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A B S T R A C T

Radiotherapy (RT) is one of major therapeutic modalities in combating breast cancer. In RT, ionizing radiation is 
employed to induce DNA double-strand breaks (DSBs) as a primary mechanism that causes cancer cell death. 
However, the induced DNA damage can also trigger the activation of DNA repair mechanisms, reducing the 
efficacy of RT treatment. Given the pivotal role of RAD50 protein in the radiation-responsive DNA repair 
pathways involving DSBs, we developed a novel polymer-lipid based nanoparticle formulation containing 
RAD50-silencing RNA (RAD50-siRNA-NPs) and evaluated its effect on the RAD50 downregulation as well as 
cellular and tumoral responses to ionizing radiation using human triple-negative breast cancer as a model. The 
RAD50-siRNA-NPs successfully preserved the activity of the siRNA, facilitated its internalization by cancer cells 
via endocytosis, and enabled its lysosomal escape. The nanoparticles significantly reduced RAD50 expression, 
whereas RT alone strongly increased RAD50 levels at 24 h. Pretreatment with RAD50-siRNA-NPs sensitized the 
cancer cells to RT with ~2-fold higher level of initial DNA DSBs as determined by a γH2AX biomarker and a 2.5- 
fold lower radiation dose to achieve 50 % colony reduction. Intratumoral administration of RAD50-siRNA-NPs 
led to a remarkable 53 % knockdown in RAD50. The pretreatment with RAD50-siRNA-NPs followed by RT 
resulted in approximately a 2-fold increase in DNA DSBs, a 4.5-fold increase in cancer cell apoptosis, and 2.5-fold 
increase in tumor growth inhibition compared to RT alone. The results of this work demonstrate that RAD50 
silencing by RAD50-siRNA-NPs can disrupt RT-induced DNA damage repair mechanisms, thereby significantly 
enhancing the radiation sensitivity of TNBC MDA-MB-231 cells in vitro and in orthotopic tumors as measured by 
colony forming and tumor regrowth assays, respectively.

1. Introduction

Breast cancer is a leading cause of cancer death in women worldwide 
[1], of which, triple negative breast cancer (TNBC) is the most aggres
sive subtype, with a high incidence of metastasis, resistance to existing 
therapies and a poor prognosis [2]. Therefore, there is an urgent need for 
novel and effective therapeutic strategies to combat TNBC.

Breast cancer management typically involves radiation therapy (RT) 
with other treatment modalities [3]. RT, via ionizing radiation, induces 
various forms of DNA damage, including base lesions, together with 
DNA single strand breaks and double-strand breaks (DSBs) [4]. Among 
these forms of damage, DSBs are considered the most harmful, 

particularly in inducing cancer cell death [4]. However, the induction of 
DNA DSBs also triggers DNA damage repair machinery that mitigate 
DNA injury in tumor cells, significantly contributing to radio-resistance 
of cancer, ultimately leading to treatment failure [5].

In response to genotoxic damage, cancer cells can activate their DNA 
damage response (DDR), involving a network of proteins capable of 
recognizing and repairing damaged DNA to enhance tumor cell survival 
[4–6]. Specifically, the two key intracellular mechanisms contributing 
to this process are homologous recombination (HR) and nonhomologous 
end joining (NHEJ) [4–6]. These responses are triggered following DSBs 
through the recruitment of DDR proteins, such as DNA repair protein 
RAD50 (RAD50) [7,8]. RAD50 can form a complex with heterotrimeric 
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recombination 11 homolog 1 (MRE11) and Nijmegen breakage syn
drome protein 1 (NBS1), named MRE11-RAD50-NBS1 (MRN) complex. 
This complex plays a crucial role in sensing, signaling, and repairing 
DSBs [9]. Upon recruitment to DSBs, the MRN complex initiates DSBs 
resection while maintaining DSB strand organization to facilitate repair 
[9]. The MRN complex is also essential for recruitment and activation of 
the protein kinase ataxia-telangiectasia mutated (ATM) to the site of 
DSBs, thus coordinating cell cycle-dependent DSB repair and the MRN 
signaling cascade [10]. Once activated, ATM phosphorylates several 
downstream substrates, including p53, checkpoint kinase 2 (CHK2), and 
mediator of DNA damage checkpoint 1 (MDC1). These events, subse
quently recruit additional MRN complexes to sites of DNA DSBs, thereby 
amplifying the MRN/ATM signaling cascade [11,12].

Overexpression of RAD50 in breast tumors is recognized as a major 
contributor to tumor resistance to standard chemotherapy and RT in 
breast cancer and other types of cancer and is linked with tumor pro
gression and lower survival rates in patients of various types of cancer 
[13–16]. Therefore, silencing RAD50 in cancer cells with small inter
fering RNA (siRNA) has been attempted to enhance chemotherapy of 
breast cancer cells using lipofectamine [15,17] or RT of nasopharyngeal 
carcinoma using a viral vector [18]. Despite these initial studies and 
design of interfering RNAs for targeting various oncogenes [19–21], 
silencing RAD50 gene using safe and effective non-viral carriers to 
enhance RT remains to be explored [22–24]. Given the significant role of 
RAD50 in DNA DSB repair [13–15,17,18,25] and our previous obser
vation that RT induces RAD50 upregulation in various cancer cells, we 
propose to develop a new RAD50 siRNA nanoparticle system to 
“knockdown” RAD50 expression, thereby disrupting the function of the 
MRN complex to sensitize human TNBC cells and tumors to RT.

siRNAs represent a widely applicable biologic therapeutic with high 
specificity and capability of regulating a variety of genes that are diffi
cult to target using conventional therapies such as antibodies and small 
molecule drugs in certain tissue compartments [21,26]. However, 
delivering siRNA to target cells and cytoplasm faces several challenges, 
including RNAase caused degradation, tumor accumulation and pene
tration, cellular uptake, and endosomal/lysosomal entrapment and 
degradation [20,22]. Therefore, various nanocarrier systems have been 
developed to obtain good in vivo stability, tissue bioavailability, and 
transfection efficiency of siRNAs [27–29]. Both viral and non-viral 
vectors have been employed for delivering siRNAs into the tumor site 
[27]. Despite high transfection efficiency, viral vectors have several 
disadvantages, such as high cost and high immunogenicity [30]. Thus, 
non-viral systems, mostly nanoparticles made of polymers, lipids, or 
both polymer and lipid have been studied extensively due to their low 
toxicity, good biocompatibility, and great versatility [27,30,31].

In past two decades, tremendous advances have been achieved in the 
development of non-viral nanoparticle-based RNA formulations [19,22,
32]. Recently, several siRNA-NP products have been approved for 
human use, including ONPATTRO (patisiran), GIVLAARI (givosiran), 
OXLUMO (lumasiran), LEQVIO (inclisiran), AMVUTTRA (vutrisiran), 
and RIVFLOZATM (nedosiran), and many more formulations have 
entered clinical trials [19,28,33]. These products are formulated mainly 
based on two platform systems: lipid nanoparticles (LNP) and siRNA 
conjugates, such as siRNA conjugate with N-acetylgalactosamine (Gal
NAc) or lipid 2′-O-hexadecyl (C16) [19,28,33]. So far, LNP has been the 
most successful carriers for delivering nucleic acid therapeutics, such as 
siRNA and mRNA, propelled by the recent success of the COVID-19 
vaccine [34]. In LNP formulations, PEGylation is commonly used to 
improve the colloidal stability of the NP formulations in solution and 
during blood circulation [34,35]. However, PEGylated LNP has been 
found to be associated with undesired side effects, including adverse 
immunogenic response [34–36]. Therefore, alternative stabilizing sys
tems are being explored to improve the stability of LNPs and minimize 
side effects, such as immunogenic reactions, which will be beneficial for 
repeated dosing regimens. In the current work, we have replaced the 
PEG-lipid with our devised biocompatible terpolymer, i.e., 

polysorbate-80 and poly (methacrylic acid) (PMAA)-grafted starch that 
can cover the siRNA-NP surface with negatively charged polymer chain 
[31,37–41]. Our previous studies have shown that the terpolymer-based 
nanoparticles can recruit apolipoproteins such as apolipoprotein E, that 
enhances cellular uptake via low-density lipid receptor-mediated 
transcytosis and effectively penetrate the brain and target tumor cells 
[31,37–41]. Nanoparticles made of the terpolymer and various lipids 
can be deigned to effectively enter cancer cells via clathrin- and 
caveolin-dependent endocytosis [37,38]. In addition, the different 
water-solubility of terpolymer and lipid and pH-dependent ionization of 
PMAA chains can facilitate deep tumor penetration, endo
somal/lysosomal escape, and intracellular transport of loaded drugs 
[37–46].

The novel biocompatible, polymer-lipid based, RAD50 siRNA loaded 
nanoparticles (RAD50-siRNA-NPs) were designed and their effect on 
downregulating RAD50 expression was evaluated in human TNBC MDA- 
MB-231 cells and orthotopic xenograft tumor model. The results 
demonstrated that RAD50-siRNA-NPs delivered the siRNA into cyto
plasm, silenced RAD50 efficiently, and enhanced radiation-induced 
DNA DSBs both in vitro and in vivo. Notably, the combination of 
RAD50-siRNA-NPs with RT significantly inhibited the clonogenicity of 
TNBC in vitro, when compared to RT alone. Strikingly, intratumoral 
injection of siRNA-NPs followed by RT at a dose of 10 Gy in the breast 
tumors resulted in increased DNA DSBs, cancer cell apoptosis, and 
profound inhibition of tumor growth compared to RT alone. These re
sults suggest a compelling and widely applicable strategy to enhance RT 
response in TNBC and potentially other tumor types through disrupting 
the function of the DNA repair protein RAD50 using siRNA-NPs.

2. Materials and Methods

2.1. Cell culture and reagents

MDA-MB-231 cells (derived from the pleural effusion of a breast 
cancer patient) and MCF-10A cells (derived from the mammary gland) 
were obtained from ATTC (Manassas, VA, USA) and used in this study as 
a model of TNBC and normal breast cells, respectively. The cells were 
grown in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher 
Scientific, Waltham, MA, USA) supplemented with 10 % fetal bovine 
serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA). Cell lines 
were grown at 37 ◦C in a humidified incubator (NuAire, Plymouth, MN, 
USA) with 5 % CO2 (Linde, Mississauga, Ontario, Canada). The RAD50 
siRNA and scrambled siRNA were obtained from Thermo Fisher Scien
tific (Waltham, MA, USA). Antibodies specific to the phosphorylated 
form of H2A histone family member X (γ-H2AX) and β-actin were pur
chased from Abcam (Cambridge, UK), while antibodies against cleaved 
caspase-3 was obtained from Cell Signaling Technology (Danvers, MA, 
USA).

2.2. Preparation and characterization of siRNA nanoparticles

The RAD50-siRNA-NPs were prepared using oil-in-water emulsion 
method. Briefly, an aqueous solution of siRNA was mixed with an 
ethanolic solution containing cationic phospholipid 1,2-dioleoyl-3-tri
methylammonium propane (DOTAP), cholesterol and helper phospho
lipid 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) at a molar 
ratio of 50:35:15. The complexation of siRNA with cationic lipid was 
performed using a N/P ratio of 3, corresponding to three positive DOTAP 
nitrogen charges for every negative siRNA phosphate. After mixing for 3 
min, an aqueous solution of an amphiphilic terpolymer synthesized in 
our laboratory, comprised of poly(methacrylic acid) and polysorbate 80- 
grafted starch [42–47], was added at a weight equivalent to three times 
the total lipid content. The emulsion was sonicated for 30 s with an 
ultrasonic processor probe (100 Hz, 5 mm probe depth, Heischer 
UP100H, Germany). Subsequently, the siRNA-NPs were collected by 
adding them to ice cold RNase-free water. To remove any residual free 
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siRNA and concentrate siRNA-NPs, purification was carried out using an 
Amicon 100 KDa centrifuge filter (Sigma-Aldrich, St. Louis, MO, USA) at 
2000 rpm. The concentrated sample was then mixed with an appropriate 
amount of a cryoprotectant (e.g. sucrose) at a 10 to 20 molar ratio of 
cryoprotectant to total lipids of cryoprotectant (e.g. sucrose), frozen at 
− 20 ◦C and lyophilized over night at − 80 ◦C using a Labconco FreeZone 
6 Plus Freeze Dryer Lyophilizer freeze dryer (Labconco, USA). The 
lyophilized siRNA-NPs were stored at − 20 ◦C for further use. After 
reconstitution in 4 % dextrose in deionized water, the particle size and 
zeta potential of RAD50-siRNA-NPs were determined at 37 ◦C using a 
Malvern ZetaSizer (Nano ZS) system (Malvern, UK).

2.3. Determination of encapsulation efficiency

The efficiency of siRNA encapsulation was assessed using the Quant- 
iT Ribogreen RNA Assay Kit (Thermo Fisher Scientific, Waltham, MA, 
USA) in accordance with the manufacturer’s instructions. The Ribogreen 
indicator, a fluorescent dye, exhibits strong fluorescence signals upon 
binding to free nucleic acids. The fluorescence intensity is directly 
correlated with the amount of free nucleic acid and gradually decreases 
due to the increasing encapsulation of siRNA with the cationic lipid and 
polymer complex. The encapsulation of siRNA was validated by 
measuring the free siRNA in the nanoparticle formulation. Specifically, 
siRNA encapsulation was determined by measuring the free siRNA in the 
nanoparticle suspension at the final stage of synthesis and in the filtrate 
collected during the washing steps. The encapsulation efficiency was 
determined by comparing the fluorescence intensity (excitation wave
length 500 nm/emission wavelength 525 nm) of free siRNA in the 
nanoparticle suspension to the signal of siRNA initially introduced in the 
synthesis process.

2.4. In vitro transfection of RAD50 siRNA into cells

MDA-MB-231 cells were seeded in 6-well plates (100,000 cells per 
well), and incubated in 2 mL of DMEM containing 10 % FBS for 24 h at 
37 

◦

C. The medium was subsequently replaced by fresh medium con
taining different concentrations of RAD50-siRNA-NPs, free RAD50 
siRNA in solution without NPs (free-siRNA) or Scrambled siRNA-loaded 
NPs (Scr.siRNA-NPs). Cells were incubated for additional 48 h, 96 h, or 
120 h. Then, the cells were washed in isosmotic phosphate-buffered 
saline (PBS) buffer (100 mM, pH 7.4), trypsinized and the proteins 
were extracted using radioimmunoprecipitation assay (RIPA) lysis 
buffer supplemented with protease inhibitor cocktail. The RAD50 
expression levels were subsequently assessed using Western Blotting.

2.5. Cellular uptake and intracellular trafficking of siRNA-NPs

To investigate the internalization and intracellular localization of 
siRNA-NPs, Cyanine3 (Cy3) labeled scrambled siRNA was incorporated 
into the nanoparticles. In addition, the polymer used to construct the 
RAD50-siRNA-NPs was conjugated with Cyanine5 (Cy5). MDA-MB-231 
cells (20,000 cells/well) were seeded onto 6-well plates and treated with 
siRNA-NPs (10 nM siRNA). Following 2 or 6 h of incubation at 37 ◦C, the 
media was removed, and the cells were washed with PBS. Subsequently, 
the cells were stained with LysoTracker Green to label endosomes 
following the manufacturer’s instructions (Thermo Fisher Scientific), 
along with the application of 0.5 mM Hoechst 33342 to stain cell nuclei. 
Cells were then imaged using confocal laser scanning microscopy 
(CLSM). To investigate relative levels of endocytosis, cells were incu
bated with Cy5 conjugated siRNA-NPs at both 37 ◦C and 4 ◦C for 2 h, and 
the cell uptake of RAD50-siRNA-NPs was visualized using CLSM.

2.6. Effect of RAD50-siRNA-NPs treatment and RT on DNA damage 
repair

The MDA-MB-231 cells were cultured on 6-well plates (100 K cells/ 

well) in 2 mL of DMEM supplemented with 10 % FBS for 24 h. Subse
quently, the culture medium was replaced with fresh medium contain
ing 150 nM of RAD50-siRNA-NPs or free-siRNA. After 48 h of additional 
incubation, cells were irradiated with a single dose of 5 Gy using X-RAD 
320 system (Precision X-Ray, North Branford, CT. USA; 320 kV, 2.7 Gy/ 
min). The cells were then allowed to grow for an additional 24 h. 
Relative levels of γH2AX DNA DSBs marker were then assessed using 
Western blotting.

2.7. Clonogenic cell survival and treatment response

MDA-MB-231 cells were plated into 6-well plates at a density of 100 
K cells/well in 2 mL of DMEM supplemented with 10 % FBS and allowed 
to adhere overnight. Subsequently, 150 nM of RAD50-siRNA-NPs or free 
siRNA was added, and cells were incubated for another 48 h. Following 
the incubation, cells were exposed to a radiation dose of 2, 4, or 6 Gy. 
Immediately post-irradiation, cells were trypsinized, reseeded onto 6- 
well plates at a density of 500 cells/well, and incubated for 7 days. Af
terwards, the cells were washed with PBS and fixed with 10 % formalin 
for 10 min, and stained with 0.5 % crystal violet in 20 % methanol/H2O 
(v/v) for 10 min. The cells were then rinsed with PBS, and colonies 
counted. Plating efficiency (PE) was determined using the formula: 

PE=
Number of colonies formed

Number of cells plated
(1) 

Survival percent was determined using the formula: 

Survival (%)=
PEtreated

PEuntreated
× 100% (2) 

The experimental results were then fitted to a linear-quadratic model 
on GraphPad Prism 8.0.2 (San Diego, CA, USA). 

Survival fraction= e(− αD− βD2) (3) 

2.8. Animals and tumor model

Female severe combined immunodeficiency (SCID) mice aged 7–8 
weeks were purchased from Ontario Cancer Institute (Toronto, Ontario, 
Canada). An orthotopic breast tumor was established by injection of 
MDA-MB-231 cells (1.0 × 106) in 20 μl of growth medium into the 
mammary fat pad of mouse under isoflurane anesthesia. All in vivo 
studies were conducted in accordance with the ethical and legal re
quirements of the Animals for Research Act of Ontario and the Federal 
Canadian Council on Animal Care Guidelines for the Care and Use of 
Laboratory Animals. The animal protocols used in these studies were 
approved by the University of Toronto Animal Care Committee and/or 
University Health Network Animal Care Committee (Animal Use Pro
tocol 6698).

2.9. Evaluation of in vivo RAD50 silencing and biomarkers

About 3 weeks after the tumor inoculation, when tumors reached the 
required size (100 mm3), the mice were randomly divided into 4 
experimental groups: control (saline), RAD50-siRNA-NPs, free-RAD50- 
siRNA and Scr.siRNA-NPs. For the treatment involving RAD50-siRNA- 
NPs, free-siRNA or Scr.siRNA-NPs treatments, 0.5 nmol siRNA in 30 μl 
of PBS was intratumorally (IT) injected daily for 3 consecutive days. 
Twenty-four hours following the final injection, the mice were sacri
ficed, and tumor tissues were harvested for analysis of RAD50. For the 
biomarkers study, on day 4 following the injection of the above treat
ments, tumors were exposed to radiation (10 Gy) using small animal 
irradiator (SmART+) XRAD system (Precision X-Ray Inc., Madison, CT, 
USA). After 24 h, tumors were collected for analysis of cleaved caspase3 
and γH2AX expression using Western blotting and/or immunohisto
chemistry (IHC).
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2.10. Effect of treatment on tumor growth inhibition

Tumor-bearing mice were randomly divided into 4 groups: saline, 
saline + RT (10 Gy), RAD50-siRNA-NP alone, and RAD50-siRNA-NP +
RT (10 Gy). Animals were treated IT with saline or RAD50-siRNA-NPs 
(0.5 nmol siRNA in 30 μl of PBS) daily for 3 consecutive days. On day 
4, tumors were exposed to radiation (10 Gy) using SmART+ XRAD sys
tem. Subsequently, mice were monitored, and tumor size was measured 
using a Vernier caliper every 2 days for a duration of 20 days. Tumor 
volume (V) was calculated using the formula: 

V= W2 × L/2                                                                                     

where W and L are the shortest and longest diameters, respectively.

2.11. Statistical analysis

Statistical analyses of the data were performed using GraphPad one- 
way ANOVA followed by Tukey’s post-hoc test. Error bars represent 
mean ± SD. Probability (P) values less than 0.05 (P < 0.05) were 
considered statistically significant and are designated as P < 0.05 (*), P 
< 0.005 (**), P < 0.0005 (***), and P < 0.0001 (****).

3. Results

3.1. Synthesis and characterization of siRNA-NPs

The detailed synthesis of RAD50-siRNA-NPs is described in the 

Materials and Methods section. Fig. 1A shows the steps we followed in 
the preparation of RAD50-siRNA-NP. Following the preparation, the 
impact of freeze-drying on stability of the RAD50-siRNA-NPs was 
investigated (Fig. 1B). The size of RAD50-siRNA-NPs was measured 
before and after freeze-drying in the presence of different cryoprotec
tants (mannitol, trehalose, glucose or sucrose) at different concentra
tions. Without cryoprotectants, the size of RAD50-siRNA-NP increased 
by 1.4-fold following freeze-drying. In the presence of 10 × 10 moles of 
cryoprotectant per mole of total lipids) or 20 × trehalose, mannitol, 
glucose or 10 × sucrose, the size of RAD50-siRNA-NPs was significantly 
increased compared to the size of nanoparticles prior to freeze-drying. 
However, the nanoparticle size remained comparable to the size at 
pre-freeze-drying stage in the presence of 20 × of sucrose (Fig. 1B). 
Therefore, 20 × sucrose was selected as a cryoprotective agent for the 
RAD50-siRNA-NP formulation in the subsequent in vitro and in vivo 
studies. The lyophilized RAD50-siRNA-NPs appeared as a white powder, 
which turned to almost transparent solution after reconstitution in water 
(Fig. 1C). The size and morphology of the RAD50-siRNA-NPs were 
examined using transmission electron microscopy (TEM). The nano
particles exhibited a spherical shape and narrow size distribution, with 
no evidence of aggregation (Fig. 1D). The RAD50-siRNA-NPs exhibited 
an average particle size between 102 and 118 nm (Fig. 1E). The poly
dispersity index (PDI) of the particles was less than 0.2, aligning with the 
results from the TEM analysis (Fig. 1F). Additionally, the siRNA 
encapsulation efficiency was over 95 % quantified using Quant-iT 
Ribogreen assay, and the zeta potential was measured at − 6.31 mV 
(Fig. 1F). Interestingly, the RAD50-siRNA-NPs formulation retained 

Fig. 1. Characterization of RAD50-siRNA-NPs. A. Flowchart of siRNA-NPs preparation. B. The size of RAD50-siRNA-NPs before and after freeze drying in the 
presence of different cryoprotectants. C. Appearance of lyophilized and reconstituted RAD50-siRNA-NPs. D. TEM image of RAD50-siRNA-NPs. E. Size distribution of 
RAD50-siRNA-NPs lyophilized using 20 × sucrose and after reconstitution in RNAs free water. F. Size, PDI, Encapsulation efficiency and zeta potential of RAD50- 
siRNA-NPs with 20 × sucrose. G. Encapsulation efficiency of RAD50-siRNA-NPs stored at − 20 ◦C for four weeks. Size and PDI measurements of lyophilized RAD50- 
siRNA-NPs when stored at 25 ◦C, 4 ◦C or − 20 ◦C (H), or reconstituted liquid form (I) for 4 weeks. Results presented as mean ± SD for 3 independent experiments. P <
0.05 was considered statistically significant. P < 0.05 (*), P < 0.005 (**), P < 0.0005 (***), and P < 0.0001.
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>95 % of siRNA, encapsulation efficiency (EE), when the formulation 
was kept at − 20 ◦C for four weeks (Fig. 1G). To assess the storage sta
bility of lyophilized RAD 50 siRNA-NPs, the particle size and PDI of 
siRNA-NPs were monitored up to 4 weeks, when stored at 25 ◦C, 4 ◦C or- 
20 ◦C. The results indicated that the particle size and PDI of the 
lyophilized powder remained constant under all three storage condi
tions for the entire 4-week duration (Fig. 1H). The stability of recon
stituted RAD50-siRNA-NP liquid form stored at 4 ◦C or 25 ◦C was also 

evaluated over a 4-week period, which showed a slight increase in the 
size and PDI during this storage period. (Fig. 1I).

3.2. Lysosomal escape and RAD50 knockdown efficiency of RAD50- 
siRNA-NPs in MDA-MB-231 cells in vitro

To investigate the cellular uptake, intracellular trafficking, and 
RAD50 silencing efficiency of the RAD50-siRNA-NPs, MDA-MB-231 

Fig. 2. Lysosomal escape and RAD50 silencing ability of the RAD50-siRNA-NPs. A) CLSM images of MDA-MB-231 acquired at 2 and 6 h after incubation with 10 nM 
of labeled Scr.siRNA-NPs demonstrating the relative intracellular distribution of lysosomes (green), NPs (red), siRNA (orange) and nuclei (blue). B, C, D) Western blot 
and quantification for RAD50 knockdown efficiency at various concentrations of RAD50-siRNA-NPs, Scr.siRNA-NPs and free-siRNA. E) Western blot and quantifi
cation for RAD50 expression for up to 120 h after cells were incubated with 150 nM of RAD50-siRNA-NPs for 48 h, which was reconstituted from the lyophilized 
powder and stored at 4 ◦C for 4 weeks. Results presented as mean ± SD for 3 independent experiments. P < 0.05 was considered statistically significant. P < 0.05 (*), 
P < 0.005 (**), P < 0.0005 (***), and P < 0.0001.
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cells were treated with siRNA-NPs. For cell uptake and intracellular 
trafficking studies, cells were treated with siRNA-NPs containing Cy5- 
conjugated terpolymer (red) and a Cy3-labeled scrambled siRNA (Scr. 
siRNA-NPs) (orange) (Fig. 2A). Following treatment with Scr.siRNA- 
NPs, lysosomes were labeled with LysoTracker Green probe (green), 
and cell nuclei stained with Hoechst 33342 (blue). CLSM images were 
acquired 2 h and 6 h following Scr.siRNA-NPs treatment. After 2 h of 
incubation with siRNA-NPs, efficient uptake into lysosomes was 
confirmed by co-localization of the fluorescent NPs (red) and Cy3-Scr. 
siRNA (yellow) signal with lysosomes (green) (Fig. 2A). Following 6 h 
of incubation, a decrease in co-localization of Scr.siRNA-NPs and lyso
somes was observed as evidenced by the separation of Scr.siRNA signal 
from NPs and lysosomes [31,48]. This indicates a process of releasing 
siRNA from NPs which escaped from lysosomes. The continued presence 
of Scr.siRNA in the intracellular compartment at 6 h suggests that the 
siRNA-NP formulation was able to facilitate siRNA release into the 
cytoplasm. Additionally, the incubation of RAD50-siRNA-NPs with 
MDA-MB-231 cells at either 37 ◦C or 4 ◦C revealed a significantly higher 
uptake of RAD50-siRNA-NPs at 37 ◦C than at 4 ◦C (Fig. S1), suggesting 
that RAD50-siRNA-NPs internalization was mediated by 
energy-dependent endocytosis.

To evaluate the effectiveness of RAD50-siRNA-NPs in silencing 
RAD50 in vitro, MDA-MB-231 cells were exposed to different concen
trations (50, 100, 150, 200 nM) of either RAD50-siRNA-NPs, scr-siRNA- 
NPs or free siRNA for 48 h. The results demonstrated that treatment with 
RAD50-siRNA-NPs resulted in a significant knockdown of RAD50 
expression, with a concentration of 200 nM exhibiting an approximately 
90 % knockdown relative to saline controls (Fig. 2B). In contrast, neither 
free siRNA nor Scr.siRNA-NPs led to reductions in RAD50 protein levels, 
when compared to saline controls (Fig. 2C and D). Taken together, these 
results demonstrate that that RAD50-siRNA-NPs successfully delivered, 
protected, released bioactive siRNA, and effectively silenced RAD50 
protein expression in TNBC MDA-MB-231 cells.

To investigate how long the RAD50 knockdown can last, MDA-MB- 
231 cells were treated with 150 nM of RAD50-siRNA-NPs for 48 h, which 
was reconstituted from the lyophilized powder and stored at 4 ◦C for 4 
weeks. Then the expression of RAD50 protein measured by Western 

blotting at varying times. Fig. 2E shows that RAD50 expression is 
significantly reduced by >75 % for 96 h (4 days). At 120 h (5 days) post 
RAD50-siRNA-NPs treatment, the expression of RAD50 increased but 
was still ~40 % lower than the untreated cells (Fig. 2E). These results 
confirm that our lyophilized RAD50-siRNA-NP formulation can main
tain the bioactivity of the siRNA after 4 weeks storage at 4 ◦C and 
downregulate the RAD50 for at least 5 days.

3.3. RAD50 silencing by RAD50-siRNA-NPs overcomes RT-induced DNA 
damage response and increases DNA DSBs

The expression of RAD50 in MDA-MB-231 cells in vitro 4 and 24 h 
following a single dose of 5 Gy radiation was investigated. As shown in 
Fig. 3A, there was no significant increase in RAD50 expression at 4 h 
post-radiation with a 1.5-fold increase, when compared to saline. 
However, at 24 h after RT, RAD50 expression significantly increased, 
reaching a 2.1-fold elevation compared to the saline control. Since the 
treatment with Scr.siRNA-NPs did not reduce RAD50 expression, we 
only compared free-siRNA and RAD50-siRNA-NPs in all subsequent in 
vitro experiments. To assess the impact of RAD50-siRNA-NPs on RAD50 
knockdown with respect to RT-induced DNA damage, MDA-MB-231 
cells were treated with free-siRNA or RAD50-siRNA-NPs (150 nM) for 
48 h followed by irradiation with 5 Gy. At 24 h post irradiation, γ-H2AX 
expression, serving as a maker of DNA damage repair, was evaluated by 
Western analysis. As shown in Fig. 3B, the combination of free siRNA 
with RT did not increase the level of γH2AX, when compared to RT 
alone. In contrast, pretreatment with RAD50-siRNA-NPs resulted in a 53 
% increase in γH2AX expression compared to radiation alone or radia
tion plus free-siRNA. Collectively, these findings demonstrate that the 
NPs delivered RAD50 siRNA dramatically enhancing the efficacy of 
RAD50 knockdown in a functionally meaningful way.

3.4. RAD50-siRNA-NPs enhance the radiation efficacy on cancer cell 
clonogenicity in vitro

The radio-sensitization effect of RAD50 knockdown using RAD50- 
siRNA-NPs on MDA-MB-231 cells was assessed using clonogenic assay. 

Fig. 3. Mode and effect of RAD50 silencing on an ionizing radiation induced DNA damage response. A) Western analysis and RAD50/actin ratio of RAD50 expression 
in MDA-MB-231 cells 4 and 24 h following treatment with 5 Gy in vitro. B) Western analysis of DNA damage marker γ-H2AX in MDA-MB-231 and gamma H2AX/actin 
ratio for cells treated with 150 nM free-siRNA or RAD50-siRNA-NPs for 48 h followed by 5 Gy radiation in vitro and collected 24 h post treatment. C) Clonogenic assay 
of MDA-MB-231 cells treated with free-siRNA or RAD50-siRNA-NPs (150 nM) for 48 h followed by various doses of radiation (2, 4, 6 Gy) in vitro. Results presented as 
mean ± SD for 3 independent experiments. P < 0.05 was considered statistically significant. P < 0.05 (*), P < 0.005 (**), P < 0.0005 (***), and P < 0.0001 (****).
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Cells were plated onto 6-well plates and incubated at 37 ◦C for 24 h prior 
to treatment with saline, free-siRNA or RAD50-siRNA-NPs (150 nM 
siRNA) for 48 h and then irradiated with 2, 4, 6 or 8 Gy. As shown in 
Fig. 3C and Fig. S2, free-siRNA plus RT had no effect on clonogenicity 
compared to RT alone. In contrast, the combination of RAD50-siRNA- 
NPs and RT significantly inhibited clonogenicity compared to RT 
alone, as evidenced by a 2.75-fold decrease in the D50 value from 5.5 Gy 
to 2 Gy (Fig. 3C). These results indicate that NP-mediated delivery of 
RAD50 siRNA significantly enhances the radiosensitivity of MDA-MB- 
231 cells compared to the treatment with free RAD50 siRNA.

3.5. Effect of RAD50-siRNA-NPs on in vivo RAD 50 silencing and 
radiation response in an orthotopic breast tumor model

To examine the in vivo effects of RAD50-siRNA-NPs, MDA-MB-231 
xenograft tumor bearing mice were injected IT with either saline, Scr. 

siRNA-NPs, free-siRNA or RAD50-siRNA-NPs (0.5 nmol siRNA per 
dose) for three consecutive days (Fig. 4A). On day 4, mice were sacri
ficed, and tumors were collected and subjected to IHC staining for 
RAD50. As shown in Fig. 4B, the results demonstrated that neither Scr. 
siRNA nor free-siRNA led to significant downregulation of RAD50 
expression. In contrast, injection of RAD50-siRNA-NPs resulted in an 
~50 % knockdown in RAD50 expression (Fig. 4B). To assess the func
tional consequences of this reduction, the effect of RAD50-siRNA-NPs 
treatment on radiation-induced DNA damage and cell death was 
further examined. Given that both Scr.siRNA-NPs and free-siRNA 
treatments did not result in significant RAD50 knockdown in vivo, this 
study was focused solely on examining the effect of RAD50-siRNA-NPs 
with or without RT. The MDA-MB-231 tumor-bearing mice were 
randomly divided into 4 groups: saline, RAD50-siRNA-NPs, RT alone 
(10 Gy) or RAD50-siRNA-NPs + RT (10 Gy). The mice were injected IT 
for three consecutive days at a dose of 0.5 nmole siRNA or saline 

Fig. 4. The RAD50-siRNA-NPs significantly downregulates the expression of RAD50 in MDA-MB-231 tumor cells in vivo. A) Experimental treatment schedule of 
orthotopic MDA- MB-231 tumors grown in SCID mice. Mice were treated with saline control, Scr.siRNA-NPs, free-siRNA, or RAD50-siRNA-NPs (5 mice in each 
group). B) Representative images of H&E and IHC stained tumors for hematoxylin/eosin and RAD50 (brown) at 24 h post the last IT injection of saline, Scr.siRNA or 
RAD50-siRNA-NPs (0.5 nmol siRNA). The quantification of RAD50-positive area relative to saline control, where each data point represents average value in two 
tumor slices. Data are presented as mean ± SD. P < 0.05 (*), P < 0.005 (**), P < 0.0005 (***), and P < 0.0001 (****).
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followed by 10 Gy irradiation on the following day of the last injection. 
Tumors were collected at 24 h post RT and subjected to IHC staining for 
γ-H2AX and activated caspase-3. As shown in Fig. 5, RT alone induced 
the accumulation of γ-H2AX and caspase-3 cleavage compared to saline 
or RAD50-siRNA-NPs alone groups which showed no effect. However, 
the RAD50-siRNA-NPs plus radiation treatment group demonstrated a 
significant enhancement of γ-H2AX expression and caspase-3 cleavage, 
by 2-fold and 4.5-fold, respectively, compared to the RT alone group.

3.6. RAD50-siRNA-NPs treatment significantly enhances antitumor 
efficacy of RT

The effect of RAD50 silencing on enhancing RT efficacy was inves
tigated further in orthotopic MDA-MB-231 tumor-bearing SCID mice. 
The treatment schedule is depicted in Fig. 6A. Three weeks after tumor 
inoculation (day-21), each mouse bearing the MDA-MB-231 xenograft 
received one IT treatment per day for three consecutive days of either 
saline or RAD50-siRNA-NPs (0.5 nmol siRNA). Twenty-four hours after 

Fig. 5. RAD50 silencing using RAD50-siRNA-NPs plus RT results in enhanced DNA damage and induced apoptosis in MDA-MB-231 tumors in vivo. A) Schematic 
treatment schedule of orthotopic MDA-MB-231 tumors grown in SCID mice. B) Representative images of tumor tissue stained by H&E and IHC for γ-H2AX and 
cleaved caspase-3 after the treatment with saline control, Scr.siRNA-NPs, free-siRNA or RAD50-siRNA-NPs (5 mice in each group). Quantification of image data for 
the indicated markers compared to saline control. Two slices of each tumor were analyzed and their average value was used for the plot. Data are presented as mean 
± SD. P < 0.05 (*), P < 0.005 (**), P < 0.0005 (***), and P < 0.0001 (****).
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the last treatment, the tumors were exposed to radiation (10 Gy), and the 
tumor volumes were measured every two days over a period of 3 weeks. 
As shown in Fig. 6B, radiation alone significantly inhibited tumor 
growth, when compared to saline or RAD50-siRNA-NPs groups, whereas 
the combination of RAD50-siRNA-NPs and radiation resulted in sub
stantial increase in the inhibition of tumor growth, achieving a 2.5-fold 
smaller in tumor volume, when compared to the RT alone group 
(Fig. 6B). These findings suggest that RAD50 silencing using RAD50- 
siRNA-NPs significantly enhanced RT efficacy in delaying tumor growth.

4. Discussion

Cancer cells activate a variety of cellular pathways to overcome DNA 
damage through the activation of DNA-repair mechanisms to promote 
their survival and reducing the effectiveness of RT [49]. The targeting of 
DNA damage repair proteins has gained increasing attention as a way to 
improve cancer treatments [50]. Among these proteins, RAD50 has been 
identified as playing a pivotal role in the DNA repair process [51]. 
Elevated tumor expression of RAD50 is associated with radioresistance 
and poor survival in cancer patients undergoing RT [13,25,52]. These 
findings emphasize the importance of strategies to overcome 
DDR-mediated cell survival to improve the clinical outcome of RT.

With this in mind, we have developed a siRNA-NP formulation 
(RAD50-siRNA-NPs) for IT delivery of an siRNA for targeting RAD50. 
Utilizing the oil-in-water self-assembly nanoparticle approach, we have 
successfully designed and developed a biocompatible polymer-lipid 

complex for the efficient encapsulation of siRNA. Ensuring the stabil
ity of RAD50-siRNA-NPs is crucial, particularly in the context of utilizing 
them as therapeutic agents [53]. The lyophilization of siRNA-NPs not 
only prolongs their shelf life, but also amplifies the stability and effec
tiveness of the encapsulated payloads [54]. Our investigation revealed 
that sucrose surpassed other cryoprotectants in preserving the properties 
of RAD50-siRNA-NPs during the lyophilization process. The lyophilized 
RAD50-siRNA-NPs exhibited stability under both ambient and 
low-temperature conditions, positioning them as an improved carrier 
system for siRNA (Fig. 1).

Lysosomal entrapment poses a significant challenge in the field of 
gene therapy [55]. Typically, NPs are internalized by cancer cells 
through endocytosis, subsequently entering the acidic endosomes and 
enzyme-rich lysosomes where they face the risk of enzymatic degrada
tion of the therapeutic payload, particularly RNAs with respect to gene 
therapy [55]. We demonstrate here that our novel polymer-lipid siR
NA-NP formulation is able to both effectively penetrate cancer cells to 
aid egress of siRNAs and to escape from the lysosomes reaching to the 
cytoplasm. It appears that this process of lysosomal escape involves 
surface charge alterations. The relatively negative surface charge of 
siRNA-NPs is very important, as it not only plays a role in the kinetics of 
siRNA-NPs, but also enhances the stability of NPs [56]. By introducing a 
negative surface charge, siRNA-NPs can minimize aggregation through 
the electrostatic repulsion between particles during storage, in solution, 
and even after administration in the bloodstream [57]. An example of 
this is seen in lipid nanoparticles (LNPs), which are widely used for 

Fig. 6. RAD50 silencing by RAD50-siRNA-NPs plus RT inhibited tumor growth of MDA-MB-231 tumor-bearing mice. (A) Schematic of treatments of RAD50-siRNA- 
NPs and RT of orthotopic MDA-MB-231 tumors grown in SCID mice. (B) Individual mouse tumor growth curves for saline group, (C) RAD50-siRNA-NPs group, (D) 
saline + RT (10 Gy) and (E) RAD50-siRNA-NPs + RT treated animals. (F) Comparison of tumor growth curves for the four treatment groups, saline, RAD50-siRNA- 
NPs (0.5 nmol siRNA), saline + RT alone (10 Gy), and RAD50-siRNA-NPs (0.5 nmol siRNA) + RT (10 Gy) treatment, 5 mice in each group. RT was locally delivered 
on day 4 after daily IT injection of saline or RAD50-siRNA-NPs for 3 consecutive days. Data are expressed as mean ± SD. P < 0.05 (*), P < 0.005 (**), P < 0.0005 
(***), and P < 0.0001 (****).
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siRNA delivery, with most clinical lipid NPs (LNPs) utilizing ionizable 
cationic phospholipids [34].

One drawback of such lipid formulations is their overall neutral 
surface charge under physiologic pH [34]. To address this, a PEG-lipid is 
commonly used in LNP formulations due to its hydrophilicity and 
bulkiness, facilitating surface coverage and reducing serum protein 
adsorption, prolonging circulation and minimizing kidney and mono
nuclear phagocyte system (MPS) clearance [58]. However recent studies 
demonstrate that COVID-19 vaccines utilizing LNPs can induce anti-PEG 
antibody production, potentially contributing to hypersensitivity re
actions [35,36,59]. Additionally, such effects may promote 
immune-mediated clearance of systemically administered PEGylated 
nanomedicines, limiting their efficacy [35].

To overcome such limitations, the current polymer-lipid based siRNA 
carrier system is proposed. In this system, the surface of RAD50-siRNA- 
NPs is covered with a biocompatible terpolymer shell that is introduced 
during the final step of the synthesis process, eliminating the need for 
PEG and covering the lipid-siRNA complex. The terpolymer side chain 
contains abundant carboxylic acid groups resulting in a net negative 
surface charge of NPs under physiological conditions. The negative 
surface charge such RAD50-siRNA-NPs enhances their stability without 
the need of the PEG due to electrostatic repulsion between particles 
[60]. Upon cellular uptake and transport to early endosomes (pH < 6.0), 
the polymer carboxylic acid group start to protonate, neutralizing the 
polymer charge [61]. As a result, cationic DOTAP becomes the dominant 
surface charge, enabling stronger binding of RAD50-siRNA-NPs with the 
endosomal lipid membrane. This interaction aids in the disruption of the 
membrane layer, facilitating NP escape from endosomes to the cyto
plasm. The relative lower pH in the lysosomes reduces interaction of 
RNA and lipid-polymer complex, facilitating the release of RNA from 
RAD50-siRNA-NPs to the cytoplasm (Fig. 2A).

Our in vitro investigations conducted on MDA-MB-231 TNBC cells 
clearly indicate effective delivery of siRNA into the cytoplasm using the 
polymer-lipid nanocomplex as a carrier system. The results have not 
only demonstrated the steps required for the successful delivery of the 
particles but have also revealed that these polymer-lipid NPs servs as a 
robust protective shield, ensuring the preservation of siRNA integrity. 
Consequently, this protective mechanism enabled significant reduction 
of RAD50 protein levels in cancer cells in vitro by 90 % and in tumor 
tissue by 53 % as evidenced by Western blot and IHC analysis (Figs. 2B 
and. 4B).

The RAD50 protein plays an important role in radiation resistance 
The impact of downregulating RAD50 protein using RAD50-siRNA-NPs 
on radiation sensitization is evident in both in vitro and in vivo settings. 
Interestingly, the knockdown of RAD50 markedly enhanced the radia
tion effect by reducing the D50 radiation dose to achieve 50 % survival 
of TNBC cells by 2.5-fold, when compared to RT alone or free siRNA plus 
RT (Fig. 3C). The in vivo treatment with RAD50-siRNA-NPs for three 
consecutive days followed by RT resulted in a notable 2-fold increase in 
DNA DSBs and a 2.4-fold increase in tumor cell apoptosis, when com
parison to RT alone (Fig. 5). These results led to a substantial inhibition 
of tumor growth by 2.5-fold by the combination therapy (RAD50-siRNA- 
NPs + RT), when compared to RT alone at day 20 post-treatment 
(Fig. 6f). To the best of our knowledge, such a profound enhancement 
of RT by non-viral RAD50-siRNA-NPs has not been reported before and 
this is the first formulation of RAD50-siRNA-NPs to target RAD50 and 
the translation of this approach to enhance the antitumor efficacy of RT 
in vitro and in vivo.

The radiosensitizing effect of RAD50 silencing of RAD50-siRNA-NPs 
is attributable to the disruption of the MRN complex and inhibition of 
DNA damage response [62]. The noteworthy suppression of tumor 
growth in in mice treated with RAD50-siRNA-NPs followed by RT, re
inforces the argument that targeting RAD50 before exposure to radiation 
is crucial for improving the antitumor efficacy of RT.

5. Conclusion

We have successfully developed a new RAD50-siRNA-NP system 
using a rationally designed polymer-lipid hybrid composition with 
clinical translatability for silencing the DNA damage repair protein 
RAD50 to enhance the efficacy of RT in TNBC. The RAD50-siRNA-NPs 
exhibited very high encapsulation efficiency, excellent storage stabil
ity, successful intracellular delivery, and effective capability of silencing 
RAD50 in vitro and in vivo. We demonstrated that IT delivery of siRNA- 
NPs prior to RT profoundly increased the levels of DNA DSBs and tumor 
cell apoptosis induced by standard RT, leading to 2.5-fold enhancement 
of RT efficacy in vitro and in vivo. The results suggest that targeting 
RAD50 using siRNA-NPs to enhance antitumor effect of RT in TNBC 
tumors could be a novel strategy to treat this aggressive form of breast 
cancer. The findings of this work will pave the way for further 
advancement of this strategy, facilitating the translation of this tech
nology from the laboratory to clinical application.
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