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A B S T R A C T   

Breast cancer, a heterogeneous disease, has the highest incidence rate and is a major cause of death in females 
worldwide. Drug delivery by using nanotechnology has shown great promise for improving cancer treatment. 
Nanoliposomes are known to have enhanced accumulation ability in tumors due to prolonged systemic circu-
lation. Peptide 18 (P18), a tumor homing peptide targeting keratin-1 (KRT-1), was previously shown to have high 
binding affinity towards breast cancer cells. In this study, we investigate the ability of P18 conjugated PEtOx- 
DOPE nanoliposomes (P18-PEtOx-DOPE) for the targeted delivery of doxorubicin to AU565 breast cancer 
model. Toxicology studies of PEtOx-DOPE nanoliposomes performed on normal breast epithelial cells (MCF10A), 
showed minimal toxicity. Doxorubicin delivery by P18-PEtOx-DOPE to AU565 cells induces cytotoxicity in a dose 
and time dependent manner causing mitotic arrest in G2/M phase at 24 h. Anti-cancer activity of P18-PEtOx- 
DOPE-DOX nanoliposomes on AU565 cells was detected by Annexin V/PI apoptosis assay. In terms of in vivo 
antitumor efficacy, P18-PEtOx-DOPE-DOX nanoliposomes administration to AU565 CD-1 nu/nu mice model 
showed significant decrease in tumor volume suggesting that DOX delivered by these nanoliposomes elicited a 
strong antitumor response comparable to the free delivery of doxorubicin. Overall, our results offered preclinical 
proof for the use of P18-PEtOx-DOPE-DOX nanoliposomes in KRT-1+ breast cancer therapy.   

1. Introduction 

Breast cancer is the most common diagnosed cancer and the leading 
cause of cancer-related death among women worldwide (Bray et al., 
2018). Hormonal therapy, surgical approaches, radiotherapy and 
chemotherapy play an important role to improve patient’s survival (Moo 
et al., 2018). Systemic application of these therapies shows detrimental 
adverse effects due to lack of the tumor targeting specificity and tumor 
multidrug resistance (van der Meel et al., 2013; Wu et al., 2015). Thus, 
promising prognostic factors are needed to be used in targeted therapies. 
Keratin 1 (KRT1) was shown to be a novel target receptor on breast 

cancer cells (Soudy et al., 2017). KRT1 portrays an important role also in 
many other cancers (Chuang and Huang, 2007; Collard et al., 2001; 
Tang et al., 2012). 

Doxorubicin (DOX), an anthracycline based-chemotherapy, has an 
established therapeutic profile against many types of cancer (Ber-
thiaume and Wallace, 2007). The mechanism of action of DOX in cancer 
cells is to intercalate into DNA leading to disruption of the 
topoisomerase-II-mediated DNA repair (Thorn et al., 2011). DOX has 
also been shown to generate free radicals to damage cellular mem-
branes, DNA and proteins (Govender et al., 2014). DOX is only available 
as injectables since oral capsules of DOX show only 5% bioavailability 
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due to its inherent low permeability (Jain et al., 2011). However, the 
major drawback of conventional free DOX is the risk of cardiotoxicity, 
which is caused to the cumulative dose (Bria et al., 2008). To overcome 
this drawback, DOX is encapsulated in nanoparticles such as Doxil 
(liposomal nano-particle formulation) (Allen and Cullis, 2004), Myocet 
(non-PEGylated liposome) (Marty, 2001), LipoDox (PEGylated lipo-
some) (Rau et al., 2015) and MM-302 (pegylated antibody-liposome) 
(Munster et al., 2018) which show improved side effect profiles and 
reduced cardiotoxicity. 

Nanoliposomes are nanocarriers that have lipid bilayer structures 
and carry drugs for prolonged circulation time. Nanoliposomes are one 
of the most prospective candidates in drug delivery systems due to their 
biodegradability, biocompatibility and high drug loading capacity (Jain 
et al., 2012). DOPE, a cationic helper co-lipid, is a neutral phospholipid 
that can alternate structurally by pH change (Du et al., 2014) and shows 
low toxicity and high stability of the delivered particle (Popova et al., 
2019). 

Poly(2-ethyl-2-oxazoline) (PEtOx), long-chain polymer with 
enhanced water solubility and biocompatibility, shows low toxicity and 
non-immunogenicity properties and is approved by FDA for the drug 
delivery systems (Adams and Schubert, 2007; Zhang et al., 2010). 
Nanoliposomes composed of PEtOx polymers can resist protein 
adsorption and uptake by the macrophages. Furthermore, the stability of 
PEtOx main chain provides a chemical basis for further linking to target 
molecules (Gao et al., 2019) making it a potential candidate to be used in 
targeted drug delivery. 

Most conventional chemotherapy agents are not specific to tumor 
cells and thus inevitably lead to the off-target toxicity. Tumor homing 
peptides and engineered antibodies are some of the strategies used for 
targeting cancer cells for delivering chemotherapy drugs as well as 
diagnosis of cancer (Ahmed et al., 2010). Tumor homing peptides are 
smaller in size, outstanding penetration to tissues and can very easily 
chemically conjugate to drug and display low immunogenicity (Hossein- 
Nejad-Ariani et al., 2019; Ruoslahti, 2017). Peptide 18 (P18) 
WXEAAYQRFL, a tumor homing peptide, is proteolytically stable in 
human serum and shows three fold higher affinity for breast cancer 
MCF7 and MDAMB-435 cell lines (Mathews et al., 2013). Peptide 18 
targeted liposomal DOX demonstrated 40 times less toxicity to normal 
MCF10A and HUVEC cells, while showing increased selective delivery of 
DOX to breast cancer cells (Shahin et al., 2013). Peptide 18 binds to 
keratin 1 (KRT1) on breast cancer cell surface and KRT1 is overex-
pressed in breast cancer cells compared with healthy mammary cells 
(Soudy et al., 2017; Ziaei et al., 2019). 

In this study, DOX loaded P18-PEtOx-DOPE nanoliposomes (P18- 
PEtOx-DOPE-DOX) were used to target breast cancer AU565 cell line. 
We have found that P18-PEtOx-DOPE-DOX nanoliposomes were effi-
ciently taken up by breast cancer cells and displayed high anti-cancer 
activity. The in vivo experiments demonstrated that AU565 CD-1 nu/ 
nu mice model group treated with P18-PEtOx-DOPE-DOX nano-
liposomes showed significant decrease in tumor volume suggesting that 
DOX delivered by these nanoliposomes elicited a strong antitumor 
response comparable to the free delivery of DOX. 

2. Materials and methods 

2.1. Materials 

Doxorubicin (DOX) was purchased from Kocak Farma Ltd. (Turkey), 
cell proliferation reagent WST-1 and Annexin V assay were supplied by 
Roche (USA), Propidium Iodide (PI) and RNaseA were purchased from 
Sigma-Aldrich (Germany), Triton X-100 was purchased from MP 
Biomedical (France), matrigel was supplied by Corning (cat # 354248) 
(USA). 

2.2. Preparation of P18-PEtOx-DOPE nanoliposomes 

Preparation of cationic polymer PetOx-DOPE conjugated with tumor 
homing peptide P18 [Cystein]-WXEAAYQRFL was reported earlier by 
detailed protocol (Fig. S1) (Gulyuz et al., 2020). The drug delivery 
system, P18-PEtOx-DOPE polymers were formulated into cationic 
nanoliposomes and doxorubicin was loaded to P18-PEtOx-DOPE nano-
liposomes (P18-PEtOx-DOPE-DOX). P18-PEtOx-DOPE-DOX nano-
liposome formulations were prepared with a DOX:lipid ratio of 1:3. The 
release rate of which was reported previously as 33.99% at the first 
hour, followed by 91% by 8 h (Devrim et al., 2021). 

2.3. Cell culture 

AU565 (CRL-2351, ATCC) and MCF10A (CRL-10317, ATCC) cells 
were maintained in RPMI 1640, and MEGM kit (Lonza, CC-3150), 
respectively supplemented with 10% (v/v) fetal bovine serum (FBS; 
Gibco, Thermo Fisher Scientific, USA) and 100 units/mL penicillin and 
100 μg/mL streptomycin (1% PS; Gibco Thermo Fisher Scientific, USA). 
All cells were cultured at 37 ◦C in a humidified atmosphere with 5% 
CO2. 

2.4. Cell viability assay 

The toxic effect of PEtOx-DOPE nanoliposomes to normal mammary 
epithelial cell lines MCF10A (5 × 104 cells/well) and the effect of P18- 
PEtOx-DOPE-DOX on AU565 cells (1 × 105 cells/well) was investigated 
using cell proliferation reagent WST-1 assay. At each 24 h intervals, cells 
were incubated with appropriate WST-1 solution mixture for 1 h ac-
cording to manufacturer’s protocols and absorbance was measured in 
450 nm using a microplate spectrophotometer (Bio-tek ELx800, USA). 

2.5. Confocal microscopy 

AU565 cells seeded in 8-well chamber slides at a density of 2.4 × 104 

cells/well were treated with P18-PEtOx-DOPE-DOX nanoliposomes and 
incubated at 37 ◦C for 1 h, 2 h, 4 h, 24 h or 48 h. Following the washing 
step with PBS, cells were fixed with 2% paraformaldehyde for 20 min 
and stained using 5 μg/mL DAPI for 10 min. Confocal microscopy (Zeiss 
LSM 700) was used for the visualization of DOX delivered cells (exci-
tation/emission, 480:580 nm). 

2.6. Cell cycle arrest 

AU565 cells were seeded in 6-well plates at a density of 3 × 105 cells/ 
well. After 24 h, cells were subjected to 4 h serum depleted media prior 
to the treatment of free DOX, P18-PEtOx-DOPE-DOX, or empty PEtOx- 
DOPE nanoliposomes for 24 h. Following incubation period, cells were 
collected, fixed by 70% ethanol solution and cell cycle protocol was 
conducted by incubating samples in a mixture of triton X-100, RNaseA 
and PI solution as described (Ye et al., 2015). 20,000 cells were analyzed 
by Guava easyCyte Flow Cytometer (Merck Millipore, Germany). 

2.7. Annexin-V assay 

The relative percentage of apoptotic AU565 cells to P18-PEtOx- 
DOPE-DOX was analyzed by Annexin V- FITC apoptosis detection 
assay as described (Panaretakis et al., 2002). 3 × 105 cells/well seeded 
on 6-well plates for 24 h were treated with free DOX, P18-PEtOx-DOPE- 
DOX or empty nanoliposomes. Following 48 and 72 h incubation with 
the aforementioned formulations, cells were harvested and 1 × 105 of 
each sample were treated with Annexin V and PI for 15 min according to 
manufacturer’s protocol. Samples were analyzed immediately by FACS 
Calibur (BD Biosciences) flow cytometry with 20,000 events. 
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2.8. Serum stability of nanoliposomes 

The serum stability of DOX loaded nanoliposomes constructed by 
P18-PEtOx-DOPE nanoliposomes was performed with RPMI incubation 
(Ling et al., 2019). In brief, 100 μL nanoliposome suspension in 4.9 mL of 
RPMI containing 10% (v/v) FBS was incubated at 4 ◦C for 24 h. The size, 
polydispersity index (PDI) and zeta potential of nanoliposomes at 0 h 
and 24 h were measured to estimate their stabilities. 

2.9. In vivo anti-tumor activity 

For in vivo anticancer studies, athymic female CD-1 nu/nu mice (5–6 
weeks of age, 20 ± 2 g) obtained from Charles River Laboratories 
(Germany) were bred and maintained in the animal facility of Yeditepe 
University (Turkey) in accordance with and approved by Animal Care 
and Welfare Committee of Yeditepe University (Turkey, approval 
number #644). We optimized a matrigel-based orthotopic tumor inoc-
ulation method and used 8 × 106 as optimal cell number with 1:1 
Corning-Matrigel Basement Membrane Matrix High Concentration. 8 ×
106 AU565 cells with 1:1 ratio of matrigel were injected orthotopically 
into the second mammary fat pad of mice. Following the third day of 
inoculations, mice were injected intraperitoneally once every three days 
with vehicle control, PEtOx-DOPE nanoliposome, DOX (5 mg/kg) 
loaded P18-PEtOx-DOPE nanoliposome or free DOX (5 mg/kg) for a 
total of 8 injections. The tumor size and weight of each animal was 
measured before every injection and mice were examined for morbidity 
and mortality till the end of the study. After 24 days of treatment, mice 
were sacrificed by cervical dislocation method and the tumor volume 
(mm3) was calculated after resection of tumors by the following for-
mula: Tumor volume = 1/2(Lenght × (Width)2) (Huang et al., 2015). 

2.10. Histopathological analysis 

For preparation of formalin-fixed paraffin-embedded (FFPE) samples 
brain, lung, heart, liver, spleen, stomach, intestines, kidneys, ovaries 
and tumor tissues were isolated and fixed at 10% formalin and processed 
in Department of Pathology at Umraniye EAH. Paraffin sections were 
processed for hematoxylin and eosin (H&E) staining and evaluated by a 
specialized pathologist (Nayman et al., 2019). 

2.11. Statistical analysis 

All data given were means ± standard deviation (SD) values. Para-
metric statistics from between groups were compared using two-tailed 
Student’s t-test or ANOVA followed by Tukey post-hoc test using 
GraphPad Prism 6 (GraphPad Software, USA). The differences were 
considered statistically significant at P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤
0.001 (***), P ≤ 0.0001 (****). 

3. Results 

3.1. PEtOx-DOPE nanoliposomes showed no toxicity on human normal 
breast epithelial cell lines 

PetOx-DOPE nanoliposomes used in this study were characterized as 
described previously (Devrim et al., 2021). Cell proliferation WST-1 
assay was used to determine the cytotoxic effect of PEtOx-DOPE nano-
liposomes on MCF10A cells (Fig. 1). PEtOx-DOPE nanoliposomes did not 
cause any significant cytotoxicity on MCF10A cells at any time point. On 
the contrary, increasing concentrations of PEtOx-DOPE resulted in an 
increase in the proliferative ability of MCF10A cells at 24 h and 48 h. 
Nearly 40% significantly proliferative effect on MCF10A cells were seen 
for 100 and 150 μg/mL of PEtOx-DOPE nanoliposomes at 72 h. Alto-
gether, these results demonstrated that PEtOx-DOPE nanoliposomes 
showed no cytotoxic effect on normal epithelial breast cells. 

3.2. Serum stability in P18-PEtOx-DOPE-DOX nanoliposomes 

No significant change (p > 0.05) was observed in the mean particle 
size of nanoliposomes after 24 h (Table 1). This result shows that 
nanoliposomes are stable in serum. PDI, which is an indicator of particle 
size distribution, increased slightly after 24 h. However, PDI value less 
than 0.7 shows that nanoliposomes do not form aggregates. The zeta 
potential value of the nanoliposomes, which was initially − 5.78 ± 0.98 
mV, was − 8.26 ± 1.52 mV at the end of 24 h. The zeta potential value of 
nanoliposomes was measured as − 19.05 ± 0.27 mV in aqueous medium, 
whereas the zeta potential of nanoliposome-free serum medium was 
− 7.77 ± 1.27 mV. 

3.3. Delivery of DOX by P18-PEtOx-DOPE nanoliposomes drastically 
decreased cell proliferation of AU565 cell line 

P18-PEtOx-DOPE-DOX nanoliposomes showed significantly higher 
DOX uptake by AU565 cells compared to MCF10A cells as described 
previously (Devrim et al., 2021). The therapeutic effect of DOX loaded 
P18-PEtOx-DOPE nanoliposomes on AU565 cells was analyzed using 
WST-1 cell proliferation assay. AU565 cells were subjected to increasing 
concentrations of free DOX and P18-PEtOx-DOPE-DOX nanoliposomes 
for 24 h, 48 h and 72 h (Fig. 2). The cytotoxic effect of 0.1–10 μg/mL of 
P18-PEtOx-DOPE-DOX nanoliposomes on AU565 cells shows a dose 
dependent decrease with time. In comparison to non-treated cells, there 
was a significant decrease in AU565 cell viability following 2.5, 5, and 
10 μg/mL of P18-PEtOx-DOPE-DOX nanoliposomes and free DOX 
treatment at 24 h (Fig. 2A). At 48 h post treatment, a significant decrease 
in cell viability of AU565 cells to 68% and 34% was detected when 
treated with 1 μg/mL of P18-PEtOx-DOPE-DOX nanoliposome and free 
DOX, respectively. Similarly, there was a significant decrease to 44% 

Fig. 1. Effect of PEtOx-DOPE on MCF10A cell viability. Cells were treated with 
25–150 μg/mL of PEtOx-DOPE nanoliposomes for 24, 48 and 72 h. Cell viability 
was assessed at each 24 h interval by measuring the absorbance at 450 nm. The 
percentage of cell viability was calculated by assigning the absorbance value 
obtained from non-treated cells (Cnt) as 100% for each time point (Cnt: control 
experiment). Data is the mean (n = 3) ± SD (*P ≤ 0.05). 

Table 1 
Serum stability results of DOX loaded nanoliposomes, constructed by P18- 
PEtOxDOPE (n = 6).  

Time 

0 h 24 h 

Particle 
size (nm ±
SD) 

PDI ±
SD 

Zeta 
potential 
(mV ± SD) 

Particle 
size (nm ±
SD) 

PDI ±
SD 

Zeta 
potential 
(mV ± SD) 

104.62 ±
0.63 

0.27 ±
0.003 

− 5.78 ±
0.98 

103.55 ±
0.95 

0.31 ±
0.003 

− 8.26 ±
1.52  
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and 25% in cell viability of AU565 cells when treated with 2.5 μg/mL of 
P18-PEtOx-DOPE-DOX nanoliposome and free DOX, respectively. 
Furthermore, AU565 cells treated with 5 μg/mL of P18-PEtOx-DOPE- 
DOX nanoliposome and free DOX showed significant decrease in cell 
viability to 4% and 27%, respectively (Fig. 2B). At 72 h, significant 
decrease in cell viability of AU565 cells was recorded at all concentra-
tions of P18-PEtOx-DOPE-DOX nanoliposomes and free DOX (Fig. 2C). 

Although both P18-PEtOx-DOPE-DOX nanoliposome and free DOX 
inhibited cell growth in a dose dependent manner, DOX delivered by 
P18-PEtOx-DOPE-DOX nanoliposome showed less toxicity compared to 
free DOX due to prolonged release. As our previous results showed that 
the maximum selective toxic dose for PEtOx-DOPE-DOX nanoliposomes 
is 2.5 μg/mL (Devrim et al., 2021), this concentration was selected as the 
effective concentration for the rest of the study. 

3.4. Uptake and intracellular distribution of DOX in AU565 cells 
delivered by P18-PEtOx-DOPE nanoliposomes 

Sequential cell images were used to determine the intracellular DOX 
localization in AU565 cells. The cells were incubated with P18-PEtOx- 
DOPE-DOX nanoliposomes for 1 h, 2 h, 4 h, 24 h and 48 h and investi-
gated using confocal microscopy. As shown in Fig. 3, P18-PEtOx-DOPE- 
DOX nanoliposome treated cells exhibited DOX staining as red fluores-
cence (excitation/emission, 480:580 nm) in their cytoplasm starting 
from 1 h, which indicated that P18-PEtOx-DOPE-DOX nanoliposomes 
could be effectively internalized into the AU565 cells. The fluorescence 
marker properties of DOX (Wartenberg et al., 1998) gave the ability to 
be detected under confocal microscopy. The P18-PEtOx-DOPE-DOX 
nanoliposomes exhibited stronger fluorescence after 2 h than 1 h, with 
predominant staining in the cytoplasm after 2 h. After 24 h, most of the 
DOX staining was localized in the nuclei suggesting that P18-PEtOx- 
DOPE-DOX nanoliposomes can deliver DOX into AU565 cell cyto-
plasm, which is then released from the nanoliposomes in time dependent 
manner to translocate to nucleus. 

3.5. P18-PEtOx-DOPE-DOX nanoliposomes arrest cell cycle of AU565 
cells at G2/M phase 

In order to find out the effect of P18-PEtOx-DOPE-DOX nano-
liposomes on cell cycle arrest, AU565 cells were treated with empty 
nanoliposomes, free DOX and P18-PEtOx-DOPE-DOX nanoliposomes for 
24 h. The cell cycle profile of P18-PEtOx-DOPE-DOX nanoliposomes on 
AU565 cells treated for 24 h was given in Fig. 4. The average G0/G1 cell 
population for non-treated, empty nanoliposomes, free DOX and P18- 
PEtOx-DOPE-DOX nanoliposomes were 66.3%, 64.7%, 65.2% and 
59.1%, respectively. The average percentage of S phase for non-treated 
AU565 cells was 6.9%, while a respective of 8.5%, 17.9%, and 9.5% was 
recorded for AU565 cells treated with empty nanoliposomes, free DOX, 
and P18-PEtOx-DOPE-DOX nanoliposomes. The population of cells in 
G2/M phase was 26.2%, 16.4%, and 31.4%, after the treatment with 
empty nanoliposomes, free DOX, and P18-PEtOx-DOPE-DOX nano-
liposomes, respectively. For the control group (non-treated AU565 
cells), the frequency of G2/M cell cycle phase was found as 26.6%. 
Overall, the empty nanoliposomes showed a similar profile to the non- 
treated cells. The percentage of AU565 cells in G2/M phase was 
induced while the percentage of cells in G0/G1 phase was decreased 
when AU565 cells were treated with P18-PEtOx-DOPE-DOX nano-
liposomes in comparison to the non-treated cells. However, when 
AU565 cells were treated with free DOX the cell cycle profile showed an 
arrest at S phase. These data indicate that treatment of AU565 cells with 
P18-PEtOx-DOPE-DOX nanoliposomes led to the activation of different 
checkpoints in cell cycle when compared to the free DOX treatment. 

3.6. P18-PEtOx-DOPE-DOX nanoliposomes exert apoptotic effects 

In vitro antitumor activity was evaluated by assaying apoptosis. To 
compare the apoptotic response of free DOX and P18-PEtOx-DOPE-DOX 
nanoliposomes, AU565 cells were treated with 2.5 μg/mL of equivalent 
DOX for 48 h and 72 h and apoptosis was quantified by flow cytometry 
using an Annexin V-FITC/PI apoptosis assay detection kit. As shown in 
Fig. 5, very few necrotic or apoptotic cells were detected both in control 
AU565 cells (untreated group) and PEtOx-DOPE treated group (p >
0.05). In contrast, both free DOX and P18-PEtOx-DOPE-DOX 

Fig. 2. Determination of the cytotoxicity of P18-PEtOx-DOPE-DOX and free 
DOX on AU565 cells. 0.1–10 μg/mL of P18-PEtOx-DOPE-DOX and free DOX 
were used to treat AU565 cells for (A) 24, (B) 48 and (C) 72 h. At each 24 h 
interval cell viability was assessed by measuring the absorbance change using a 
microplate reader at 450 nm. Data represents average of three independent 
experiments ± SD (**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001). 
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nanoliposomes induced a time-dependent increase in the percentage of 
apoptotic cells. In the free DOX group a respective 58% and 80% of 
Annexin-V stained AU565 cells was recorded for 48 h and 72 h. Simi-
larly, AU565 cells treated with P18-PEtOx-DOPE-DOX nanoliposomes 
showed 49% and 75% of apoptotic cells at 48 h and 72 h, respectively. 
Taken together, both free DOX and P18-PEtOx-DOPE-DOX nano-
liposomes induce statistically similar levels of apoptotic cell death at 48 
h and 72 h in AU565 cells. 

3.7. Therapeutic efficacy of P18-PEtOx-DOPE-DOX in orthotopic breast 
cancer model 

Using AU565 cells, breast cancer orthotopic CD1 nu/nu mouse 
model was established to elucidate the drug delivery efficiency of P18- 
PEtOx-DOPE-DOX nanoliposomes. In order to investigate the anti-
tumor effects of P18-PEtOx-DOPE-DOX in vivo, CD1 nu/nu female mice 
bearing AU565 orthotopic xenografts were treated with control vehicle 
(PBS), PEtOx-DOPE nanoliposome, free DOX and P18-PEtOx-DOPE-DOX 
nanoliposome. The average body weight of mice did not change 
significantly suggesting a tolerable treatment dosage except for the 

Fig. 3. Cellular internalization of P18-PEtOx-DOPE-DOX nanoliposomes. Representative confocal microscopy images of AU565 cells after incubation for 1 h, 2 h, 4 h, 
24 h and 48 h. AU565 cells were stained with DAPI (blue) and DOX (red) (Scale bars: 20 μm, Objectives: 40×). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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group that was administered with only free DOX. In the free DOX co-
horts, ~ 17% (p < 0.05) of body weight was found to be lost in mice 
compared to control cohort after the 5th injections, which reflected the 

signs of systemic toxicity from DOX. Mice treated with P18-PEtOx- 
DOPE-DOX nanoliposomes showed none of these adverse effects (p >
0.05), indicating low acute toxicity (Fig. 6A). Tumors grew progres-
sively and rapidly in mice treated with control vehicle (PBS) and drug- 
free PEtOx-DOPE nanoliposomes groups (Fig. 6B). Weight and hence the 
size of the tumors isolated from free DOX and P18-PEtOx-DOPE-DOX 
nanoliposomes cohorts were significantly smaller by a respective 52% 
and 63%, compared to that of control cohorts (Fig. 6C). Consistent with 
these decreases in tumor weight, tumor volume in mice treated with 
P18-PEtOx-DOPE-DOX nanoliposomes was the lowest among all treat-
ment groups. In comparison to control cohorts, mice treated with free 
DOX and P18-PEtOx-DOPE-DOX nanoliposomes showed significantly 
reduction by 68% and 84% in tumor volume, respectively (Fig. 6D). All 
tumor types were characterized as adenocarcinoma, verifying AU565 
orthotopic CD-1 nu/nu mouse models were generated successfully and 
the histological and nuclear grading of all tumors in the four different 
treatment groups were recorded as Grade 3 (Table S1). Moreover, his-
topathological examination of tissue from P18-PEtOx-DOPE-DOX and 
free DOX showed a higher abundance of fragmentized and shrunken 
nuclei in tumor sections as compared with control and PEtOx-DOPE 
tissues (Fig. 6E). 

Fig. 4. Cell cycle profiles of AU565 cells, examined by flow cytometry. Non- 
treated AU565 cells (Ctrl) and AU565 cells subjected to empty PEtOx-DOPE 
nanoliposomes, free DOX and P18-PEtOx-DOPE-DOX nanoliposomes at an 
equivalent DOX dose of 2.5 μg/ml for 24 h. 

Fig. 5. Evaluation of apoptosis in AU565 cells induced by free DOX and P18-PEtOx-DOPE-DOX nanoliposomes using Annexin V-FITC/PI staining. AU565 cell death 
was evaluated by FACS using annexin V-FITC/PI staining showing representative density plots at (A) 48 h and (B) 72 h. (C) Graphical representation of percentage for 
cell death was shown. Data point represents the average ± SD (n = 3) (***P ≤ 0.001). 
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3.8. Histopathological analysis 

H&E stained sections revealed that none of the treatment groups 
showed signs of tissue or cellular damages in the lung, spleen, liver and 
kidney, suggesting no signs of toxicity or metastatic lesions in any of the 
animal groups (Fig. 7). However, free DOX cohort displayed an acute 
inflammatory cell infiltration at epicardium, cardiac myocyte and 
intravascular space, while no change in H&E stained sections of the 
heart tissue was observed for P18-PEtOx-DOPE-DOX nanoliposomes 
cohort. Collectively, our preclinical data indicate that P18-PEtOx-DOPE- 
DOX nanoliposomes can be used as a drug-delivery platform with the 
potential to decrease the adverse effect and toxicity of free DOX. 

4. Discussion 

Breast cancer is still a major health problem and main cause of death 
in females. Treatment of breast cancer patients includes surgical 
approach, hormonal therapy, radiotherapy or chemotherapy according 
to clinical and pathological tumor profile of the patients (Moo et al., 
2018). Thus, novel site-specific delivery strategies for the preferential 
delivery of drugs to breast cancer are required. Active tumor targeting 
modality is an emerging and indispensable platform for safe and effi-
cient cancer treatment, which promises to maximize the therapeutic 

efficacy and minimize the adverse effects (Morales-Cruz et al., 2019; 
Zhong et al., 2014). Tumor homing peptides have small size, enhanced 
penetration capacity to tissues and can be easily conjugated to drugs 
conferring low immunogenicity (Hossein-Nejad-Ariani et al., 2019; 
Ruoslahti, 2017). P18, a tumor homing peptide, binds to KRT1, which 
plays an important role in many cancers (Chuang and Huang, 2007; 
Collard et al., 2001; Tang et al., 2012). KRT1 is overexpressed in breast 
cancer cells when compared with healthy mammary and lately shown to 
be a novel target receptor on breast cancer cells (Soudy et al., 2017). 
Therefore, incorporating active targeting moieties such as P18 onto 
nanocarrier formulations will influence the specificity and penetration 
of drug within the tumor and enable the nanocarriers to selectively bind 
to KRT1, overexpressed in breast cancer cells. Earlier, we have investi-
gated the potential of binding affinity of P18 conjugated PEtOx-DOPE 
nanoliposomes to AU565 cells. Our results showed that P18 conju-
gated PEtOx-DOPE nanoliposomes had strong binding affinity to AU565 
cells compared to the normal epithelial breast cells (Devrim et al., 2021) 
thus, making this nanocarrier a candidate drug-carrier to be used in 
KRT1+ breast cancer therapy. 

In the targeted nanocarrier-based drug delivery systems, the toxicity 
to normal cell lines is a major concern (Hossen et al., 2019). Our earlier 
cytotoxicity experiments showed that PEtOx-DOPE lipopolymer and 
nanoliposome formulations exhibit no significant cytotoxicity on normal 

Fig. 6. Antitumor effect of P18-PEtOx-DOPE-DOX nanoliposomes on AU565 orthothopic mice model. CD-1 nu/nu female mice were randomized into four groups (n 
= 5) and treated with vehicle control, PEtOx-DOPE nanoliposomes, free DOX or P18-PEtOx-DOPE-DOX. nanoliposomes once every three days. (A) The graph shows 
the body weight loss on the days of injection. (B) Represented pictures of tumors isolated from each group after 24 days of treatment were shown. (C) The average 
weight of tumors from each cohort group. (D) The average volume of tumors from each cohort group. (E) Images are the representatives for H&E staining of tumor 
tissue sections from each group. Arrow indicates small focal necrosis. Scale bar: 100 μm. *P ≤ 0.05, **P ≤ 0.01. 
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HUVEC, mesenchymal stem cells and kidney HEK293 cells (Gulyuz 
et al., 2020), (Devrim et al., 2021). Similarly, here we showed that P18 
conjugated PEtOx-DOPE formulation had no toxic effect on normal 
epithelial breast MCF10A cells. 

DOX, a potent chemotherapeutic drug for breast cancer therapy, 
shows cardiotoxicity when administered in the free form (Lovitt et al., 
2018; Zhao and Zhang, 2017). This adverse effect of DOX is minimized 
by encapsulating the drug into liposomal nanocarriers like Doxil 
(Barenholz, 2012) or DOX loaded targeted delivery systems (Xi et al., 
2018)(Reynolds et al., 2012). Furthermore, non-PEGylated liposomal 
DOX formulation such as myconet, used in treatment of metastatic 
breast cancer, results in elimination of the toxic profiles caused by DOX 
(Bernardi et al., 2010). Similarly, MM-302 (Hermione), a PEGylated 
antibody-liposomal DOX targeting HER2 overexpressing tumors, 
showed superior antitumor activity in preclinical models of HER2 pos-
itive breast cancer cells when compared to free DOX and PEGylated 
liposomal DOX (Reynolds et al., 2012). Thus, the delivery of DOX to 
breast cancer cells by targeted liposomal conjugates is promising in 
breast cancer therapy. Using a similar approach, in our study we have 
investigated P18 conjugated PEtOx-DOPE nanoliposomes encapsulating 
DOX for KRT-1+ breast cancer therapy in vitro and in vivo. Our previous 
pharmacokinetic studies showed that DOX loaded nanoliposomes con-
structed by P18-PEtOx-DOPE were successfully prepared and PDI value 
of nanoliposomes was less than 0.7 (Devrim et al., 2021), indicating that 
DOX-loaded nanoliposomes may be permeated through the vascular 
space to the tumor site (Perrault et al., 2009). In this study, we have 
shown that P18-PEtOx-DOPE-DOX nanoliposomes in the serum have 

similar zeta potential values as serum, regardless of the lipid structure. 
The results showed that serum has a strong effect on the zeta potential of 
nanoliposomes (Li et al., 2011). Previously we reported that P18-PEtOx- 
DOPE-DOX nanoliposomes demonstrated a significantly higher DOX 
uptake by AU565 cells compared to free DOX, leading to a potent anti- 
tumor efficacy (Devrim et al., 2021). Here, we have shown the cellular 
uptake of P18-PEtOx-DOPE-DOX nanoliposomes was efficiently inter-
nalized into AU565 cells. Our confocal microscopy results suggested that 
P18-PEtOx-DOPE-DOX nanoliposomes successfully delivered DOX into 
AU565 cells, which was visualized in nuclei during the incubation time. 
Consistently, cell viability of AU565 cells treated with P18-PEtOx- 
DOPE-DOX decreased in dose and time dependent manner comparable 
to free DOX treated AU565 cells (Fig. 2). These results were consistent 
with Ziaei et al, where P18 DOX thioether or hydrazone conjugates were 
found as effective as free DOX in MDA-MB-231 triple negative breast 
cancer cells (Ziaei et al., 2019). DOX inhibits the topoisomerase activity 
which causes disruption of the regulation of cell cycle in S-phase and 
cells are unable to cross the S-G2 transition in cancer cells (Siddharth 
et al., 2017). Studies show that DOX delivered by nanoparticles might 
slowly release drug over a longer period resulting in sustained toxicity 
which could increase apoptosis and enhance cell cycle arrest in SKBR-3 
cells (Mondal et al., 2019). Similarly to the literature, our study 
demonstrated that Dox and Dox-loaded P18-PEtOx-DOPE nanoliposome 
made cell cycle arrest at different stage, due to a prolonged release DOX 
from the P18-PEtOx-DOPE nanoliposomes. DOX delivered by P18- 
PEtOx-DOPE nanoliposomes arrested cell cycle of AU565 cells in G2/ 
M phase at 24 h. This suggests that chemotherapeutic DOX delivered by 

Fig. 7. H&E stained sections of major organs obtained from tumor-bearing mice treated with vehicle control (PBS), PEtOxDOPE nanoliposomes, free DOX or P18- 
PEtOxDOPEDOX obtained at the end of the experiment. Scale bar represents 20 or 100 μm according to tissue sections. 
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P18-PEtOx-DOPE nanoliposomes inserts into minor grooves of nucleic 
acids and hinder their synthesis, resulting in the inhibition of cell growth 
(Duan et al., 2013). 

Next, we investigated the anti-tumor effect of DOX loaded P18- 
PEtOx-DOPE nanoliposomes on AU565 tumor models. To our knowl-
edge, this was the first study that used orthotopic AU565 breast cancer 
models in CD-1 nu/nu female mice. AU565 cells with matrigel were 
injected orthotopically into mice. Studies show that usage of matrigel 
may enhance the growth of such orthotopic tumors, without any in-
crease in their metastatic potential. Furthermore, tumor morphology 
was shown to be identical to that observed in matrigel- induced tumors 
of different cell lines, with no observable micro-metastases in the liver or 
spleen of the host mice suggesting that using matrigel is safe (Fridman 
et al., 2012; Topley et al., 1993). Other studies also confirm that usage of 
matrigel did not alter the original histology of the human cells implanted 
in nude mice (Jensen et al., 1998). Although the chosen dosage (5 mg/ 
kg) for free DOX in this study was consistent with literature (Hillegass 
et al., 2011; Liu et al., 2009), our results showed that animals in the free 
DOX cohorts had significant weight loss while P18-PEtOx-DOPE-DOX 
nanoliposomes cohorts showed no adverse effect in body weight, indi-
cating a better drug tolerability. When compared to the control cohort, 
the administration of DOX and P18-PEtOx-DOPE-DOX nanoliposomes 
showed a significant reduction in tumor weight and volume. Although 
no statistical significance was found, the administration of P18-PEtOx- 
DOPE-DOX showed higher antitumor activity (>22%) than free DOX, 
which suggests that extended-release of DOX from nanoliposome pro-
longing circulation time leads to higher accumulation of the drug in 
tumor via EPR effect (Cho et al., 2008; Davis et al., 2008; She et al., 
2013; Singh and Lillard, 2009). In consistence with the reported damage 
by free DOX to heart, which leads to swollen cardiac muscle fibers and 
inflammatory infiltration (Osman et al., 2009; Pereverzeva et al., 2007), 
the heart tissue of our free DOX cohorts also showed acute inflammatory 
cells. No apparent changes in cardiac sections from P18-PEtOx-DOPE- 
DOX nanoliposomes cohorts suggest no in vivo adverse effect when 
compared to free DOX. In agreement with our findings, enhanced 
therapeutic efficacy of DOX delivered by liposome formulations without 
any adverse toxicity was also reported in recent literature (Arabi et al., 
2015; Zhang et al., 2016). 

5. Conclusion 

P18-PEtOx-DOPE-DOX nanoliposomes showed antitumor effect on 
breast cancer AU565 cell lines. Using in vitro tests, we verified that P18- 
PEtOx-DOPE-DOX nanoliposomes could effectively deliver DOX into 
breast cancer AU565 cell lines. PEtOx-DOPE nanoliposomes treated with 
MCF10A cells showed no significant toxicity. Serum stability results of 
P18-PEtOx-DOPE nanoliposomes showed that they were stable in serum. 
Cellular uptake results showed successful delivery of DOX by P18- 
PEtOx-DOPE-DOX nanoliposomes. In vivo studies showing a significant 
decrease in tumor volume of P18-PEtOx-DOPE-DOX treated animals 
suggested that DOX delivered by nanoliposomes elicited a strong anti-
tumor response comparable to free DOX. In summary, this study showed 
for the first time that encapsulation of DOX in P18 conjugated PEtOx- 
DOPE nanoliposomes enhanced the antitumor effect of this drug in 
breast cancer AU565 cell lines. Delivery of DOX by these nanoliposomes 
led to the regression of in vivo AU565 tumor growth. Thus, drug delivery 
by P18-PEtOx-DOPE-DOX nanoliposome promise an enhanced thera-
peutic efficacy with decreased systemic side effects. 
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