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A B S T R A C T

The high mortality rate associated with metastatic breast cancer presents a significant global challenge. Inherent 
and chemotherapy-induced DNA damage repair, alongside immunosuppression, drastically contribute to triple- 
negative breast cancer (TNBC) relapse and metastasis. While poly (ADP-ribose) polymerase (PARP) inhibitors 
such as olaparib show effectiveness against BRCA1-mutant TNBC, they may lead to drug resistance and reduced 
efficacy due to increased programmed death-ligand 1 (PD-L1) expression. Our study explored the use of polymer- 
lipid nanoparticles (PLN) loaded with doxorubicin (DOX) and oligomeric hyaluronic acid (oHA), functionalized 
iRGD-peptide for integrins targeting (iRGD-DOX-oHA-PLN), to prevent TNBC immunosuppression, DNA repair, 
and metastasis. The results demonstrate that the iRGD-DOX-oHA-PLNs efficiently downregulated single and 
double-strand DNA repair proteins and enhanced DNA damage while decreasing PD-L1 expression compared to 
olaparib. Accordingly, iRGD-DOX-oHA-PLN treatment showed significantly higher efficiency in reducing levels 
of primary tumor growth and numbers of metastases to the lung and liver compared to olaparib in vitro and in 
vivo in both BRCA1-mutant and wild type TNBC orthotopic xenograft models.

1. Introduction

Among the various breast cancer subtypes, triple-negative breast 
cancer (TNBC) is distinguished by a markedly worse prognosis, reduced 
duration of progression-free survival, higher rate of metastatic recur
rence, and high mortality rate [1,2]. TNBC, representing 15–20 % of all 
breast cancer diagnoses, is molecularly defined by its absence of estro
gen receptor (ER), progesterone receptor (PR), and human epidermal 
growth factor receptor 2 (HER2) markers [3]. These features make 
TNBC carcinomas non-responsive to the available traditional hormonal 
and targeted breast cancer therapies [4]. Therefore, conventional 
chemotherapy after surgery is the standard of care for TNBC treatment. 
Despite the initial response to taxanes or the anthracycline doxorubicin 
(DOX), recurrence and metastases dramatically decrease the five-year 
overall survival rate to as low as ~11 % [5]. Patients with metastatic 
TNBC who are programmed death-ligand 1 (PD-L1)-positive are quali
fied to be treated with atezolizumab plus nab-paclitaxel combination 

[6].
Several interrelated challenges, including reduced drug accumula

tion and penetration, inadequate cellular uptake, and prolonged drug 
release timelines, often compromise the effectiveness of treatments to 
prevent metastasis [7–9]. These factors collectively lead to insufficient 
drug concentrations at the target metastatic locations [7]. Additionally, 
therapeutic strategies focused on a singular carcinogenic or metastatic 
pathway only deliver a subtherapeutic dose that may unintentionally 
accelerate the development of tumor resistance and further the meta
static spread [10]. In this milieu, the nanosized drug delivery systems 
designed for tumor-specific targeting and facilitation of controlled drug 
release emerge as pivotal innovations against drug resistance and 
chemotherapy failure due to the lack of definite targeting of cancer cells 
or their metastatic pathways, especially those involved in DNA repair or 
immunosuppression [9,11–13].

Mutations in the breast cancer susceptibility genes BRCA1 and 
BRCA2 are significantly more prevalent in patients diagnosed with 
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triple-negative breast cancer (TNBC) [14]. Specifically, ~ 70 % of in
dividuals with TNBC exhibit BRCA1 mutations, while approximately 
~23 % show mutations in BRCA2 [15]. The poly(ADP-ribose) poly
merase (PARP) inhibitors have demonstrated efficacy in tumors exhib
iting compromised DNA repair capabilities, notably those harboring 
BRCA1/2 mutations [16–18]. Nonetheless, despite the initial efficacy, 
resistance to PARP inhibitors has been observed in approximately 40 % 
of patients [19], possibly, due to reactivation of the homologous 
recombination (HR) double-strand break (DSB) DNA repair pathway 
through either BRCA1/2 reversion mutations or overexpression of 
RAD51 recombinase, as well as the increased activity of drug efflux 
pumps [20–22]. Administration of the PARP inhibitor olaparib has also 
been found to elevate the expression of the immune checkpoint protein, 
PD-L1, to foster an immunosuppressive tumor microenvironment and 
diminish drug effectiveness [23]. Recent approaches have proposed 
combining PARP inhibitors with immune checkpoint inhibitors (ICIs) or 
phosphoinositide-3-kinase (PI3K) inhibitors to combat the cancer 
resistance to PARP inhibitors [24,25]. Nonetheless, such ICIs have high 
costs, side effects, and drug resistance and might have limited efficacy in 

BRCA mutant and non-mutant TNBC [22,26–28].
The tumor microenvironment enriched with high molecular weight 

hyaluronic acid (HA), overexpression of the receptors-cluster of differ
entiation 44 (CD44) and receptor for hyaluronan-mediated motility 
(RHAMM), plays a crucial role in promoting metastasis in aggressive 
cancers such as TNBC, likely through the activation of PI3K/AKT and 
MAPK/ERK signaling pathways [29–32]. These metastasis pathways 
exhibit a well-characterized influence over tumor cell growth, cancer 
immunity, and DNA repair proteins expression [33]. As such, significant 
interest has also been generated in the potential for combinatorial 
therapy of PARP inhibitors with PI3K or MAPK inhibitors [33–36], as 
these pathways can regulate PD-L1 expression in cancer cells [37,38]. In 
addition, the HA polymer has been extensively studied as a targeting 
moiety for CD44 when included in nanoparticle (NP) formulations but 
rarely as a bioactive drug involved in cell signaling [39–41]. In contrast, 
the oligomer hyaluronic acid (oHA) has been shown to sensitize breast 
cancer to chemotherapy by reducing resistance proteins (BCRP) and P- 
glycoprotein (P-gp) [42–45]. In this regard, DOX has been shown to 
reduce PD-L1 expression levels in a TNBC cell model, likely mediated by 

Fig. 1. Scheme of the combinational therapy proposed mechanism. (A) Self-assembly of iRGD-DOX-oHA-PLN by microemulsion technology. (B) A diagram of the 
intravenously (i.v.) injected formulation to work against the forces of treatment failure and tumor metastasis. (C) The proposed mechanism of iRGD-DOX-oHA-PLN 
outlines potential functions derived from the signal-regulating properties of oHA and the cytotoxicity of DOX. oHA inhibits CD44 and RHAMM signaling, thereby 
altering PI3K/AKT and MAPK/ERK pathways and impairing DNA damage repair by reducing critical repair proteins such as BRCA1, RAD50, RAD51, and PARP1. As a 
result, the efficacy of DOX in inducing DNA damage could be amplified, as evidenced by increased γH2AX levels. The PD-L1 expression level might be downregulated 
due to the combined effects of both DOX and oHA.
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tristetraprolin [46,47]. Thus, the dual application of oHA and DOX may 
present a compelling strategy for TNBC treatment by alleviating che
moresistance and inhibiting immunosuppression.

Our previous work has demonstrated that oHA alone can attenuate 
phosphorylated ERK1/2 signaling and, when combined with DOX, 
exerted antitumor and anti-metastasis effects in a xenogeneic TNBC 
mouse model [48], which is attributable to its effect on reducing cancer 
cell adhesion, migration, and proliferation through the antagonistic 
impact of oHA on the HA receptors [48]. In this study, we investigate the 
synergistic combination of DOX and oHA co-delivered by polymer-lipid 
nanoparticles (PLN) on 1) DNA damage and repair response, 2) PD-L1 
expression, and 3) tumor growth and metastasis for both BRCA1- 
mutant and wild type TNBC mouse models as compared to olaparib 
treatment, a standard adjuvant therapy for BRCA-mutated TNBC and 
other solid tumors. To preferentially target TNBC cells and tumor 
vasculature through their overexpressed αvβ3 and αvβ5 integrins, the 
iRGD (CRGDK/RGPD/EC)-peptide [49–51] was grafted onto the surface 
of the NP that are co-loaded with DOX and oHA and referred to as iRGD- 
DOX-oHA-PLN (Fig. 1, A and B). The efficacy of iRGD-DOX-oHA-PLN in 
the simultaneous treatment of primary breast tumors and the prevention 
of spontaneous metastasis was assessed using a murine spontaneous 
metastasis model of TNBC that closely replicates the clinical manifes
tation of the disease [52]. The integrin-targeted delivery of both agents 
significantly improves the nanoformulations accumulation and pene
tration, facilitating greater tumoral drug accessibility and concentration 
at the molecular target. The oHA delivered to the tumors enhanced the 
sensitivity of tumors to DOX toxicity and demonstrated a synergistic 
cytotoxic effect that significantly inhibited the growth of primary breast 
tumors by promoting cancer cell apoptosis likely through the expression 
reduction in PD-L1, RHAMM, single and double DNA strand repair 
proteins (PARP1, RAD51, RAD50, and BRCA1), and the increased DNA 
double-strand breaks, showcasing superior efficacy compared to ola
parib. The anti-tumor and anti-metastatic capabilities of iRGD-DOX- 
oHA-PLN were extensively investigated in both BRCA mutant and wild 
tumor models, demonstrating its overwhelming impact in vitro and in 
vivo.

2. Materials and methods

2.1. Materials

Unless otherwise mentioned, all chemicals were purchased from 
Sigma-Aldrich Canada (Oakville, ON, Canada). The oHA was purchased 
from Bloomage Biochem Co., Ltd. (Shandong, China). Cyclic peptide 
iRGD [c(CRGDRGPDC)] was purchased from LifeTein (Somerset, NJ, 
USA). DOX HCl and olaparib were purchased from MedChemExpress 
(Monmouth Junction, NJ, USA). The MDA-MB-231-luc-D3H2LN cell 
line was purchased from Caliper Life Sciences (Hopkinton, MA, USA). 
MDA-MB-436 and MCF10A were purchased from Cedarlane (Burling
ton, ON, Canada). The suppliers confirmed that all cell lines were 
pathogen-free by using polymerase chain reaction (PCR) techniques. 
The anti-poly(ADP-ribose) (anti-PAR) (79109S) antibody and anti- 
RHAMM antibody (sc-515,221) were purchased from Santa Cruz (Tor
onto, ON, Canada), and the following antibodies: anti-β-actin (ab8226), 
anti-H2AX (ab26350), anti-PARP1 (ab32138), anti-RAD51 (ab133534), 
anti-RAD50 (ab89), anti-PD-L1 (ab205921), anti-BRCA1 (ab16780) 
were purchased from Abcam (Mississauga, ON, Canada).

2.2. Preparation and characterization of nanoparticles

DOX and oHA co-loaded polymer lipid nanoparticles (DOX-oHA- 
PLN) were prepared using a self-assembly method [53,54]. Briefly, to a 
lipid-polymer mixture of 25 mg of ethyl arachidate, 2 mg of Myrj52 
(PEG40SA), and 1 mg Myrj59 (PEG100SA), which is preheated to 60 ◦C, 
oHA (100 μL, 100 mg mL− 1), DOX (250 μL, 10 mg mL− 1), and Pluronic® 
F-68 (PF 68, 50 μL, 100 mg mL− 1) in distilled deionized (DDI) water 

were added and stirred for 20 min. The suspension was emulsified at 
60 ◦C at 100 % peak power for 5 min using a Hielscher UP 100H probe 
ultrasonicator (Ringwood, NJ, USA), followed by a quick emulsion 
transfer into 2.1 mL of saline or 5 % dextrose being stirred on ice to 
generate DOX-oHA-PLN. For in vivo injections, saline was used to pre
pare the formulations, whereas phosphate-buffered saline (PBS) was 
used for in vitro treatments.

To synthesize iRGD-conjugated DOX-oHA-PLN (iRGD-DOX-oHA- 
PLN), Myrj59-iRGD, synthesized and characterized as previously 
described [54,55], was used instead of unconjugated Myrj59 followed 
by the same NP preparation process. Nanoparticles without DOX, or 
both DOX and oHA (oHA-PLN, iRGD-oHA-PLN, or iRGD-PLN) were 
prepared by the same method without the DOX solution or oHA solution. 
The size and zeta potential of the particles were determined using a 
Malvern Zetasizer Nano ZS (Worcestershire, UK). For the synthesis of 
NPs without oHA (DOX-PLN, iRGD-DOX-PLN), a hydrolyzed epoxidized 
soybean oil polymer (HPESO) [56] was used to complex with DOX in 
place of oHA. For fluorescent detection, iRGD-oHA-PLN and oHA-PLN 
nanoparticles were conjugated with cyanin 5 (Cy5) linked to oHA. 
This modification facilitated the visualization of iRGD-NPs when bound 
to αvβ3-integrin, which was coated onto the wells of a 96-well plate.

2.3. Maintenance of cell culture

Human MDA-MB-231-luc-D3H2LN cells were cultured in α-modified 
minimal essential medium (α-MEM) supplemented with 10 % fetal 
bovine serum (FBS) and maintained at 37 ◦C in a humidified incubator 
with a 5 % CO2 atmosphere. This culture environment was facilitated 
using cell culture flasks supplied by Corning (Corning, New York, U.S. 
A.), and the growth medium were procured from Gibco-Life Technolo
gies (Burlington, ON, Canada) for α-MEM and Invitrogen Inc. (Burling
ton, ON, Canada) for FBS.

MDA-MB-436 cells were cultivated in Dulbeccos Modified Eagles 
Medium (DMEM) enriched with sodium pyruvate and 10 % FBS. These 
cells were also incubated at 37 ◦C in a humidified atmosphere containing 
5 % CO2, with the medium components sourced from Wisent Inc. (ST- 
BRUNO, Quebec, Canada).

MCF10A cells, obtained from the ATCC, were grown under similar 
conditions at 37 ◦C and 5 % CO2. The culture medium for these cells was 
the Mammary Epithelial Cell Growth Medium BulletKit™ from Lonza 
(MEGM, CC-3150, Mississauga, Canada), specifically designed for 
mammary epithelial cell growth. This medium was supplemented with 
cholera toxin (100 ng mL− 1) from Cayman (Ann Arbor, MI, USA), human 
epidermal growth factor (h-EGF-β), recombinant human insulin, hy
drocortisone, bovine pituitary extract (BPE), and 5 % heat-inactivated 
horse serum, with the latter components sourced from Gibco.

2.4. Animal models

The implementation of tumor inoculation, treatment protocols, and 
euthanasia procedures were conducted in strict accordance with the 
ethical standards and legal mandates outlined by the Ontario Animals 
for Research Act and the guidelines of the Federal Canadian Council on 
Animal Care. These protocols received approval from the University 
Health Network (UHN) Animal Care Committee under the Animal Use 
Protocol number 4333.10, UHN, Toronto, ON, Canada.

In the establishment of a spontaneous metastasis model for triple- 
negative breast cancer, 1 × 106 bioluminescent luciferase-expressing 
MDA-MB-231-D3H2LN human breast cancer cells were orthotopically 
implanted into the right inguinal mammary fat pad of 7-week-old female 
NRG mice. These mice were acquired from the UHN Animal Resource 
Centre (ARC), with the specific strain being (NOD.Cg-Rag1tm1Mom 
Il2rgtm1Wjl/SzJ Stock number 007799) (Ontario Cancer Institute, 
Toronto, ON, Canada). For the development of the MDA-MB-436 
orthotopic breast cancer model, the same breed of NRG mice was 
used, into which cells were inoculated at a concentration of 3.5 × 106, 
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following identical ethical and procedural guidelines to ensure consis
tency and reliability in the experimental outcomes.

2.5. In vitro viability and synergy studies

The MDA-MB-436 cells were seeded at a density of 10,000 cells per 
well in 200 μL of DMEM growth medium using 96-well plate (R and D 
Systems, Minneapolis, MN, USA) and allowed to culture overnight. To 
identify the optimal oHA to DOX mass ratio for treatment, the cells were 
exposed to a fixed DOX concentration (0.1 μg mL− 1) in combination 
with oHA at predetermined oHA:DOX mass ratios of 1:1, 2:1, 4:1, 6:1, 
8:1, and 10:1 and incubated for a 24-h period. Cell viability was deter
mined using a SpectraMax M2 microplate reader with the 3-(4,5-dime
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (San 
Jose, CA, USA) at 540 nm. The mass ratio was then fixed at 1:4 in the 
formulations containing DOX and oHA combinations for subsequent in 
vitro and in vivo studies.

The MTT assay was also used to evaluate the synergism of DOX and 
oHA and the cytotoxicity of iRGD-DOX-oHA-PLN. MDA-MB 231-luc- 
D3H2LN or MDA-MB-436 cells were plated at a density of 10,000 cells 
per well in 200 μL of growth medium in 96-well plates overnight. The 
cells were then treated for 24 h with the free solution or nanoparticle 
formulation of DOX, oHA, or DOX/oHA combinations with a range of 
[DOX] of 0.01–50 μg mL− 1 or [oHA] of 0.04–200 μg mL− 1. After being 
washed three times with PBS, the cells were incubated in a growth 
medium with the MTT solution for 4 h. The viability was determined 
using a SpectraMax M2 microplate reader. The median effect analysis 
was performed to generate the median effect plot and CI based on the 
cytotoxicity curves of DOX and oHA alone or in combination, free or 
encapsulated as previously described [48,57,58]. CI values of 1, equal to 
1, and greater than 1 indicate synergism, additive effect, and antago
nistic impact, respectively.

In addition, cells were seeded in 24-well plates and treated with free 
DOX, iRGD-DOX-PLN, and iRGD-DOX-oHA-PLN at low DOX concen
trations of 0.01 or 0.1 μg mL− 1 over 72 h and stained with crystal violet.

The viability of MCF10A cells was assessed after being treated with 
oHA-PLN, DOX-PLN, DOX-oHA-PLN, and iRGD-DOX-oHA-PLN evalu
ated by MTT. To analyze the effectiveness of each treatment, the 
viability data were subjected to nonlinear regression analysis utilizing 
the “Dose-response curves - Inhibition” model with the equation “[In
hibitor] vs. response”. This approach was employed within GraphPad 
software to fit the viability data and calculate the half-maximal inhibi
tory concentration (IC50) for each treatment condition.

2.6. Drug cellular uptake studies and drug resistance protein

To establish cellular drug uptake profiles, cells were plated onto 96- 
well plates at a density of approximately 10,000 cells/well at 37 ◦C. 
When cells reached 80 % confluency, free DOX/oHA, DOX-oHA-PLN or 
iRGD-DOX-oHA PLN suspensions were added to each well to evaluate 
cellular drug accumulation. All treatments were fixed to 15 mg mL− 1 

DOX concentration. At predetermined time intervals (0− 2h), the su
pernatant was removed, and cells were washed with ice-cold PBS (pH 
7.6) and lysed with PBS containing 0.5 % Triton X-100. DOX concen
trations in the cell lysates were transferred to a 96 black-well plate to be 
measured with SpectraMax Gemini XS microplate fluorometer (Molec
ular Devices, Sunnyvale, CA) at an excitation wavelength of ex 480 nm 
and an emission wavelength of em 590 nm. A standard curve with 
known concentrations of DOX was used to evaluate its presence in the 
cell lysate. Cellular DOX uptake is expressed as a concentration of mi
cromoles per milligram of protein for each cell line. Protein concentra
tions of the cell lysates were determined by the bicinchoninic acid assay 
(BCA) colorimetric assay (Thermo Scientific, Waltham, MA, USA), and 
bovine serum albumin from the assay kit was used for the protein 
standard curve determination. In vitro DOX uptake was also evaluated in 
different DOX formulations in MDA-MB-231-luc-D3H2LN and MDA-MB- 

436 cells with confocal fluorescence laser microscopy for internalized 
free drugs and nanoparticles in one hour of treatment after cells were 
plated onto confocal dish at densities of approximately 200,000 cells.

To evaluate the P-gp drug efflux expression with Western blot, MDA- 
MB-231-luc-D3H2LN cells were cultured in flasks until reaching ~80 % 
confluency. Cells were treated with saline, free DOX, iRGD-DOX-PLN, 
and iRGD-DOX-oHA-PLN ([DOX] = 3.5 μg mL− 1) for 24 h. Protein 
expression of P-gp was evaluated by Western blot. Image Lab software 
quantified the Relative P-gp expression level and normalized to β-actin 
expression.

To evaluate the P-gp drug efflux expression with confocal fluores
cence laser microscopy, MDA-MB-231-luc-D3H2LN cells were seeded in 
confocal dishes at 2.5 × 105 cells per well overnight for attachment. 
Cells were treated with saline, free DOX, iRGD-DOX-PLN, and iRGD- 
DOX-oHA-PLN ([DOX] = 3.5 μg mL− 1) for 6 h. Cells were then fixed 
with 4 % paraformaldehyde (pH 7.4), permeated with 0.1 % Triton X, 
and stained with Hoechst 33342 before being observed using a confocal 
microscope.

2.7. Western blotting for measuring DNA damage and repair biomarkers

MDA-MB-231-luc-D3H2LN or MDA-MB-436 cells were cultured in 
until they reached ~80 % confluency. After cells were treated for 4 h or 
24 h, cell extracts were obtained using Radioimmunoprecipitation assay 
buffer (RIPA buffer) lysis buffer supplemented with protease and 
phosphatase inhibitors (Thermo Scientific, Waltham, MA, USA). The 
extracted protein amounts were determined by the Pierce™ B.C.A. 
Protein Assay Kit (Thermo Scientific), and protein samples were heated 
at ~95 ◦C for ~5 min before being separated by electrophoresis in 
gradient polyacrylamide gels (4–12 %) and transferred to poly
vinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA). 
Following 1 h blocking with 5 % bovine serum albumin (BSA), the PVDF 
membranes were incubated with the primary antibody of interest or 
anti-β-actin antibody (Abcam, Mississauga, ON, Canada) at 4 ◦C over
night. Following washing, the membranes were incubated for 1 h with 
secondary antibodies before reacting with a luminol-based enhanced 
chemiluminescence horseradish peroxidase substrate. The images were 
captured by ChemiDoc™ MP Imaging System and analyzed by Image 
Lab Software (Bio-Rad, Hercules, CA, USA). The band intensities of the 
protein bands of interest were normalized to the β-actin band intensity, 
represented as a ratio from the treated groups, and compared to saline- 
treated groups.

2.8. iRGD-DOX-oHA-PLN versus olaparib in vitro

MDA-MB-231-luc-D3H2LN or MDA-MB-436 cells were treated with 
saline, 10 μM olaparib, Free-DOX or iRGD-DOX-oHA-PLN (2 mg/L of 
DOX) and stained with anti-PAR1 antibody to measure the PARP-1 
enzymatic activity. Western blotting was performed after the MDA- 
MB-231 or MDA-MB-436 cells were treated with olaparib (10 μM) or 
iRGD-DOX-oHA-PLN (2 mg/L of DOX) and incubated for 24 h using anti- 
PD-L1 antibody and anti-β actin antibody. In another experiment, PD-L1 
staining was evaluated using a confocal laser microscope with the same 
treatment groups: saline, 10 μM olaparib, or 2 mg/L of iRGD-DOX-oHA 
PLN for 24 h and stained with anti-PD-L1.

2.9. Immunohistochemical staining of primary tumors

Treatment commenced three weeks following the inoculation of 
cancer cells, once the tumors had attained a volume of 200 mm3. The 
breast tumor-bearing mice were i.v. injected through the tail vein with 
the following treatments: saline, free DOX, free DOX-oHA, iRGD-DOX- 
PLN or iRGD-DOX-oHA-PLN with 10 mg kg− 1 DOX dose and its equiv
alence of 1:4 when oHA was included. The primary breast tumors were 
resected 24 h after treatment and fixed with 10 % buffered formalin. 
Breast tumors were sectioned and stained with human anti-RHAMM, 
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anti-RAD51, anti-BRCA1 and anti-γH2AX antibodies. The tissue 
sectioning and staining were performed at the CFIBCR Histology/Mi
croscope Core Unit, Toronto, ON, Canada.

2.10. In vivo efficacy and lung metastasis studies

When breast tumors reached ~150 mm3 at ~2 weeks after tumor cell 
injection, the breast tumor-bearing mice were treated by i.v. injection of 
the following preparations: Group 1 received saline; Group 2 received 
two doses of iRGD-DOX-oHA-PLN (10 mg kg− 1 DOX) on day 0 and day 
14; and Group 3 received olaparib administered intraperitoneally (i.p.) 
at a concentration of 50 mg kg− 1 with five i.p. injections per week 
(Monday through Friday) over four weeks. The breast tumor size was 
monitored weekly using calipers, and the following equation: tumor 
size = (width2 × length)/2 was used to evaluate tumor volume.

The spontaneous metastases to the lungs and lymph nodes were 
monitored weekly by detecting the tumor bioluminescence using a 
Xenogen imager (Caliper Life Sciences, Hopkinton, MA, USA) 10 min 
after D-luciferin i.p. injections (15 mg kg− 1). At week 4, distal metas
tases were examined by resecting major organs for bioluminescence 
imaging. Lungs, livers and major organs immediately fixed in 10 % 
buffered formalin and coronally sectioned and stained with hematoxylin 
and eosin (H and E) (The Campbell Family Institute for Breast Cancer 
Research, Ontario Cancer Institute, University Health Network). The 
metastasis area index quantified the dark purple metastatic nodules in 
the H and E-stained lungs and livers, and metastasis was calculated as 
the ratio of metastasis area to the total lung or liver area. For staining 
quantification, the areas were analyzed using HALO™ Image analysis 
software (PerkinElmer, Waltham, MA, USA).

2.11. Statistical analysis

All quantitative data are presented as mean ± standard deviation 
(SD). Students t-test or one-way analysis of variance (ANOVA) followed 
by Tukeys posthoc test was utilized to determine statistical significance 
between two or more groups, respectively. All statistical tests were done 
in GraphPad Prism Software (Chicago, IL, USA). P values <0.05 were 
considered significant.

3. Results

3.1. The iRGD-DOX-oHA-PLN formulation properties

Nanoparticles were synthesized by ultrasonication of micro
emulsions in the presence of Pluronic F-68 (PF-68), a non-ionic surfac
tant, as shown in Fig. 1A. The NPs were measured by dynamic light 
scattering demonstrating a well-ordered size distribution of ~190–200 
nm for both iRGD-oHA-PLN and iRGD-DOX-oHA-PLN (Fig. S1A). iRGD- 
functionalized nanoparticles were then examined for their ability to 
bind to recombinant integrin receptors in an in vitro binding assay. As 
shown in Fig. S1B, substantially higher cyanine-5 (Cy5) fluorescence 
was observed in wells treated with iRGD NPs than in those without the 
iRGD peptide. A fixed drug-to-polymer mass ratio of 1/4 (DOX/oHA μg 
mL− 1) was chosen, which provided the greatest drug combination 
cytotoxicity against MDA-MB-436 TNBC cells (Fig. S1C). The size, 
polydispersity index (PDI) and zeta-potential of various PLN formula
tions prepared and evaluated for this work is summarized in Fig. S1D.

3.2. The iRGD-DOX-oHA-PLN demonstrated synergy and selectivity for 
TNBC

The potentiation of DOX activity by oHA was investigated in MDA- 
MB-231-luc-D3H2LN (BRCA1-wildtype) and MDA-MB-436 (BRAC1- 
mutant) cells following treatments with oHA-PLN, DOX-PLN, or DOX- 
oHA-PLN or equivalent concentration of the free drug. Dose-response 
curves demonstrated higher cytotoxicity of DOX-oHA-PLN compared 

to free DOX in both cell lines, corresponding to a ~ 5- and 11-fold 
decrease of the IC50 in MDA-MB-231-luc-D3H2LN and MDA-MB-436, 
respectively (Fig. 2, Fig. S2, Table S1). The median effect plot and 
combination index (CI) analysis were calculated based on the dose- 
response curves of the tested formulations. The results demonstrated a 
potentiating effect of DOX in combination with oHA when encapsulated 
in nanoparticles, with a CI below 1 for fractions of affected cells for both 
cell lines (Fig. 2, A and B bottom panels, and Fig. S2 for free drugs). In 
addition, iRGD-DOX-oHA-PLN demonstrated prominent growth inhibi
tion for both cell lines following 48 h treatment compared to free DOX or 
iRGD-DOX-PLN (Fig. S3). This was compared to treatment with olaparib 
for 24 h in MDA-MB-436 (BRCA-mutant) contrasted with MDA-MB-231- 
luc-D3H2LN (BRCA1-wild type), as shown in Fig. 2C demonstrating the 
relative enhancement of cellular cytotoxicity of iRGD-DOX-oHA-PLN.

The MCF10A human mammary epithelial cell line is widely utilized 
as an in vitro model for investigating the functions of non-cancerous 
breast cells and their transformation processes [59]. Treatment of 
MCF10A cells with DOX-containing formulations resulted in similar 
IC50 values, with a marginal enhancement in toxicity observed for the 
iRGD-DOX-oHA-PLN formulation, as shown by the dose-response curves 
(Fig. 1D) and IC50 values summarized in Fig. 2E and Table S1. IC50 
values obtained for iRGD-DOX-oHA-PLN demonstrate that non- 
tumorigenic MCF10A cells exhibit IC50 values ~6- and ~ 11-fold 
higher than those observed for the MDA-MB-231-luc-D3H2LN and MDA- 
MB-436 TNBC cell lines, respectively. These data suggested a preferen
tial selectivity of iRGD-DOX-oHA-PLN towards TNBC cell lines (Fig. 2E). 
This selectivity might be due to the poor expression of HA receptors and 
αvβ3 integrins in the MCF10A [60,61] to be targeted by the iRGD-DOX- 
oHA-PLN.

3.3. The iRGD-functionalized PLN increased DOX intracellular uptake

To assess the cellular uptake of various formulations, confocal laser 
scanning microscopy (CLSM) was used to localize fluorescence signals 
from DOX and oHA-Cy5 in MDA-MB-231-luc-D3H2LN (Fig. S4A) and 
MDA-MB-436 cells (Fig. S4B), following a one-hour incubation period 
with free DOX-oHA, DOX-oHA-PLN, and iRGD-DOX-oHA-PLN formula
tions. Cells treated with iRGD-DOX-oHA-PLN exhibited enhanced up
take of DOX and oHA-Cy5 compared to cells subjected to other 
treatment modalities. The focal nuclear localization of DOX in these cells 
suggests that DOX was successfully released from nanoparticles into the 
cytoplasm for ultimate delivery to the nucleus. Spectrofluorometric 
analysis of the cellular uptake of various DOX formulations revealed that 
cells treated with iRGD-DOX-oHA-PLN demonstrated the highest level of 
DOX accumulation. This was followed by cells treated with DOX-oHA- 
PLN, with the lowest accumulation observed in cells treated with free 
DOX-oHA (Fig. S4, C and D).

For MDA-MB-231-luc-D3H2LN cells treated with iRGD-DOX-oHA- 
PLN for 24 h, there was also a notable reduction in the expression of 
P-gp compared to cells treated with iRGD-DOX-PLN and free DOX 
(Fig. S4E). Likewise, treatment of MDA-MB-231-luc-D3H2LN cells with 
iRGD-oHA-PLN resulted in a significant reduction in the expression of 
RHAMM compared to cells treated with other oHA formulations 
(Fig. S5).

3.4. The iRGD-DOX-oHA-PLN induced DNA damage and inhibited DNA 
repair in vitro

In both BRCA-wild type MDA-MB-231-luc-D3H2LN cells and BRCA- 
mutant MDA-MB-436 cell lines treatment with DOX significantly 
elevated DSBs, as indicated by increased expression of γH2AX, when 
compared to the effects observed with oHA treatment alone (Fig. 3). The 
co-delivery of oHA with DOX further amplified this effect, with γH2AX 
upregulation occurring in the following manner: iRGD-DOX-oHA-PLN 
exhibited the most substantial increase followed by DOX-oHA-PLN, 
then DOX-oHA, and finally DOX alone which demonstrated the lowest 
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level of enhancement. Administration of oHA mitigated DOX-induced 
upregulation of DNA repair proteins RAD50, RAD51, and PARP1. The 
most significant attenuation was observed in cells treated with iRGD- 
DOX-oHA-PLN, followed by those treated with DOX-oHA-PLN, and the 
least pronounced effect was seen in cells treated with free DOX-oHA 
(Fig. 3, A and B).

3.5. The iRGD-DOX-oHA-PLN reduced DNA break repair without 
increasing PD-L1 expression

Levels of RAD51 and γH2AX foci in MDA-MB-231-luc-D3H2LN cells 
were visualized using CLSM following treatment with different formu
lations of oHA alone, DOX alone, or a combination of both. oHA for
mulations demonstrated a reduction in RAD51 foci, with an 
approximately 8-fold decrease in the percentage area of stained foci in 
cells treated with iRGD-oHA-PLN compared to saline (Fig. 4A). Treat
ment with free DOX resulted in an induction of RAD51 expression. By 
contrast, iRGD-DOX-oHA-PLN treatment demonstrated a 5-fold decrease 
in RAD51 expression compared to free DOX. Similarly, there was a two- 

fold increase in γH2AX staining intensity following treatment with 
iRGD-DOX-oHA-PLN compared to free DOX, indicating significantly 
enhanced levels of DNA damage (Fig. 4A) consistent with results of 
Western analyses (Fig. 3, A and B). For comparison, MDA-MB-231-luc- 
D3H2LN and MDA-MB-436 cells underwent treatment with saline, ola
parib, free DOX, and iRGD-DOX-oHA-PLN and were analyzed by West
ern analysis for γH2AX, RAD50, RAD51, and PARP1. Contrary to the 
effects of free DOX, both olaparib and iRGD-DOX-oHA-PLN resulted in a 
decrease in PARP1. This outcome was also evidenced by the faint 
presence of poly-ADP ribose chain bands in the Western blots of both cell 
lines (Fig. S6, A and B). Notably, only iRGD-DOX-oHA-PLN treatment 
led to a robust reduction in RAD50 and RAD51 expression compared to 
the reductions observed with olaparib and free DOX treatments, as 
shown in Fig. 4B and C.

PARP1 inhibitors, such as olaparib, have been shown to elevate PD- 
L1 expression, contributing to an immunosuppressive TME [62]. 
Therefore, the impact of iRGD-DOX-oHA-PLN on PD-L1 protein 
expression was evaluated and compared to olaparib. Cells were treated 
with either iRGD-DOX-oHA-PLN or olaparib, followed by CLSM and 

Fig. 2. The potentiating effects of DOX and oHA in enhancing cellular cytotoxicity compared to olaparib in BRCA-wild type and BRCA-mutant cell lines. Dose- 
response curve of cell viability (IC50 values shown by dotted lines) of MDA-MB-231-luc-D3H2LN (A) and MDA-MB-436 (B) treated with oHA-PLN, DOX-PLN, or 
DOX-oHA-PLN (at a DOX/oHA mass ratio of 1:4) for 24 h (top plots). The middle plots are the median effect plots (Log[fa/(1-fa)]), and the bottom plots are 
combination index analyses. (C) Dose-response curves of MDA-MB-231-luc-D3H2LN and MDA-MB-436 cell lines treated with olaparib for 24 h. (D) Dose-response 
curve of the non-malignant breast epithelial MCF10A cells treated with oHA-PLN, DOX-PLN, DOX-oHA-PLN, and iRGD-DOX-oHA-PLN (at DOX:oHA ratio of 1:4) for 
24 h. (E) Fold change comparisons of IC50 values of MCF10A, MDA-MB-231-luc-D3H2LN, and MDA-MB-436 after nanoparticle treatment. Data are presented as 
mean ± SD (n = 3). *p < 0.05.
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immunoblotting to assess PD-L1 expression levels. These experimental 
approaches yielded similar outcomes, demonstrating that olaparib 
treatment induced PD-L1 expression, whereas iRGD-DOX-oHA-PLN 
treatment resulted in a notable reduction of PD-L1 expression. This 
was evidenced by diminished PD-L1 fluorescence staining in the CLSM 
images and faint bands in the Western blot images. (Fig. 4, D and E).

3.6. The iRGD-DOX-oHA-PLN enhanced DNA damage and suppressed 
DNA repair in vivo

Orthotopic human MDA-MB-231-luc-D3H2LN and MDA-MB-436 
breast cancer transplant models were utilized to examine nanoparticle 
effects on expression levels of RHAMM and DNA damage-related pro
teins in primary tumors collected 24 h post-treatment. Immunohisto
chemical (IHC) analysis revealed significant reductions in RHAMM 
expression in both MDA-MB-231-luc-D3H2LN and MDA-MB-436 breast 
tumor models in the order of iRGD-DOX-oHA-PLN (13.6 % and 6.8 %) <
DOX-oHA (28.48 % and 13.2 %) < iRGD-DOX-PLN (65.0 % and 39.5 %) 
< DOX (68.9 % and 50.2 %) < saline (80.7 % and 64.8 %) (Fig. 5). The 
decrease in RHAMM expression mediated by iRGD-DOX-oHA-PLN and 
iRGD-DOX-PLN treatments corresponded to an approximately 4.9-fold 
and 8.5-fold reduction respectively in MDA-MB-231-luc-D3H2LN and 

MDA-MB-436 tumors transplants. IHC analysis supported Western blot 
results, demonstrating decreased RAD51 expression in MDA-MB-231- 
luc-D3H2LN and MDA-MB-436 models treated with iRGD-DOX-oHA- 
PLN, with expression levels at 42.3 % and 21.2 % of saline controls, 
respectively. This represented a marked reduction compared to that 
induced by DOX alone, 134 % for MDA-MB-231-luc-D3H2LN and 156.4 
% for MDA-MB-436 tumors, respectively. (Fig. 5). In addition, expres
sion of γH2AX significantly increased following treatment with iRGD- 
DOX-oHA-PLN, with the percentage of positive cells rising from 
approximately 10 % in the DOX-treated groups to 37.7 % in MDA-MB- 
231-luc-D3H2LN tumors and 46.6 % in MDA-MB-436 tumors (Fig. 5). 
Notably, a significant reduction in BRCA1 staining was observed 
exclusively in MDA-MB-231-luc-D3H2LN tumors treated with oHA- 
containing formulations. The reduction was marked, with approxi
mately 25.2 % in the DOX-oHA group and about 6.8 % in the iRGD-DOX- 
oHA-PLN group, compared to ~36–40 % in the saline, DOX, and iRGD- 
DOX-PLN treated groups (Fig. 5A). In the BRCA1-mutant MDA-MB-436 
tumor model, BRCA1 expression underwent only slight changes as these 
cells lack BRCA1 (Fig. 5B).

Fig. 3. IRGD-DOX-oHA-PLN inhibited DNA repair and promoted DNA damage in both BRCA-wild type and BRCA-mutant cells. (A) Expression of γH2AX, RAD50, 
RAD51, and PARP1 in MDA-MB-231-luc-D3H2LN cells, (B) MDA-MB-436 cells following 4 h of treatment with different formulations (saline, iRGD-PLN, free-oHA, 
oHA-PLN, iRGD-oHA-PLN, free-DOX, DOX-oHA-PLN, and iRGD-DOX-oHA-PLN). Right panels represent the quantitative analysis of band intensities normalized to 
β-actin and normalized against respective saline-treated groups. Data are presented as mean ± SD (n = 3). *p < 0.05.
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Fig. 4. iRGD-DOX-oHA-PLN suppressed DNA repair without inducing PD-L1 expression. (A) Representative CLSM images of MDA-MB-231-luc-D3H2LN cell nuclei 
staining for RAD51 (green), γH2AX (red), and nuclear DNA (blue) following saline, iRGD-PLN, free oHA, oHA-PLN, iRGD-oHA-PLN, free DOX, DOX-oHA, DOX-oHA- 
PLN, and iRGD-DOX-oHA-PLN treatment for 4 h. Scale bar = 20 μm. Foci were calculated based on the area of γH2AX or RAD51 foci within the nucleus. Data are 
presented as mean ± SD. n = 3. *p < 0.05. (B and C) Representative Western blots of γH2AX, RAD50, RAD51, and PARP1 expression in MDA-MB-231-luc-D3H2LN 
cells and MDA-MB-436 cells after different treatments (saline, olaparib, DOX, and iRGD-DOX-oHA-PLN) for 4 h. Band intensity was normalized to their respective 
β-actin loading controls and respective saline-treated groups. Scale bar = 50 μm. Data are presented as mean ± SD. n = 3. *p < 0.05. (D and E) Representative CLSM 
images and Western blots of PD-L1 expression in MDA-MB-231-luc-D3H2LN and MDA-MB-436 cells treated for 24 h Cells were treated with saline, olaparib (10 μM) 
or iRGD-DOX-oHA-PLN (2 mg/L of DOX).
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3.7. The iRGD-DOX-oHA-PLN prevented tumor growth and inhibited 
development of lung and liver metastases

As shown in Fig. 6A, both olaparib and iRGD-DOX-oHA-PLN were 
examined for therapeutic effectiveness in preventing spontaneous lung 
and liver metastases in orthotopic MDA-MB-231-luc-D3H2LN or MDA- 
MB-436 tumor-bearing NRG mice. For MDA-MB-231-luc-D3H2LN 
tumor-bearing mice, the lung was continuously monitored for metasta
ses via bioluminescence imaging over four consecutive weeks. According 
to in vivo bioluminescence imaging data, metastatic occurrences were 
identifiable in the saline-treated group as soon as the first week and 
manifested in the olaparib-treated group by the second week, as shown 
in Fig. 6 B. In contrast, for most animals treated with iRGD-DOX-oHA- 
PLN, no bioluminescence signal indicating metastatic growth in the 
lung was detected for up to four weeks. The findings were further 
corroborated by ex vivo bioluminescence imaging of the harvested major 
organs at the end of treatment, as illustrated in Fig. 6.

The cellular structure of metastatic tumor nodules was further 
analyzed in lung and liver tissues at week 4, revealing that the iRGD- 
DOX-oHA-PLN treatment group exhibited the fewest nodules in both 
tumor models. The quantification of lung and liver metastases through 
the metastases area index also showed a reduction of metastases in the 
lungs and livers of the iRGD-DOX-oHA-PLN-treated groups compared to 
those treated with olaparib. (Fig. 6 C and D, left panels). It was deter
mined that iRGD-DOX-oHA-PLN inhibited tumor growth by 

approximately 88 % and 64 % compared to saline and olaparib, 
respectively, in the MDA-MB-231-luc-D3H2LN tumor model. In the 
BRCA1-mutant MDA-MB-436 tumor model, iRGD-DOX-oHA-PLN ach
ieved inhibition of tumor growth by roughly 89 % and 73 % when 
compared to saline and olaparib, respectively. Notably, this therapeutic 
efficacy did not induce significant changes in the body weights of mice 
across the treatment groups in both TNBC models (Fig. 6 C and D). Fig. 6
E compares the tumor volumes as well as liver and lung metastasis be
tween BRCA1 wild-type (MDA-MB-231) and BRCA1-mutant (MDA-MB- 
436) tumor models treated with iRGD-DOX-oHA-PLN or olaparib. The 
data reveal that olaparib is more effective in reducing tumor growth and 
metastasis in the BRCA1-mutant MDA-MB-436 model compared to the 
wild-type tumor. In contrast, the iRGD-DOX-oHA-PLN demonstrated 
equal efficacy in both BRCA1 wild-type and BRCA1-mutant models. 
After four weeks of treatment, no apparent toxicity was observed in 
olaparib and iRGD-DOX-oHA-PLN treatment groups (Fig. S7).

4. Discussion

To successfully treat TNBC and prevent relapse and metastases, it is 
essential to overcome current chemotherapeutic limitations by devel
oping targeted, less toxic and personalized medical treatments that 
overcome drug resistance and tumor heterogeneity. Overexpression of 
drug efflux pumps, upregulation of DNA repair proteins, and immune 
evasion mechanisms significantly contribute to treatment failure in 

Fig. 5. In vivo targeted delivery of DOX / oHA combination prevented DNA repair, inducing DNA damage in human MDA-MB-231-luc-D3H2LN and MDA-MB-436 
cells. (A and B Top panels) Representative images of the IHC staining of RHAMM, RAD51, BRCA1, and γH2AX in MDA-MB-231-luc-D3H2LN and MDA-MB-436 breast 
cancer model tumor sections after the treatment with saline, free DOX, iRGD-DOX-PLN, free DOX-oHA, or iRGD-DOX-oHA-PLN. All treatments were formulated at a 
DOX concentration of 10 mg kg− 1. Scale bar = 50 μm. (A and B Bottom panels) Quantification of the entire tissue sections stained with antibodies specified in the top 
panels. Data are presented as mean ± SD. n = 3. *p < 0.05.
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TNBC. In this respect, inhibitors of PI3K and MAPK pathways such as 
Copanlisib and AZD8186 are currently being explored in pre-clinical and 
clinical settings in conjunction with chemotherapy to counteract tumor 
drug resistance through modification of the DNA damage response, 

aiming to replicate the efficacy of PARP inhibitors against HR-defective 
(BRCA1-mutant) tumors through the principle of synthetic lethality 
[63–65]. The effectiveness of PARP inhibitors is similarly challenged 
with the development of drug resistance through the induction of PD-L1 

Fig. 6. IRGD-DOX-oHA-PLN prevented lung metastases and tumor progression in TNBC tumors. (A) Schematic of the time frame of experimental procedures per
formed on orthotopic tumor-bearing mice, including tumor inoculation, iRGD-DOX-oHA-PLN (10 mg kg− 1 of DOX, i.v. one dose on day 0 and one dose on day 14) or 
olaparib injections (50 mg kg− 1, five i.p. injections/week (Monday to Friday) for a total of 20 injections), and then animals were sacrificed at the endpoint. (B) In vivo 
bioluminescence images of lung metastases progression over four weeks. (C and D, Left Panels) Representative H and E images of lungs and livers harvested from 
MDA-MB-231-luc-D3H2LN and MDA-MB-436 tumor-bearing mice at week 4 and quantification of metastases area. Metastatic lung and liver nodules were quantified 
using HALO image analysis software. Scale bar = 100 μm for liver and 1.5 mm for lung H and E-stained images. (C and D, Right Panels) The average MDA-MB-231- 
luc-D3H2LN and MDA-MB-436 tumor sizes and body weights of animals were obtained over 4 weeks. (E) Comparisons of tumor volumes and metastasis area index in 
the liver and the lungs at week 4 in BRCA1 wild-type (MDA-MB-231) and BRCA1-mutant (MDA-MB-436) tumor models treated with iRGD-DOX-oHA-PLN or olaparib. 
n = 6 for the tumor-bearing animals used per treatment group. Results are presented as mean ± SD. *p < 0.05.
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and tumor-associated macrophages, which inhibit cytotoxic T cells from 
mounting an effective antitumor immune response [64]. The DNA repair 
machinery plays a crucial role in mediating chemotherapy resistance, 
particularly within cancer stem cells, and has also been implicated in 
facilitating metastasis to secondary organs [66,67]. Nuclear proteins 
such as ataxia telangiectasia mutated (ATM), γH2AX, RAD50, DNA- 
dependent protein kinase (DNA-PK), RAD51, and BRCA1 serve as 
flags, mediators, transducers, and effectors in the DNA damage and 
repair response [68,69].

Based on our previous published work by Zhang et al., the co- 
encapsulation of DOX and oHA into iRGD-functionalized PLN demon
strated enhanced cellular and tumor uptake of both drugs through 
integrin and CD44 receptor-targeting [48]. By inhibiting the p-ERK 
signaling pathway, this formulation effectively reduced the orthotopic 
breast tumor models primary tumor growth and systemic metastasis 
[48]. The superior outcomes of the iRGD-DOX-oHA-PLN compared to 
free drug formulations, including increased apoptosis, reduced toxicity, 
and enhanced drug accumulation in tumors, which highlights the syn
ergistic combination potential in overcoming the limitations of con
ventional therapies [48]. In the current study, we are exploring the co- 
loaded DOX and oHA in iRGD functionalized PLN therapeutic strategy to 
inhibit the TNBC primary tumor and its metastasis in orthotopic breast 
tumor murine models of human MDA-MB-231-luc-D3H2LN (BRCA1 
wild-type) and MDA-MB-436 (BRCA1-mutant) TNBC cell lines in 
contrast to olaparib. The rationale behind the efficacy of combining oHA 
with DOX in iRGD-functionalized PLN is grounded in the hypothesis that 
oHAs antagonistic action on native HA receptors would disrupt the 
PI3K/ERK1/2 signaling pathways, consequently modulating the DNA 
damage response by iRGD-DOX-oHA-PLN treatment in both TNBC 
tumor models.

The developed iRGD-DOX-oHA-PLN increased cellular uptake of 
DOX and oHA-Cy5 relative to both unencapsulated drug and non- 
targeted nanoparticle formulations, attributed to the receptor- 
mediated endocytosis facilitated by the integrin-targeting capabilities 
of the iRGD peptide. The confocal microscopy studies revealed dense 
cytosolic localization and nuclear staining of oHA-Cy5 delivered by the 
nanoparticles indicating oHAs intracellular bioavailability to participate 
in signal transduction modifications (Fig. S4). The inhibition of ERK 
phosphorylation by iRGD-oHA-PLN treatment encouraged us to inves
tigate single and double strand break given the role ERK1/2 phosphor
ylation plays in activating a PARP1 feedback [70–73]. The process of 
poly(ADP-ribosyl)ation of proteins known as PARylation, is a PARP1- 
mediated post-translational modification involving the covalent 
attachment of ADP-ribose [74]. The formulations containing oHA 
reduced PARP1 after treatment, as shown in Figs. 3 and 4, B and C. The 
ability of PARP1 to catalyze the addition of ADP-ribose polymers was 
evaluated in both MDA-MB-231-luc-D3H2LN and MDA-MB-436 cells 
(Fig. S6). Both olaparib and the iRGD-DOX-oHA-PLN demonstrated ef
ficacy in inhibiting PARP1 parylation, suggesting these treatments can 
effectively modulate DNA repair in TNBC cells (Fig. S6, A and B). In 
addition, iRGD-DOX-oHA-PLN was observed to decrease PD-L1 levels in 
contrast to olaparib treatment. These findings align with multiple 
studies indicating that loss of the PTEN (phosphatase and tensin ho
molog) gene or continuous activation of the PIK3CA genes (encoding the 
catalytic subunit alpha of phosphatidylinositol-4,5-bisphosphate 3-ki
nase) activates the PI3K/AKT pathway. Activation of this pathway has 
been shown to upregulate PD-L1 expression in various cancer isoforms 
including glioma, breast, and prostate cancers [75–77]. The reduction of 
PD-L1 induced by iRGD-DOX-oHA-PLN suggests a potential therapeutic 
advantage by mitigating the immune evasion via PD-L1 within the tumor 
microenvironment.

Incorporating oHA into iRGD-DOX-oHA-PLN nanoparticles signifi
cantly modulated DNA damage response, as evidenced by the reduced 
expression of essential DNA repair proteins RAD51, RAD50, and BRCA1. 
This resulted in a notable increase in induced DNA DSBs, observed 
through a marked elevation in γH2AX levels. Specifically, western 

analysis indicated an enhancement of γH2AX of approximately 8-fold in 
cells treated with the iRGD-DOX-oHA-PLN compared to those treated 
with saline, suggestive of a substantial increase in DNA damage (Fig. 3, 
A and B). In the MDA-MB-231-luc-D3H2LN (BRCA1 wild-type) tumor 
models, formulations that included oHA led to a notable decrease in 
BRCA1 expression, as evidenced by BRCA1 staining in Fig. 5A. By 
contrast, BRCA1 expression levels were not altered in MDA-MB-436 
(BRCA1-mutant) tumors by the different treatments, reflecting the 
inherent absence of BRCA1 expression in these cells. (Fig. 5B BRCA1 
staining). The HR pathway, encompassing essential proteins such as 
BRCA1, RAD51, and RAD50, plays a critical role in high-fidelity DNA 
repair mechanisms that maintain genomic integrity. This pathway 
contributes to cancer chemoresistance and the potential for disease 
relapse, as it enables tumor cells to repair the DNA damage induced by 
chemotherapy, thereby diminishing the treatment efficacy. Further
more, our findings emphasize the intricate physical and functional in
teractions between BRCA1 and RHAMM proteins and their involvement 
with Aurora Kinase A (AURKA). AURKA is pivotal in organizing cyto
skeletal microtubules, regulating a complex network of interactions that 
contribute to DNA repair and play a significant role in cell division and 
structural organization within cancer cells [78,79].

Importantly, metastasis in TNBC predominantly targets the lung, 
liver, bone, and brain [80,81]. The present study demonstrates that the 
iRGD-DOX-oHA-PLN formulation effectively prevented metastasis to the 
lung and liver for up to four weeks following treatment. Histological 
analyses revealed minimal residual disease and significantly reduced 
metastatic progression. The enhanced therapeutic performance of DOX 
in this context is attributed to the synergistic effect of co-delivering oHA 
directly to cancer cells facilitated by the targeting capabilities of the 
iRGD peptide. This strategy improves drug delivery efficiency and 
potentially reduces the likelihood of metastatic spread, highlighting the 
role of formulation in addressing TNBC treatment challenges. Compared 
to olaparib, the iRGD-DOX-oHA-PLN formulation exhibited comparable 
efficacy in both BRCA1 wild-type and BRCA1-mutant models, suggest
ing a wider therapeutic potential independent of BRCA mutation status. 
This therapeutic efficacy may be attributed to the inhibition of PI3K/ 
AKT and MAPK/ERK signaling pathways downstream of native HA re
ceptors, which likely influences the DNA damage response and modu
lates tumor immunity. This innovative approach addresses and 
overcomes numerous challenges associated with the current standard of 
care, offering a new avenue for effective TNBC therapy through targeted 
drug delivery, enhanced drug efficacy, and reduced metastatic potential.

5. Conclusion

This study presents a nanoparticulate drug combination strategy 
using oligomeric hyaluronic acid and doxorubicin encapsulated in 
polymer-lipid nanoparticles conjugated to an integrin-targeted iRGD- 
peptide to overcome chemoresistance and immunosuppression in TNBC 
effectively. The iRGD-DOX-oHA-PLN formulation enhances doxorubicin 
efficacy by increasing DNA double-strand breaks and reducing PD-L1 
expression, thereby inhibiting tumor progression and reducing metas
tases more effectively than the PARP inhibitor olaparib. This approach 
disrupts DNA damage repair and drug efflux pathways, providing a 
comprehensive solution to TNBC challenges. These findings emphasize 
the potential of nanoparticle-based drug delivery systems in improving 
therapeutic outcomes and addressing chemoresistance and immune 
evasion in TNBC, paving the way for strategic and targeted cancer 
therapy.
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