 
and interaction within the TME [29–31]. This reciprocal 
interaction is thought to be largely driven by CD44-HA 
signaling. Thus, blocking this pathway may inhibit the 
migration of both CAFs and tumor cells [32]. To exam-
ine whether oHA-containing formulations influence cell 
migration via blockade of CD44-HA interactions, wound 
healing and transwell migration assays were performed 
and representative images are presented in Fig. 3 and Fig-
ure S2 and S3.

As shown in Fig. 3A and C, wound healing results dem-
onstrated that co-culture of 3T3 with 4T1 cells resulted 
in accelerated migration of the cell mixture, exhibiting 
a significant increase in the migrated area by 5-fold at 8 

Fig. 1  CAFs and collagen are more abundant in TNBC stroma and correlate with poorer overall survival. Overexpression of (A) FAP, (B) COL1A1, and (C) 
COL1A2 are seen in TNBC patients (normal tissue, n = 113; primary tumor, n = 116). Kaplan-Meier overall survival analyses of (D) low and high FAP expres-
sion, (E) low and high ACTA2 expression, and (F) low and high COL1A1 expression in the tumors of TNBC patients. n (FAP low) = 58. n (FAP high) = 57. n 
(ACTA2 low) = 270. n (ACTA2 high) = 264. n (COL1A1 low) = 267. n (COL1A1 high) = 267. *p < 0.05. **p < 0.01
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h and 1.7-fold at 24 h, compared to 4T1 cell monocul-
tures. Such effects highlight the role of CAF in facilitat-
ing cancer cell migration. When treating the co-cultured 
4T1 and 3T3 cells with iRGD-SLN and oHA-containing 

formulations, the cell migration was markedly inhibited 
at 8 h. By 24 h, all treatments significantly suppressed cell 
motility relative to the saline control, with the effective-
ness in the following order: iRGD-oHA-PLN > oHA-PLN 

Fig. 2  iRGD-functionalized nanoparticles demonstrated increased cellular uptake and enhanced cytotoxicity in activated mouse fibroblasts than normal 
mouse fibroblasts. (A) Confocal microscopic images show fibroblast activation protein α (FAPα) expression in 3T3 cells and a3T3 cells. Scale bar = 50 μm 
(B) Western blot images of integrins αv, β3, β5 and β-actin in 3T3 cells and a3T3 cells. (C) Fold increase in the internalized DOX fluorescence signal in 3T3 
cells and a3T3 cells after being treated with DOX-oHA-PLN and iRGD-DOX-oHA-PLN ([DOX] = 1.5 µg/mL) for up to 2 h evaluated by a spectrofluorometer. 
The measured DOX concentrations were normalized to cellular protein concentrations. n = 3. Dose-response curve of (D) 3T3 cells and (E) activated 3T3 
cells after being treated with iRGD-SLN, free DOX-oHA, DOX-oHA-PLN, and iRGD-DOX-oHA-PLN at DOX concertation of 0.01–50 µg/mL (mass ratio of 
DOX: oHA = 1:4) for 24 h. n = 3. (F) IC20 values (equivalent to µg/mL DOX) of iRGD-SLN or IC50 values (µg/mL DOX) of drug-containing treatments on 3T3 
and a3T3 cells. Data are presented as mean ± SD. *p < 0.05. **p < 0.01
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> oHA > iRGD-SLN. Notably, treatment with iRGD-
oHA-PLN seemed to counteract the CAF-mediated 
enhancement of cancer cell migration, while showing 
no significant difference in the migration area compared 
with 4T1 monoculture at 24 h (Fig. 3C). The impact of 

iRGD-SLN could be attributed to the disruption of inte-
grin signaling by iRGD [33]. The binding of iRGD with 
integrins overexpressed on both TNBC cells and CAFs 
led to the internalization of integrins [34].

Fig. 3  iRGD-oHA-PLNs effectively suppressed the migration of both tumor cells and fibroblasts. (A) Brightfield images of wound-healing assay. 4T1-luc 
cells or 4T1-luc and 3T3 cell mixture (1:1) were scratched with 1 mL tips and treated with saline, iRGD-SLN, free oHA, oHA-PLN, and iRGD-oHA-PLN, at the 
oHA concertation of 10 µg/mL. The migration of cells was observed at 0 h, 8 h, and 24 h after treatment. Scale bar = 500 μm (B) Images of the transwell 
migration assay of 4T1 cells under the chemoattractant effect of a3T3 cells and a3T3 cells under the chemoattractant effect of 4T1-luc cells for 24 h. Cells 
in the lower chamber were pretreated with saline, free oHA, iRGD-SLN, free oHA, free oHA-PLN, and iRGD-oHA-PLN, at concentrations of oHA = 10 µg/mL 
for 24 h. Scale bar = 100 μm (C) Quantification of the recovery area at 8 and 24 h after scarification and treatment by the wound-healing assay (n = 3). (D) 
Quantification of 4T1-luc migrated area at 24 h after treatment by a transwell migration assay (n = 3). (E) Quantification of a3T3 migrated area at 24 h after 
treatment (n = 3). Data are presented as mean ± SD. ns: non-significant. *p < 0.05. **p < 0.01
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Transwell assays were conducted to further investi-
gate paracrine interactions between cancer cells and 
CAFs. Pretreated 4T1 or a3T3 cells were placed in the 
lower chamber to assess their ability to recruit a3T3 or 
4T1 cells in the upper chamber through the secretion 
of cytokines, chemokines, and chemoattractant factors. 
Migrated cells were visualized using crystal violet stain-
ing. Consistent with the wound healing results, both 
blank iRGD-SLN and oHA-PLN inhibited migration, 
while the iRGD-oHA-PLN showed the most pronounced 
inhibitory effect on both 4T1 and a3T3 cells (Fig. 3B, D, 
and E). Given that both cell types express integrins and 
CD44, it is plausible that iRGD and oHA influence their 
downstream signaling, thereby altering cytokine and che-
mokine levels in cancer cells and CAFs. Furthermore, 
oHA that was taken up by the pretreated and reseeded 
cells may be released and directly affect the cells in the 
upper chamber, regulating their motility [21]. In a related 
study to examine DOX-loaded formulations, cell migra-
tion was further inhibited by the combination of DOX + 
oHA, whether formulated as free drugs or nanoparticles, 
compared to oHA treatment alone (Figure S2 and S3) 
due to the cytotoxicity of DOX. Collectively, these find-
ings suggest that iRGD-DOX-oHA-PLN impedes tumor 
progression by suppressing reciprocal migration of CAF 
and tumor cell, primarily mediated through CD44-HA 
interaction.

Regulation of TGF-β and the CXCL12/CXCR4 axis
To further explore the underlying mechanism by which 
iRGD-DOX-oHA-PLN inhibit cell migration, we investi-
gated the modulation of cytokines and chemokines asso-
ciated with CD44-HA downstream signaling pathway, 
with a particular focus on TGF-β and CXCL12/CXCR4 
axis. TGF-β is abundantly produced by both CAFs and 
cancer cells, and plays a pivotal role in cancer prolifera-
tion, invasion, and immunosuppression [35]. To assess 
relative levels of cellular release, cell supernatants were 
collected from 4T1 and a3T3 cells pretreated for 24 h 
with different treatments and the TGF-β expression levels 
were measured. Intriguingly, iRGD-SLN alone reduced 
TGF-β secretion by 25% in 4T1 cells and 19% in a3T3 
cells (Fig. 4A and B). This reduction corresponds with the 
findings from our anti-migration studies (Fig. 3), which 
are likely due to the disruption of integrin signaling [36]. 
Treatments with oHA markedly diminished TGF-β pro-
duction, while iRGD-oHA-PLN treatment exhibited the 
strongest inhibitory effect with a 69% reduction in both 
cell types. This reduction is likely attributable to the 
inhibition of the Ras/MAPK signaling pathway [37, 38]. 
Additionally, TGF-β levels in mouse tumors measured 
three days post-single-dose treatments indicated that 
iRGD-DOX-PLN did not alter TGF-β levels, whereas the 
combination of DOX and oHA significantly lowered its 

production (Fig. 4C). Notably, iRGD-DOX-oHA-PLN 
demonstrated a superior effect on decreasing TGF-β 
level, with a reduction of 60% compared to saline control 
(Fig. 4C).

The emerging role of the CXCL12/CXCR4 signaling 
axis in breast cancer development has been recognized 
increasingly in recent years [39, 40]. Tumor cells express-
ing CXCR4 respond to CXCL12, promoting tumor cell 
proliferation and migration. Research has shown that 
oHA can disrupt CXCR4 signaling in liver cancer cells 
and human umbilical vein endothelial cells through 
interaction with CD44, in contrast to the signaling aug-
mentation by native HA [51]. We therefore investigated 
whether oHA-containing formulations could alter the 
CXCL12/CXCR4 signaling between 4T1 and a3T3 cells. 
The results showed that CXCR4 expression in 4T1 cells 
was increased following treatment with a3T3 condi-
tioned media (Fig. 4E and G), attributable to elevated 
native HA secreted by CAFs [41, 42]. Conversely, oHA 
treatment reduced CXCR4 expression in 4T1 cells (Fig. 
4E). A similar trend was also observed in DOX and oHA 
combination treatment, where DOX alone did not alter 
CXCR4 levels, highlighting the role of oHA (Figure S4). 
Consistent with these in vitro findings, in vivo analysis 
further demonstrated that iRGD-DOX-oHA-PLN treat-
ment significantly inhibited both CXCL12 secretion and 
CXCR4 expression in mouse tumors, as measured by 
ELISA and immunohistochemical (IHC) staining, respec-
tively (Fig. 4D, F, and H).

Collectively, the above findings indicate that inhibiting 
CD44-HA downstream signaling pathways, particularly 
TGF-β and CXCL12/CXCR4, could significantly hinder 
tumor cell survival and migration, thereby suppressing 
metastasis of TNBC.

Regulation of ECM collagen production and orientation
Elevations in collagen levels in TNBC have been shown 
to drive pro-tumorigenic biology by enhancing ECM 
stiffness supporting tumor survival, proliferation, and 
EMT [43]. Collagen fiber scaffolds contribute to immune 
evasion by restricting cytotoxic T-cell infiltration and 
recruiting immunosuppressive cells, such as regulatory 
T cells and tumor-associated macrophages, through 
CXCR4/CXCL12 axis [44]. These processes collectively 
establish a tumor-permissive microenvironment, acceler-
ating TNBC progression and metastasis [43, 45]. Among 
the various types of collagens, type I collagen is the most 
abundant form, has been extensively studied for its role 
in solid tumors. TGF-β has been identified as one of the 
key regulators of collagen secretion [46, 47]. Correla-
tion analysis in TNBC patient samples revealed a strong 
positive relationship between the TGF-β encoding gene 
TGFB1 and the collagen-encoding genes COL1A1 and 
COL1A2, with Pearson correlation coefficients of 0.60 
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Fig. 4  iRGD-DOX-oHA-PLN attenuated paracrine communication between tumor cells and fibroblasts. TGF-β generated by (A) 4T1-luc cells and (B) a3T3 
cells, measured by ELISA assay at 24 h post-treatments of saline, iRGD-SLN, free oHA, oHA-PLN, and iRGD-oHA-PLN at the concentration of oHA = 10 µg/
mL. n = 3. (C) TGF-β and (D) CXCL12 in mice tumor tissues, measured by ELISA assay. Mice transplanted with orthotopic 4T1-luc tumors were treated with 
saline, free DOX-oHA, DOX-oHA-PLN, iRGD-DOX-PLN, and iRGD-DOX-oHA-PLN at the dose of DOX = 10 mg/kg. Tumors were harvested, homogenized, 
and analyzed 3 days after treatments. n = 3. (E) Western blot images of CXCR4 and β-actin in 4T1-luc cells, with or without the pretreatment of a3T3 condi-
tioned media for 24 h. Cells were treated with saline, free oHA, free DOX, free DOX-oHA, iRGD-DOX-PLN, and iRGD-DOX-oHA-PLN at a DOX concentration 
of 0.5 µg/mL for 24 h. (F) Immunohistochemical staining images displaying CXCR4 expression in mouse 4T1-luc tumors 3 days after treatment. Scale bar 
= 100 μm (G) Fold changes of CXCR4 expression levels in 4T1-luc cells. (H) Quantitative analysis of the percentage of CXCR4-positive tumor cells. Protein 
expression levels were normalized to β-actin. n = 3 mice for each treatment. n = 3 sections for each mouse. Data are presented as mean ± SD. *p < 0.05. 
**p < 0.01
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and 0.53, respectively (Figure S5). Additionally, a strong 
positive correlation was observed between CAF markers 
(FAP, ACTA2) and collagen-encoding genes (COL1A1, 
COL1A2) (Figure S5).

Building upon these findings, particularly the reduction 
of TGF-β secretion, we examined whether iRGD-DOX-
oHA-PLN treatment affected type I collagen production 
[48]. Immunofluorescence results demonstrated a signifi-
cant increase in type I collagen signal in a3T3, indicat-
ing greater collagen production compared to 3T3 cells 
(Fig. 5A). Treatments with iRGD-SLN and oHA-PLN 
appeared to reduce collagen production, with the iRGD-
oHA-PLN demonstrating the most pronounced effects. 
This reduction in collagen content could block the inva-
sion pathways of tumor cells and influence pro-invasive 
signals by reducing ECM stiffness.

To explore the role of collagen in structural support 
of cancer cell invasion, an invasion assay was conducted 
using a 3D spheroid of 3T3 and 4T1 cell co-culture. Typi-
cally, type I collagen from rat tails is commonly utilized 
in 3D invasion studies; however, to avoid confound-
ing factors related to external collagen sources, growth 
factor-reduced Matrigel was chosen to encapsulate the 
co-culture spheroids [49, 50]. Considering the highly epi-
thelial characteristics of 4T1 cells and the absence of col-
lagen in the matrix, a high ratio of 3T3 cells (10:1) was 
employed. At 4 days after treatment, the representative 
images showed that spheroids in the saline control group 
exhibited a markedly invasive morphology characterized 
by an extensive projection area (Fig. 5B). In comparison, 
treatment with iRGD-SLN and oHA-containing formu-
lations significantly reduced cell invasion, suggesting a 
combined effect of collagen and cytokine reduction.

To assess the presence of CAFs and total collagen in 
mouse tumors, we utilized female BALB/c mice with 
orthotopic 4T1-luc TNBC tumors. It is important to note 
that the stroma ratio within tumors can vary over time. 
Prior studies have revealed that the stroma of 4T1 ortho-
topic tumors becomes more enriched following at least 
two weeks of growth [51]. To ensure a robust analysis, 
tumors were treated and subsequently harvested approx-
imately three weeks post-inoculation. Quantitative evalu-
ations of the CAF marker, α-SMA, revealed a minimal 
impact from administering free DOX + oHA combina-
tion (Fig. 5C and D). However, DOX-oHA-PLN admin-
istration significantly reduced α-SMA and total collagen 
levels by 21% and 41%, respectively, compared to saline 
control. The iRGD-DOX-oHA-PLN formulation further 
reduced these levels by 47% and 62%, respectively. In 
contrast, treatment with iRGD-DOX-PLN led to a 30% 
reduction of CAFs relative to saline, though its effect 
on collagen production was less pronounced with only 
a 27% reduction. These results suggest that the decrease 
in CAFs is predominantly driven by the enhanced tumor 

targeting and cytotoxic effects of DOX delivered using 
nanoparticles. Furthermore, the co-delivery of oHA and 
DOX can synergistically improve the treatments effec-
tiveness in reducing collagen content beyond merely 
reducing CAF population.

In addition to collagen density, the orientation of colla-
gen fibers, particularly those surrounding tumors, serves 
as a crucial prognostic indicator of breast cancer patients 
[52, 53]. Several TACS have been defined, each repre-
senting a distinct pattern of collagen architectures [53]. 
Notably, at the periphery of tumors treated with saline 
(control group), we detected a pronounced presence of 
TACS5 characterized by collagen fibers that are straight-
ened and aligned perpendicularly towards the tumor 
periphery without a clear boundary (Fig. 5C) [53]. This 
pattern indicates the disruption of the basement mem-
brane and favors unidirectional migration and invasion of 
tumor cells. The TACS6 configuration, characterized by 
disordered collagen fibers that promote multidirectional 
tumor cell migration, was also noted in the group admin-
istered with free DOX + oHA. It is important to high-
light that both TACS5 and TACS6 are associated with 
an adverse prognosis in patients. In contrast, TACS7, a 
pattern linked to a more favorable prognosis, was more 
commonly observed in the tumors after treatment with 
DOX-oHA-PLN, iRGD-DOX-PLN, or iRGD-DOX-oHA-
PLN, where collagen fibers aligned parallelly to the tumor 
margin, forming a distinct tumor boundary. Overall, 
these findings suggest that the iRGD-DOX-oHA-PLN 
treatment potentially impacts tumor cell mobility and 
invasion pathways by altering the structure of the ECM.

Regulation of EMT and MMP-9
The ECM is one of the key regulators of EMT, particu-
larly through its protein component. For example, colla-
gen promotes EMT by disrupting epithelial cell polarity, 
decreasing cell-cell adhesion, and increasing cell motility 
and invasiveness [54]. EMT is widely recognized as a piv-
otal biological process in cancer progression, facilitating 
tumor metastasis by enhancing cell migration and invad-
ing surrounding tissues [51]. In addition, ECM-driven 
upregulation of MMPs, particularly MMP-9, contributes 
to cancer invasion and metastasis by promoting EMT 
[55, 56].

The above results demonstrated that iRGD-DOX-oHA-
TPN effectively regulates ECM by reducing CAFs and 
collagen, prompting us to further investigate its effect 
on EMT and MMP-9. The expression levels of key EMT 
markers (E-cadherin, N-cadherin) and MMP-9 in both 
4T1 and a3T3 cells were evaluated by confocal micros-
copy and western blotting. The results demonstrated 
that DOX treatment alone did not alter E-cadherin and 
N-cadherin expression levels (Figure S6). By contrast, 
treatment with oHA significantly increased E-cadherin 
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Fig. 5  iRGD-DOX-oHA-PLN depleted CAFs and reduced collagen production. (A) Confocal imaging examining collagen I expression in 3T3 or a3T3 cells. 
a3T3 cells were treated with saline, iRGD-SLN, free oHA, oHA-PLN, and iRGD-oHA-PLN at the oHA concentration of 10 µg/mL for 24 h. (B) Invasion assay 
conducted on co-cultures of 3T3 and 4T1-luc cells (10:1) in Matrigel. On day 2, spheroids generated in a round-bottom 96-well plate were embedded in 
Matrigel and treated with saline, iRGD-SLN, oHA, oHA-PLN, and iRGD-oHA-PLN, all at an equivalent oHA concentration of 10 µg/mL for 4 days. Brightfield 
images were taken on days 2 and 6. Invasion fronts were highlighted by color thresholding in ImageJ. (C) Immunohistochemical images examining 
α-SMA expression, picrosirius red (PR) staining indicating total collagen content, and PSR staining at tumor margins, in mouse 4T1-luc tumors 3 days after 
treatment. Dashed lines denote the tumor margin. Arrows illustrate the direction of collagen fibers. Scale bar = 50 μm for α-SMA and PSR (core). Scale 
bar = 250 μm for PSR (margin). Scale bar = 100 μm for enlarged PSR (margin). (D) Quantitative examination of the percentage of αSMA-positive area. (E) 
Quantitative analysis of the percentage of PSR-positive area. For in vivo studies, n = 3 mice for each treatment. For IHC staining, n = 3 sections for each 
mouse. Data are presented as mean ± SD. *p < 0.05. **p < 0.01; ns: non-significant
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Fig. 6 (See legend on next page.)
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expression while decreasing N-cadherin and MMP-9 
levels, differing markedly from results observed in either 
saline or blank iRGD-SLN treatment groups (Fig. 6A, B). 
Of those examined, the iRGD-oHA-PLN treatment group 
exhibited the most pronounced effect on inhibiting EMT 
by enabling higher cellular uptake. Consistently, western 
blot analysis of tumor samples further revealed that free 
DOX + oHA and iRGD-DOX-PLN treatments were inef-
fective in modulating EMT and MMP-9 maturation (Fig. 
6C and D). DOX-oHA-PLN treatment increased E-cad-
herin by 28%, decreased N-cadherin and MMP-9 by 27% 
and 33%, respectively compared to saline. The iRGD-
DOX-oHA-PLN treatment significantly impeded the 
EMT, with a more pronounced effect on these markers, 
increasing E-cadherin by 62%, decreasing N-cadherin and 
MMP-9 levels by 72% and 54%, respectively. IHC analysis 
of tissue sections revealed consistent findings regarding 
the modulation of E-cadherin and N-cadherin (Fig. 6E). 
The EMT inhibition may arise from regulating tumor 
cells by suppressing the CD44-HA downstream signal-
ling pathways, such as TGF-β, PI3K/Akt, and MAPK/
ERK signaling pathways [57, 58]. Remarkably, evalua-
tion of vimentin, a marker indicative of mesenchymal 
cancer cells and fibroblasts, demonstrated a substantial 
(46%) reduction following iRGD-DOX-oHA-PLN treat-
ment (Fig. 6F), furtherly demonstrating the dual effect of 
iRGD-DOX-oHA-PLN on inhibiting EMT and reducing 
CAFs. These findings highlight the superior tumor accu-
mulation of the iRGD-DOX-oHA-PLN formulation and 
demonstrate its efficacy on suppressing tumor invasion 
by inhibiting EMT and reducing MMP-9, suggesting its 
potential to mitigate cancer metastasis.

Conclusion and discussion
In this study, we developed a multitargeted nanoparticle 
(iRGD-DOX-oHA-PLN) designed to simultaneously dis-
rupt tumor cells and CAFs, two key drivers of TNBC pro-
gression. While CAF enrichment and collagen deposition 
are known features of TNBC, our data further establish 
their clinical relevance by linking elevated CAF and CAF-
associated type I collagen with poor patient outcomes, 
reinforcing CAFs as a critical therapeutic target.

Mechanistically, the therapeutic effect of iRGD-DOX-
oHA-PLN arises from a coordinated three-level inter-
vention: enhanced delivery, stromal-tumor signaling 
disruption, and ECM remodeling. First, iRGD function-
alization enables preferential uptake in CAFs through 
integrin αvβ3/β5 overexpression, resulting in higher 
intracellular delivery of DOX and oHA compared to nor-
mal fibroblasts. This selective targeting is essential, as 
CAFs are otherwise difficult to eliminate and contribute 
disproportionately to tumor progression.

Second, at the signaling level, oHA blocks CD44-HA 
interactions, leading to suppression of downstream 
CXCL12/CXCR4 and TGF-β pathways. These pathways 
form a bidirectional signaling loop between CAFs and 
TNBC cells that amplifies tumor invasion, metastasis, 
and immune evasion [31, 59]. By disrupting this loop, 
iRGD-DOX-oHA-PLN attenuates CAF-tumor crosstalk 
at its source [39, 40, 60]. Importantly, this effect extends 
beyond direct cytotoxicity: inhibition of CXCL12/
CXCR4 and TGF-β reduces recruitment and polarization 
of immunosuppressive cells (e.g., M2 tumor-associated 
macrophage, myeloid-derived suppressor cells and regu-
latory T cells) while restoring dendritic cell and cytotoxic 
T cell activity, thereby shifting the tumor microenviron-
ment toward an anti-tumor immune state [26, 61–64].

Third, at the structural level, iRGD-DOX-oHA-PLN 
remodels the ECM by reducing collagen production and 
altering fiber organization. The decrease in collagen den-
sity, together with the transition from radially aligned to 
tumor-encapsulating collagen fibers, suggests reduced 
ECM stiffness and impaired invasion pathways. Given 
that ECM stiffness is a key regulator of EMT, this remod-
eling provides a mechanistic link to the observed increase 
in E-cadherin and decrease in N-cadherin and MMP-9 
expression [65, 66]. Thus, ECM normalization represents 
a critical downstream consequence of CAF inhibition 
and contributes to reduced metastatic potential.

The novelty of this study lies in integrating these mech-
anisms into a single platform that simultaneously targets 
CAFs, tumor cells, and the ECM-immune axis. While 
previous approaches have focused on either CAF deple-
tion, CD44 inhibition, or nanoparticle-mediated drug 

(See figure on previous page.)
Fig. 6  iRGD-DOX-oHA-PLN suppresses EMT and reduces MMP-9 expression. (A) Western blot of E-cadherin, N-cadherin, MMP-9, and β-actin in 4T1-luc 
cells or a3T3 cells following treatment with saline, iRGD-SLN, free oHA, oHA-PLN, and iRGD-oHA-PLN at an equivalent oHA concentration of 10 µg/mL 
for 24 h. Pro-MMP-9 represents the parent (inactive) form of MMP-9; m-MMP-9 represents the mature (active) MMP-9 isoform. (B) Confocal imaging of 
E-cadherin, N-cadherin, and MMP-9 expression in 4T1-luc cells following treatment with saline, free oHA, oHA-PLN or iRGD-oHA-PLN at an equivalent 
oHA concentration of 10 µg/mL for 24 h. Scale bar = 50 μm. (C) Western blot of E-cadherin, N-cadherin, MMP-9, and β-actin in mouse tumors. Mice with 
orthotopic 4T1-luc tumors were treated with saline, free DOX-oHA, DOX-oHA-PLN, iRGD-DOX-PLN, and iRGD-DOX-oHA-PLN at the dose of DOX = 10 mg/
kg. Tumors were harvested, homogenized, and analyzed 3 days after treatments. (D) Fold changes of E-cadherin, N-cadherin, and MMP-9 expression in 
mouse tumors. Protein expression levels were normalized to β-actin. n = 3. (E) Representative images of immunohistochemical staining of E-cadherin, N-
cadherin, and vimentin in tumor sections. Mice with 4T1 orthotopic breast tumors were treated with saline and iRGD-DOX-oHA-PLN ([DOX] = 10 mg/kg) 
for 3 days before tumor resection. Scale bar = 100 μm. (F) Percentages of moderate (++) and strong (+++) E-cadherin-positive cells, moderate (++) and 
strong (+++) N-cadherin-positive cells, and all vimentin-positive cells. n = 3 mice for each treatment. n = 3 sections for each mouse. Data are presented as 
mean ± SD. *p < 0.05. **p < 0.01
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delivery alone, our system uniquely combines: (i) iRGD-
mediated CAF-selective delivery, (ii) oHA-driven block-
ade of CD44-dependent stromal-tumor signaling, and 
(iii) concurrent chemotherapeutic and TME-modulat-
ing effects. This multi-layered strategy enables not only 
direct tumor cell killing but also reprogramming of the 
tumor microenvironment, addressing key limitations of 
conventional therapies that fail to overcome stromal bar-
riers and immunosuppression.

Collectively, our findings support a model in which 
iRGD-DOX-oHA-PLN suppresses TNBC progression by 
disrupting CAF-tumor feedback signaling, normalizing 
ECM architecture, and alleviating immunosuppression. 
This coordinated targeting of cellular, molecular, and bio-
physical components of the tumor microenvironment 
highlights a promising therapeutic paradigm for TNBC 
and other desmoplastic cancers.

Future direction
Based on our current findings about TME regulation by 
iRGD-DOX-oHA-PLN, primarily CAFs and collagen, 
future studies should focus on further elucidating the 
mechanisms underlying TME remodeling and enhanc-
ing the translational potential of iRGD-DOX-oHA-PLN. 
Given the observed reduction in collagen deposition and 
reorganization of ECM architecture, quantitative assess-
ment of tumor stiffness and its correlation with drug 
penetration and metastatic suppression would provide 
valuable mechanistic insight. Additionally, the hetero-
geneity of CAF populations should be explored to iden-
tify which subsets are most responsive to treatment. 
From a therapeutic perspective, combining iRGD-DOX-
oHA-PLN with immune checkpoint blockade or other 
pathway-specific inhibitors, such as CXCR4 or TGF-β 
antagonists, may further enhance anti-tumor efficacy by 
overcoming residual immunosuppression. Furthermore, 
systematic evaluation of pharmacokinetics, biosafety, 
and large-scale formulation feasibility will be essential to 
facilitate clinical translation, while the modular design 
of this nanoparticle system also offers opportunities for 
adaptation to other stromal-rich malignancies.
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