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Abstract 

Background: Multidrug resistance (MDR) limits the beneficial outcomes of conventional 

breast cancer chemotherapy. Ras-related nuclear protein (Ran-GTP) plays a key role in 

these resistance mechanisms, assisting cancer cells to repair damage to DNA. Herein, 

we investigate the co-delivery of Ran-RCC1 inhibitory peptide (RAN-IP) and doxorubicin 

(DOX) to breast cancer cells using liposomal nanocarriers. 

Research design: A liposomal delivery system, co-encapsulating DOX, and RAN-IP, 

was prepared using a thin-film rehydration technique. Dual-loaded liposomes were 

optimized by systematic modification of formulation variables. Real-Time-Polymerase 

Chain Reaction was used to determine Ran-GTP mRNA expression. In vitro cell lines 

were used to evaluate the effect of loaded liposomes on the viability of breast and lung 

cancer cell lines. In vivo testing was performed on a murine Solid Ehrlich Carcinoma 

model. 

Results: RAN-IP reversed the Ran-expression-mediated MDR by inhibiting the Ran 

DNA damage repair function. Co-administration of RAN-IP enhanced sensitivity of DOX 

in breast cancer cell lines. Finally, liposome-mediated co-delivery with RAN-IP improved 

the anti-tumor effect of DOX in tumor-bearing mice when compared to single therapy. 

Conclusions: This study is the first to show the simultaneous delivery of RAN-IP and 

DOX using liposomes can be synergistic with DOX and lead to tumor regression in vitro 

and in vivo. 

Keywords: Doxorubicin, Ran-inhibitory peptide, Drug delivery, Liposome, Formulation 

variables, Optimization, Breast cancer 

 

 

 

ACCEPTED M
ANUSCRIP

T



 

 

Information Classification: General 

 

 

 

 

Graphical abstract 

 

 

  

ACCEPTED M
ANUSCRIP

T



 

 

Information Classification: General 

1. Introduction 

Breast cancer is a genetic disease, characterized by gene mutation, 

rearrangement, and amplification [1]. High mortality rates in industrialized countries are 

well documented [2], along with the limitations and adverse effects associated with the 

various protocols used during treatment [3]. It is a heterogeneous disease with several 

subtypes based on the expression of three different receptors, namely the 

progesterone, estrogen, and human epidermal growth factor receptor 2 (HER-2/neu)[4]. 

Clinical options share much with conventional chemotherapeutic strategies, based on 

the administration of cytotoxic drugs as a first-line approach, as is often the case with 

other types of cancer [5]. However, these types of regimens frequently induce multidrug 

resistance (MDR), leading to significant limitations in clinical outcomes [6]. MDR can 

develop over multiple rounds of continual chemotherapy and via various molecular 

mechanisms, including the regulation and deregulation of drug influx [7], mutation of 

drug targets, activation of DNA repair mechanisms, and deregulation of apoptosis [8]. 

Doxorubicin (DOX) is considered an orthodox chemotherapeutic drug. It is 

frequently used to treat solid tumors, such as breast, lung, gastric, ovarian, and thyroid 

cancers. The clinical use of DOX is limited severely by the risk of progressive, dose-

dependent cardiomyopathy, and irreversible congestive heart failure [9,10]. There are 

considerable efforts in the field of DOX research on maintaining drug efficacy while 

reducing toxicity.  It is administered as a monotherapy or, more commonly, in 

combination with other drugs and is primarily used in breast cancer treatment[11]. Its 

cytotoxic effect arises from inhibition of DNA topoisomerase II [12]. Unfortunately, the 

results of several studies have linked poor prognosis during DOX treatment with 

increased MDR [13]. For example, it has been shown that cancer cells evade the 

apoptotic effect of P53 by transporting it to the cytoplasm using a CRM1-mediated 

export mechanism[14].  

Achieving an effective anti-tumor effect requires an understanding of the MDR 

pathway, prompting the development of attenuation strategies based on some form of 

interruptive intervention. A decrease of MDR, combined with the simultaneous use of a 

potent chemotherapeutic agent, is a potentially advantageous therapeutic strategy [15].  

One approach has focused on novel delivery methods, such as anthracycline nano-
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delivery systems, reported circumventing MDR effectively, both in vitro and in 

vivo[16,17]. This approach augments the therapeutic effect, whilst minimizing the 

expected adverse effects of high drug dosing [18]. Liposomes are of particular interest, 

having been successfully employed for the delivery of DOX. They possess a unique 

bilayer vesicular structure, comprising an internal aqueous compartment entrapped by 

one or more concentric lipid bilayers to facilitate the encapsulation of both lipophilic and 

hydrophilic drugs[19]. Liposomes have a number is beneficial properties, when 

compared to other nanosystems [20,21]. These properties include improving drug 

solubility, stability, and delivery to specific target sites [21]. Their sub-cellular size and 

lipid structure allow for higher intracellular uptake, which improves drug bioavailability 

when compared to other particulate systems. Furthermore, they provide drug protection 

against degradation while sustaining its release[20]. The main reason for selecting 

liposome as a drug nanocarrier is its significant role in effective drug delivery to target 

sites while minimizing systemic toxicity.  Liposomal formulations have been shown to be 

beneficial for stabilizing therapeutic biomolecules, overcoming obstacles of cellular and 

tissue uptake, and improving the drug biodistribution to target sites in vivo. Liposomes 

exhibited positive outcomes in preclinical studies, thus the clinical translation of 

liposome-based drug delivery platforms has improved incrementally[22]. 

Our group has a particular interest in the functions of Ras-related nuclear protein 

(Ran). It is a key component of the exportin transport system and exists in two 

nucleotide forms [16]. It is best known for its roles in directional nucleocytoplasmic 

transport, mitotic spindle fiber assembly, and post-mitotic nuclear envelope 

dynamics[23]. Ran overexpression induces cellular transformation, tumorigenesis, and 

metastasis, both in vitro and in vivo[24,25]. Cancer cells with mutations and abnormal 

expression in proto-oncogenes and suppressors correlate to the activation of the 

PI3K/Akt/mTORC1 and Ras/MEK/ERK pathways, which are the most frequently 

dysregulated signaling pathways in cancer[26]. These pathways are more susceptible to 

Ran knockdown than normal cells [27,28]. 

The cellular compartmentalization of the Ran GTP-GDP cycle is regulated by the 

Ran guanine nucleotide exchange factor (RCC1). Besides, Ran-GAP creates a Ran-

GTP gradient, which controls the transport of macromolecules between the nucleus and 
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the cytoplasm [26]. RanGTP-regulated nuclear export and import pathways control the 

cell cycle rate and cellular responses to DNA damage. If the cellular RanGTP 

concentration reaches a threshold, RanGTP-regulated nuclear-cytoplasmic transport 

reactions approach rates that support normal DNA Damage Response (DDR) function 

and cell cycle transitions. Consequently, DNA damage in such cells is successfully 

repaired, followed by termination of DDR and re-entry into the cell cycle. If RanGTP 

levels fall below the required threshold or a required nuclear transport receptor pathway 

is defective, the mechanisms of DNA repair or cell cycle re-entry are delayed. This, in 

turn, triggers cell cycle arrest or possible cell death [29]. The relation between Ran gene 

and DOX is controlled by the role of RCC-1. It was reported that, RCC1 promotes 

doxorubicin resistance in colorectal carcinoma cells. Besides, overexpression of RCC1 

prevented the onset of DNA damage–induced cell senescence in normal cells. In case 

of colonic carcinoma, RCC1 overexpression strongly increased cell survival following 

doxorubicin-induced DNA damage. RCC1 overexpression was sufficient to accelerate 

cell cycle and DNA damage repair after DOX treatment[30]. 

Our group has reported previously, for the first time, on a specific peptide 

segment (CAQPEGQVQFK), known as Ran-RCC1 inhibitory peptide (RAN-IP).  Its 

structure is based on the Ran protein sequence and blocks the interaction between 

RanGDP and RCC1 in MDA-MB231 breast cancer cells and A549 lung cancer cells.  

This competitive inhibition of the binding of RCC1 to its specific binding pocket present 

in the RanGDP conformation prevents RanGTP formation[23,31]. Experimental 

disruption of the guanine nucleotide cycle by RAN-IP has been demonstrated using 

RAN-IP-loaded nanoparticles, which prevent the generation of RanGTP by disrupting 

nucleotide-binding with RCC1, resulting in a dominant inhibitory effect on RanGTP 

formation. This suppresses tumorigenesis and metastasis both in vitro and in vivo 

[23,31]. 

Herein, we report on a novel liposome-based co-delivery of DOX and RAN-IP as 

combination chemotherapy for the first time. Importantly, the delivery of liposomal 

payloads comprising combinations of cytotoxic and peptide drugs has been reported 

elsewhere, such as paclitaxel and sorafenib, for reversion of multidrug resistance in 

vitro in breast cancer cells[32].  However, the peptide-based payload is used primarily 
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for targeting purposes and decorates the peripheral aspects of the liposome, as 

demonstrated by the co-delivery of DOX and vincristine for the treatment of glioma[33], 

DOX and erlotinib for treatment of glioblastoma[34] and DOX for treatment of lung 

metastasis[35].  

The first aim of this work was to study the formulation and optimization of the 

physicochemical properties of liposomes loaded with both peptide and DOX using 

different formulation variables. The second aim was to use simultaneous liposomal 

delivery of DOX and RAN-IP to confirm the effect of reducing or reversing the 

overexpression of Ran during exposure to DOX. In vitro cytotoxicity of these dual 

functionalized liposomes was tested on breast and lung cancer cell lines (MDA-MB231, 

MCF-7, and A549). Finally, the study aimed to confirm that the upregulation of Ran in 

DOX-treated cells, in vitro, is a key mechanism that counteracts antineoplastic effects. 

The anti-tumor activity of dual functionalized liposomes was evaluated in an in vivo 

Solid Ehrlich Carcinoma (SEC) breast cancer model. 

 

2. Materials and methods  

2.1. Materials 

1,2-Dipalmitoyl-sn-glycerol-3-phosphate-rac-(1-glycerol) (DPPG, sodium salt) and 1,2-

dioleoyl-sn-glycerol-3-phosphoethanolamine (DOPE, purity >99%) were purchased from 

Avanti Polar Lipids, Inc., (Alabaster, AL). Peptide (NT 3-12) (MW 1243 Da, purity ≥ 

96%) was synthesized by GL-Biochem Ltd. (Shanghai, China). Doxorubicin 

hydrochloride (DOX), cholesterol, methanol, dichloromethane, and phosphate-buffered 

saline were obtained from Sigma-Aldrich Company Ltd. (Poole, UK). Dichloromethane, 

acetonitrile, and trifluoroacetic acid were of HPLC grade and other reagents were of 

analytical grade. Water used in the work was produced to Type 1 standard (Milli-Q®, 

resistance of 18.2 MΩ cm at 25 °C, conductivity is �  10 µS/cm, ion-free water at the 

sub-ppb level, total organic carbon is �  30 µg/ml, and pH of 6.99). 

 

2.2. Preparation of drug-loaded liposomes 

Liposomes were prepared using a modified, thin-film rehydration method [36]. 

Phospholipids and cholesterol (DPPG: DOPE: cholesterol) of (4:4:2 molar ratio) were 
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dissolved in dichloromethane and methanol (3:1 v/v) in round bottom glassware. The 

organic solvent was evaporated at 40 °C using rotary evaporation. The resultant thin 

film was maintained under vacuum for 6 hours to ensure removal of residual solvents. 

The thin film was hydrated in a solution of NT 3-12 peptide in PBS for 1 hour at 60 °C 

using a bath sonication (150 W). The sample was frozen at -20 °C and then a freeze-

thaw cycle repeated four times using bath sonication without addition of cryoprotectant. 

The sample was centrifuged at 22,000 g for 30 minutes at 4 °C for purification and 

removal of the non-encapsulated drug. DOX-loaded liposomes were prepared using this 

method, differing only in the rehydration step, where a PBS solution containing 

dissolved DOX was used. Dual-loaded liposomes containing both peptide and DOX 

were prepared using an identical procedure, but with a PBS solution containing 

dissolved NT 3-12 peptide and DOX for rehydration of the lipid film. Process variables, 

such as the pH of the dispersion medium, peptide loading and addition of DOX, are 

listed in (Table 1), together with the identifying code used to label each liposome 

formulation.  

 

2.3. Characterisation of drug-loaded liposomes 

Average size and population spread (polydispersity index) of liposome preparations 

were determined using dynamic light scattering (Nanosizer ZS, Malvern Instruments, 

UK). The particle size and distribution were measured after each freeze-Thaw cycle 

during preparation and after each week for one month during storage for measuring in 

vitro stability. Liposomal charge (Zeta potential) was determined using laser Doppler 

anemometry after a 5-fold dilution in distilled water (Nanosizer ZS, Malvern Instruments, 

UK). All measurements were performed in triplicate.  Liposomal surface morphology 

was studied using transmission electron microscopy (JOEL JEM 2000 EX200) operating 

at an accelerating voltage of 80 kV. Samples were prepared by placing a suspension on 

a Formvar-coated grid and coating with a carbon layer (20 nm) under vacuum before 

scanning. 
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2.4. Determination of drug encapsulation efficiency 

Peptide content was determined by an indirect procedure based on the determination of 

uncoated free peptide in the supernatant using HPLC [23,31]. Briefly, reversed-phase 

chromatography (Phenomenex- Luna® C18-5 column mm, 5 µm) with a flow rate of 1.0 

ml per min, and UV detection (254 nm) was used.  A mobile phase elution gradient was 

used, comprising two solvent mixtures (solvent A: 0.1% TFA in acetonitrile; solvent B: 

0.1% TFA in water). Peptide encapsulation inside the liposome was calculated from the 

difference between the initial amount of peptide added and the free peptide remaining in 

the supernatant after liposome fabrication. DOX was detected using HPLC performed 

under conditions described elsewhere [37]. Chromatographic separation was 

accomplished with a mobile phase consisting of acetonitrile: water at a ratio of 30:70 

(pH 3.0), and the drug was detected at 233 nm using a UV detector at a flow rate of 1.0 

ml per min and ambient temperature. Each sample was assayed in triplicate and 

loading of both peptide and DOX reported as a percentage encapsulation efficiency 

(%E.E). Physicochemical characterizations of peptide-loaded, DOX-loaded and dual-

loaded liposomes were represented in (Table 2). 

 

2.5 In vitro release studies 

A sample of peptide-loaded liposome formulation containing predetermined amounts of 

peptide and DOX was placed into a dialysis bag (10 kDa molecular weight cut off). The 

membrane was dialyzed against receptor media (50 ml PBS, pH 7.4). The release was 

studied at 37 °C at 100 rpm. At predetermined time interval points, a sample was 

removed (1.0 ml) replaced by an equal volume of fresh media to maintain sink 

conditions. Drug concentrations were assessed using HPLC, as described previously. 

 

2.6. Cell culture 

Breast cancer cell lines (MCF-7 and MDA-MB-231) and non-small cell lung carcinoma 

cells (A549) were obtained from the Cell Culture Department, VACSERA (Cairo, Egypt). 

Cells were routinely grown in T75 canted-neck tissue culture flasks. Cells were cultured 

in Dulbecco’s Modified Eagle’s Medium (DMEM) medium (Invitrogen/ Life Technologies, 

Grand Island, NY) supplemented with FBS (10% v/v), 10µg ml-1 of insulin and 1% 
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penicillin-streptomycin. The medium renewal was carried out every three days at 80% 

confluence. Cell cultures were incubated at 5% CO2 and 37 °C. 

 

2.7. In vitro cell viability assay 

A cell viability assay was performed using an in vitro toxicology assay kit (MTT, 7H258, 

Sigma, Saint Louise, Missouri, USA) [38,39]. MCF-7, MDA-MB-231, and A549 cells 

(1.2-1.8 x104 cells/well in 100 µl media) were seeded in 96-well plates for 24 hours 

before treatment. The following day, all cells were treated with 100 µl of each of the 

following formulations: blank liposome, free peptide (1 µM), free DOX (1 µM), peptide-

loaded liposome (1 µM), DOX-loaded liposome (1 µM), combination of both peptide-

loaded liposome (1 µM) and DOX-loaded liposome (1 µM), dual-loaded liposome at 

three different concentrations (0.25, 0.5 and 1 µM). All treatments were suspended in 

transfection Optimem® media. Untreated MCF-7, MDA-MB-231, and A549 cells were 

used as controls.  

Cell viability following each treatment was determined after 24, 48, and 72 hours. 

Treated cells were washed in PBS (100 µl) and 100 µl of reconstituted MTT (M-5655) 

dye solution in complete media was added to each well. The plates were incubated at 

37 °C and 5% CO2 for an additional 3 hours. The supernatant was discarded, 

solubilizing solution added (M-8910, 100 µl) and gently mixed in to dissolve the 

precipitate. The color intensity was measured at 570 nm and the background absorption 

measured at 690 nm in a microplate reader (Fluostar Omega, BMG Lab Tech GMBH, 

Germany). The anti-proliferative effect of different doses of free drugs and liposomal 

treatments was calculated as a percentage of cell growth concerning control cells. The 

absorbance of the untreated cells was set at 100%. The dose-effect curves were plotted 

for each treatment to measure the drug concentration that caused 50% growth inhibition 

(IC50)[40,41]. All experiments were performed in triplicate.  

 

2.8. Real-time polymerase chain reaction 

RNA was extracted using selective binding to silica-based membranes (RNeasy® Mini 

Kit, Qiagen Ltd., Manchester, UK), and reverse transcription was performed using 

SuperScriptTM III first-strand synthesis system (Invitrogen Ltd.) according to the 
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instructions supplied by the manufacturer. Real-time PCR (Applied Biosystem, Foster 

City, CA) was performed using an SYBR® Green assay for RanGTP and a forward 

primer 5’ CCATCTTTCCAGCCTCAGTC 3′ and reverse primer 5’ 

CCAAGGAAGGCGTCTAAGGC 3’. 

 

2.9. In vivo study 

2.9.1. Animals 

The In vivo study was performed on 60 female BALB/C mice, aged 7–8 weeks, and 

weighing 20 ± 2 g. They were housed in stainless steel mesh cages in ten groups of six. 

Mice were kept under standard conditions of light, relative humidity, and temperature, 

for ten days before the experiment. Animals had free access to standard laboratory food 

and water throughout the study. All procedures were performed according to a protocol 

approved by the Faculty of Pharmacy, Tanta University, and designed by the Animal 

Care and Use Committee. 

 

2.9.2. Development of tumor model 

The induction of a solid Ehrlich carcinoma tumor was performed as previously described 

[23,42]. Ehrlich ascites tumor (EAT) cells, supplied from the National Institute of Cancer, 

Egypt, were collected from the ascites fluid of female mice harboring 8–10-day old 

ascites tumor. Approximately, 2 x106 viable EAT cells were suspended in PBS and 

injected subcutaneously into the back of BALB/C female mice. Growth was assessed 

daily until the tumor volume reached 100 mm3. Volume was calculated by measuring 

both perpendicular diameters of the tumor using a digital caliper and applying the 

following equation [43]. 	 	 = . . .  

2.9.3. In vivo antitumor efficacy 

To assess the in vivo antitumor efficacy of liposome formulations, animals were 

randomly separated into ten groups (six mice per each group). The study design of the 

in vivo experiment and treatment protocols are shown in (Table 3). The tumor-bearing 

mice were subdivided into groups, with each receiving an intraperitoneally administered 
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dose every three days for 16. At the end of the experiment, animals were sacrificed by 

cervical dislocation. The excised tumors were washed in cold saline, then weighed to 

determine the final tumor weight. 

 

2.10. Biochemical assays 

Lipid peroxide content in the heart tissue of treated animals was determined by 

measuring MDA (Biodiagnostic Ltd., Giza, Egypt). The method used colorimetric 

detection of the colored product formed following the reaction between thiobarbituric 

acid and the MDA content in heart tissue samples [44]. The assay procedures were 

conducted according to the protocol supplied by the manufacturer. 

Serum lactate dehydrogenase (LDH) was measured by using a LDH kit 

(SPINREACT, Spain), following a method previously described [45]. Creatinine kinase 

(CK-MB) activity was measured using a propriety assay (Egyptian Company for 

Biotechnology, Cairo, Egypt) according to methods described elsewhere [46]. All serum 

samples were collected immediately before animal sacrifice. 

 

2.11. Statistical analysis 

Results for in vitro experiments were determined as mean ± SD and results from in vivo 

experiment were presented as mean ± SEM. The level of significance was evaluated 

statistically using a one-way ANOVA, followed by the post-hoc Tukey's test. P < 0.05 

was considered to be statistically significant for both in vitro and in vivo experiments. 
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3. Results and discussion 

Herein, we used thin film rehydration method followed by freeze-thaw cycle for 

preparation of drug-loaded liposomes. Thin film rehydration technique was adopted for 

encapsulation of hydrophilic drugs due to its simplicity, reproducibility, practicability, and 

its ability to yield small and uniform drug loaded liposomes after freeze-thaw 

cycles[47,48]. 

 

3.1. Effect of pH of the dispersion medium 

The physicochemical characteristics of three different peptide-loaded liposome 

formulations (F1, F2, and F3) are shown in (Table. 2). NT 3-12 peptide was dissolved in 

aqueous dispersion media with each adjusted to one of the following pH values (PBS 

pH 7.4, phosphate buffer pH 6.8, and phosphate buffer pH 6) to investigate the effect of 

the pH value on the physicochemical properties of the peptide-loaded liposomes. 

Decreasing the pH of the aqueous dispersion medium resulted in a significant increase 

in liposomal size. The average size of (F1) rehydrated by phosphate buffer (pH 6) was 

found to be 139 ± 21 which was significantly bigger (p �  0.01) compared to 81 ± 11nm 

in the case of (F3) prepared at higher pH of 7.4. Low pH values cause the protonation of 

the phospholipid heads and therefore hydrogen bond formation may occur resulting in 

bigger liposomal size meanwhile some phospholipid may exhibit electrostatic repulsion 

between protonated phospholipid heads. In the case of DPPG, protonation of 

phospholipid heads was more likely to occur compared to other lipids so that hydrogen 

bond formation between adjacent protonated heads predominate the electrostatic 

repulsion resulting in larger liposome size [49,50]. The change in pH value of the 

dispersion medium showed a slight change in zeta potential (p �  0.05). This might be 

attributed to the poor electrostatic repulsion effect resulted from the change in pH 

values.  

Increasing pH value from 6 to neutral 7.4 resulted in a significant increase in peptide 

encapsulation efficiency. The average % E.E of (F1) prepared at a low pH value of 6 

was found to be 52.13 ± 7.96 which was significantly lower than % E.E of 93.15% ± 

6.1% in case (F3) prepared at higher pH of 7.4 (p �  0.001). This can be explained by 

the hydrogen bond formation between neighbouring protonated heads of DPPG at lower 
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pH which decreases their hydrophilicity. This subsequently decreases the hydration of 

the lipid film by the aqueous drug-containing medium leading to a lower encapsulation 

efficiency. On the other hand, smaller liposome size resulted at pH 7.4 exhibited higher 

surface area available for lipid hydration with aqueous drug-medium resulting in a 

higher percentage of peptide encapsulation[49,50].  

In vitro release profiles of different peptide-loaded liposomes (F1, F2, and F3) showed a 

significant decrease (p < 0.05) in initial burst release phase in the case of F3 compared 

to both F1 and F2 (Fig. 1A). Burst release after 24 h was 59.17% ± 8.36%, 53.13% ± 

5.11%, and 44.66% ± 5.7% in case of F1, F2 and F3, respectively. This lower initial 

burst is preferable especially in case of in vivo administration of nano-drug delivery 

system reducing the risk of premature drug release before reaching the targeted site of 

action [31]. 

 

3.2. Effect of peptide loading 

The physicochemical properties of the three peptide-loaded liposome formulations (F3, 

F6, and F9) were recorded in (Table 2). Three peptide loadings levels (3%, 5%, and 7% 

w/w) were used in this study while maintaining the lipid composition and concentration. 

Increasing peptide loading resulted in a significant increase in the liposomal size (p �  

0.05). liposome size increased from 81 ± 11 nm in the case of 3% w/w peptide loading 

(F3) to 128 ± 14 nm in the case of 7% w/w peptide loading (F9) (p �  0.01). Increasing 

the peptide loading might have resulted in the separation of the concentric lipid bilayers 

encapsulating the aqueous drug core due to the high molecular weight of the dissolved 

peptide leading to the increasing of liposomal surface area and therefore size [51]. The 

lower level of peptide loading of 3% w/w (F3) showed a significant decrease in 

polydispersity compared to a higher peptide loading level of (F7) (p �  0.05). Peptide 

loading showed no significant effect on the zeta potential of the liposomes (p > 0.05).  

On the other hand, drug loading had a significant impact on the encapsulation efficiency 

of peptide inside liposomes. The increase in peptide loading resulted in a significant 

decrease in encapsulation efficiency (p < 0.05). Results showed that encapsulation 

efficiency observed for F7 was significantly decreased to 64.7% ± 2.1% compared to 
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93.15% ± 6.1% for (F3) (p �  0.01). This might be attributed to the inability of 

phospholipid structure to entrap this high mount of peptide inside its aqueous drug 

layers [52].  

In vitro release profiles and the initial burst release were closely related to the degree of 

peptide loading (Fig.1B). The burst release of F3 with peptide loading of 3% w/w was 

significantly lower than those of (F9) with 7% peptide loading (p < 0.01).  Initial bursts of 

44.7% ± 5.7%, 56.2% ± 6.1% and 65.9% ± 4.2% were observed from F3, F6 and F9, 

respectively. High peptide loading in the dispersion medium enhanced the saturation of 

liposomal structure with peptide creating a relatively higher concentration gradient 

driving a higher rate of diffusion of peptide towards the external aqueous release phase 

increasing burst and total in vitro release [53].  

According to the previous results, it was clear that F3 was found to be the optimum 

peptide-loaded liposome formulation as it has the lowest size, highest zeta potential, 

highest encapsulation efficiency, and lowest initial burst release. Therefore, the same 

formulation conditions adopted for preparing (F3) were used for co-encapsulation of 

peptide and DOX in the same liposome to prepare (double-loaded liposome). 

 

3.3. Effect of adding DOX  

In this part of the study, DOX was dissolved along with the NT 3-12 peptide in the same 

aqueous dispersion medium of (PBS, pH 7.4) to investigate the effect of adding DOX on 

the physicochemical characterization of different peptide-loaded liposomes (Table 2). 

The addition of DOX to peptide-loaded liposomes as in the case of (F11) demonstrated 

no significant increase of the mean liposome size compared to (F3) prepared without 

Dox (p > 0.05). A significant decrease in zeta potential was observed (p < 0.05). A slight 

decrease in peptide % E.E was observed. On the other hand, the % E.E of doxorubicin 

was 80.6%.  Nonetheless, a significant increase in the initial burst release of the peptide 

was also observed (p < 0.05) (Fig. 1.C). This might be attributed to the displacement 

effect of the loaded DOX on the loaded peptide resulting in lower encapsulation 

efficiency and higher initial release [54]. Approximately, 58% of peptide was released 

after 24 h which accounted for the drug adsorbed on the surface of the liposomes. 
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However, 99 % of peptide was released after 72 h, due to the drug encapsulated inside 

the inner aqueous core of the dual-loaded liposomes. These results indicated the 

presence of drug in both adsorbed form and encapsulated.  On the other hand, DOX 

showed a different release profile with a significantly lower initial burst release (p < 0.01) 

of 35.7% compared to 58.6 % of peptide released from F11. Faster DOX release was 

observed after the first 24 hours with almost 97.3% released after 48 hours. The fast 

release of DOX after 24 hours may be due to high diffusion of the encapsulated drug 

towards the dissolution media depending on its small molecular weight compared to the 

high molecular weight of the encapsulated peptide. In addition, membrane fluidity of the 

prepared liposomes might contribute to the high DOX release. Incorporation of DOPE 

with low phase transition temperature Tc of -16 increased the fluidity of the liposomal 

membrane which facilitated doxorubicin release[55]. In vitro release, results showed 

that peptide and Dox can be released efficiently from the dual loaded liposomal carrier. 

Based on the above results, F11 was used for further in vitro and in vivo experiments 

due to its superior physiochemical properties compared to other formulations as 

demonstrated by its optimum mean size, zeta potential, encapsulation efficiency and in 

vitro release of both drugs. 

 

3.4. Transmission electron microscopy 

To visualize the surface morphology of the double-loaded liposome (F11), TEM was 

used to assess the liposome morphology. TEM images revealed a smooth spherical 

shape of homogenous size, with no evidence of liposome adhesion or aggregation (Fig. 

2.A). The average size obtained using TEM showed no significant differences when 

compared to similar data captured using light scattering.  

To ensure the stability of this formulation (F11), a sample was stored in a fridge at 4oC 

for 4 weeks and its particle size was measured periodically. The results show that the 

particle size showed a non-significant increase after 3 weeks compared to freshly 

prepared liposomes (p > 0.05).  A significant increase in liposomal size (p �  0.05) was 

noticed on day 28 after preparation (Fig 2.B). The % E.E of both peptide and 
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doxorubicin showed a non-significant change after 5 days of preparations (p �  0.05). 

Therefore, freshly prepared samples were used continuously for in vivo study. 

 

3.5. In vitro cell viability assay 

The cytotoxic action of different liposomal treatments on the MDA-MB 231, MCF-7, and 

A549 cell lines were evaluated by MTT assay 24, 48, and 72 hours after treatment (Fig. 

3). MDA-MB 231 and MCF-7 breast cancer cell lines were used efficiently as a model 

for studying doxorubicin resistance[56]. Besides, A549 cell line is one of resistant lung 

cell lines against doxorubicin treatment[57]. The results show that the blank liposome 

and free peptide had no cytotoxicity on breast and lung cancer cells. Treatment with 

peptide-loaded liposome (1µM) showed a significant reduction in cell viability compared 

to the control and free peptide (p < 0.05). This confirms the subcellular delivery of 

peptide inside the cancer cell where it can achieve its action on Ran inactivation as we 

previously reported [23,31]. On the other hand, treatment with free DOX and DOX-

loaded liposomes showed a significant reduction in cell viability compared to control 

cells (p < 0.05). However, treatment with DOX-loaded liposome showed more cytotoxic 

action compared to the free drug (p < 0.01). These results were in good agreement with 

other previously reported [58]. The dose-effect curves were plotted to measure the 

liposomal drug concentration that caused 50% growth inhibition (IC50). Double-loaded 

liposome (F11) showed a dose-dependent cytotoxic action in all cell lines as cell viability 

decreased with increasing the dose from 0.25 to 1 µM. Treatment of MDA-MB 231 

breast cancer cells with double-loaded liposome reduced cell viability in a dose-

dependent manner while maintaining its cytotoxic action up to three days after treatment 

due to sustained cytotoxic action (Fig. 3.A). After 24 hours of treatment, the mean IC50 

value of double-loaded liposome (F11) in MDA-MB 231 cells was 0.304 ± 0.08 µM. This 

IC50 value is significantly lower than previously calculated IC50 of our peptide-loaded 

polymeric nanoparticles which was estimated to be 3.6 µM (p < 0.001) [31]. This might 

be due to the co-delivery of DOX and peptide together in the same liposome as well as 

to the nature of the liposomes as a superior drug delivery vehicle. Higher cytotoxic 

action was observed after the treatment of MCF-7 breast cancer cells with double-

loaded liposomes. A similar dose-dependent effect was demonstrated in the case of 
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MCF-7 cells. The mean IC50 value of (F11) in the case of MCF-7 cells was 0.112 ± 0.05 

µM, which was significantly lower than IC50 of the same treatment in MDA-MB 231 cells 

calculated after 24 hours (p < 0.01) (Fig. 3.B).  Treatment of lung cancer cells with (F11) 

showed a similar dose-dependent cytotoxic action up for three days after treatment (Fig. 

3.C).  The mean IC50 value for (F11) in A549 cells was 0.416 ± 0.12 µM, compared to 

similar IC50 values for MDA-MB 231 and MCF-7, respectively (p < 0.05). Cell viability 

results showed a non-significant decrease in cell viability after 72 hours compared to 48 

hours (p �  0.05) especially in lung cancer cells. This might be attributed to cell 

saturation with both drugs. Besides, in vitro release results showed a non-significant 

difference between the amount of peptide and doxorubicin released after 48 and 72 

hours from the double-loaded liposomes.  

Based on these results, double-loaded liposome (F11) achieved a significant reduction 

in cell viability (p < 0.001) compared to free peptide, peptide-loaded liposome, free 

DOX, and DOX-loaded liposome. Besides, F11 showed a significant cytotoxic action 

compared to the combination of both peptide-loaded and DOX-loaded liposomes. This 

might be attributed to the synergistic anti-cancer effect resulted from the co-delivery of 

peptide and DOX in one liposomal form. Double-loaded liposome achieved successful 

peptide and DOX delivery to the subcellular site of action meanwhile preserving their 

anti-cancer activity after formulation. 

 

3.6. Quantitative Real-time PCR 

To explain the results of the cell viability study, qPCR was carried out to investigate the 

effect of Dox on mRNA ran expression. The results were analysed as mean ± SD by 

use of analysis of variance (ANOVA) with Dunnett's multiple comparisons test using 

GraphPad prism 8.1.2. (Fig. 4.A) shows RAN mRNA expression level in MDA-MB-231 

cell-line following treatment with Dox 1µM at three-time points (6,12 and 24h). RAN 

mRNA expression was downregulated after 6 and 12 hours treated by 1µM Dox by 40% 

and 20%, respectively compared to control empty liposome treated cells. This could be 

due to a decrease in cell viability.  
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 At 24 hours, however, the level of Ran mRNA expression was significantly increased 

by 100% compared to the control and by 200% compared to the 6hrs level.  Following 

the treatment of MDA-MB231 cell by Dox at 1.3 µM, Ran mRNA expression was 

decreased by 20% at 6 hours compared to empty liposome treated cells but increased 

at 12 and 24 hrs to 110% and 200%, respectively compared to the cells treated by 

empty liposome. The addition of the liposomal RAN-GTP blockade peptide 

counteracted the overexpression in RAN mRNA due to the treatment with DOX (Fig. 

4.B). 

Ran overexpression may help cancer cells resistance to DOX. It has been shown that 

Ran has an important role in DNA damage repair, thus introducing a RAN inhibitor will 

neutralize this effect and synergize the effect of DNA damage caused by DOX and, 

thus, increase cell apoptosis. In vitro results showed that DOX inhibited RAN expression 

in cells then after 24 hours RAN expression was upregulated hence cells are resisting 

the cytotoxic effect of DOX. The after treating with RAN-IP, the RAN expression was 

downregulated again and re-sensitize the cells to DOX. 

 

3.7. In vivo studies 

3.7.1. In vivo antitumor efficacy 

This study was performed using the SEC model to investigate the anti-cancer activity of 

prepared nano-drug delivery systems on breast cancer-induced in mice. The SEC 

model was carefully selected for this study due to the following reasons. Firstly, SEC is 

a well-established murine mammary adenocarcinoma model in tumor biology. This 

model has largely been used for study of tumor pathogenesis and development of anti-

tumorigenic agents[59]. Secondly, the  Ehrlich model is used extensively in studying the 

MDR of different chemotherapeutics such as daunorubicin, Mitoxantrone, etoposide[60-

62]. Finally, Doxorubicin has been shown to induce expression of P-gp after only 24 h of 

contact with sensitive Ehrlich cells[61,63,64]. Therefore, this model can develop MDR to 

doxorubicin in a very short time of only 24 hours[63], meanwhile, the duration of our in 

vivo study was 16 days. The antitumor activity of peptide-loaded liposome, Dox-loaded 

liposome, and double-loaded liposome (Table 3) was demonstrated in (Fig. 5). 
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Intraperitoneal administration (IP) of liposomal drug delivery systems was selected due 

to its numerous advantages. Previous studies showed that, intraperitoneal 

administration of siRNA-loaded liposomes was as efficient as intravenous administration 

for treatment of ovarian cancer. Liposomes injected IP were distributed by diffusion into 

intraperitoneal cavity through the vasculature, rather than direct diffusion to reach the 

tumor site from the peritoneal cavity[65]. IP administration of doxorubicin-loaded 

liposome was the best choice for treatment of SEC model in vivo due to its significant 

effect on prolongation of survival time of treated animals due to its leaky properties and 

high peritoneal dissemination of these liposomes[66]. After 16 days of treatment, the 

control and blank liposome-treated groups showed an increase in tumor volume by 

281.93% and 312.25%, respectively. Animals treated with free peptide (10 mg kg-1) 

showed no anti-tumor activity as tumor volumes increased by 354.24%. Mice treated by 

peptide-loaded liposome (10 mg kg-1), free DOX (5 mg kg-1) and DOX liposome (5 mg 

kg-1) exhibited a significant tumour growth inhibition of 55.4%, 50.22% and 65.91% 

respectively (p < 0.001) (Fig. 6). The animal group treated with the combination of 

peptide liposome (10 mg kg-1) and DOX liposome (5 mg kg-1) demonstrated a 78.61% 

reduction in tumor volume that was significantly more effective than the use of each 

single-drug loaded liposome (p < 0.001). Treatment with double-loaded liposomes 

showed the highest % of tumor growth inhibition of 85.91%, 95.55%, and 97.77% in 

cases of 1X, 2X, and 3X, respectively. The most favourable antitumor activity was 

observed in animals treated with double-loaded liposomes (2X and 3X). These results 

confirm the superiority of synergistically combined therapy of NT 3-12 peptide and DOX. 

This is the first time to report the anticancer activity of the combination of NT 3-12 

peptide and DOX by co-delivery of both drugs in a liposome-based drug delivery 

system.   

 At the end of the treatment, all animals were sacrificed. A photograph of excised 

tumors for each animal group was shown in (Fig. 7). The difference in tumor weights 

between control and treated animals was exhibited in (Fig. 8). The average tumor 

weight in the control group after treatment was 3.95 ± 0.46 g.  Animals treated with 

double-loaded liposomes showed a reduction in average tumor weight of 91.13 %, 

97.46%, and 99.49% in cases of 1X, 2X, and 3X, respectively (p < 0.001). 
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3.7.2. In vivo safety 

There were no signs of decreased activity or abnormal behaviour, which indicates no 

toxicity caused by all treatments. Most animals appeared healthy and no substantial 

body weight loss was observed (Fig. 9). However, animals treated with free DOX and 

DOX-loaded liposomes showed a significant body weight loss compared to the control 

animal (p < 0.05). Biochemical assays were done to investigate the cardiotoxicity of 

DOX-loaded liposome in vivo. Three different biochemical parameters of cardiac MDA, 

LDH, and CK-MB levels were investigated, and results were presented in (Table 4). 

Tumor-bearing animals served as a control group showed a non-significant (P �  0.05) 

increase in cardiac MDA compared to normal animals. Mice treated with free DOX and 

DOX-loaded liposome showed a significant increase in cardiac MDA levels compared to 

control animals and animals treated with peptide-loaded liposome. However, DOX-

loaded liposome showed a non-significant decrease in MDA level compared to free 

DOX. This was due to the cardiotoxic effect of DOX in vivo.  Besides, treatment with 

free DOX and DOX-loaded liposomes resulted in a significant increase in LDH and CK-

MB activity levels. However, DOX-loaded liposome showed a significant decrease in 

CK-MB level compared to free DOX treated animals (p < 0.05).  Fortunately, double-

loaded liposomes showed a non-significant increase in cardiac MDA, LDH, and CK-MB 

levels compared to control animals which can confirm its safety for in vivo use. 
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4. Conclusions 

Peptide-loaded liposomes were prepared using a thin film rehydration technique 

comprising several peptides and DOX loading levels, and variable pH of the dispersion 

media. An optimum double-loaded liposome was selected, which had the highest 

peptide loading of 85%, the lowest particle size of 80 nm, whilst sustaining the peptide 

and Dox release for 3 days. In vitro cell viability studies of peptide-loaded liposomes 

showed superior cytotoxic action compared to free peptide and free Dox. The highest 

reduction in cell viability was observed in case of MCF-7 due to the lowest IC50 of 0.112 

± 0.05 compared to 0.304 ± 0.08 and 0.416 ± 0.12 µM for MDA-MB-231 and A549, 

respectively after treatment with double-loaded liposome. Dox treatment was shown to 

cause a significant increase in RanGTP mRNA level, and this increase was successfully 

reversed when RAN-IP was included in the treatment. The in vivo results confirmed the 

enhanced anti-cancer activity of double-loaded liposome by achieving 85.91%, 95.55%, 

and 97.77% tumor growth inhibition after treatment with different doses of 1X, 2X and 

3X of the double-loaded liposome. Toxicity examinations showed that a combined-drug 

delivery system was found to be safer to liver and kidney tissues when compared to the 

free DOX. The emergence of a novel drug delivery system is of high clinical importance 

because it will improve the therapeutic response by providing a synergistic anti-tumor 

effect both in vitro and in vivo along with causing minimal side effects compared to 

classic dosage forms of the same drugs. 
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Figure 1. Effect of pH of the dispersion medium on peptide in vitro release (A), 

effect of peptide loading on peptide in vitro release (B) and effects of DOX 

addition on peptide in vitro release (C). Values are mean ± SD for (n = 3).   

 

Figure 2. TEM images of dual-loaded liposome (F11) after preparation (A). Particle 

size measurements of the F11 liposome formulation over 28 days of storage at 

4oC. Values are mean ± SD for (n = 3).  *p < 0.05 compared to day 0 (B). 
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Figure 3. Cell viability results of different doses of peptide-loaded liposomes in 

MDA-MB-231 (A), MCF-7 (B) and A549 (C) after 24, 48 and 72 h. 
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Figure 5. Tumor volume recorded for the studied animal groups treated with 

different peptide-loaded liposome. Results were reordered every 2 days from the 

1st day of the treatment to the last record at the 16th day (the end of the 

experiment). Values are mean ± SEM for (n = 6).   
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Table 1. Process variables for peptide-loaded, DOX-loaded and dual-loaded liposomes and 
corresponding identifiers 

 

Formulation 
identifier 

Encapsulated drug pH of  
dispersion  
media 

Drug loading 

F1 NT 3-12 peptide 6.0 3% w/w 

F2 NT 3-12 peptide 6.8 3% w/w 

F3 NT 3-12 peptide 7.4 3% w/w 

F4 NT 3-12 peptide 6.0 5% w/w 

F5 NT 3-12 peptide 6.8 5% w/w 

F6 NT 3-12 peptide 7.4 5% w/w 

F7 NT 3-12 peptide 6.0 7% w/w 

F8 NT 3-12 peptide 6.8 7% w/w 

F9 NT 3-12 peptide 7.4 7% w/w 

F10 DOX  7.4 5% w/w 

F11 NT 3-12 peptide and DOX 7.4 3% w/w of peptide and 5% w/w of DOX 
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Table 2. Physicochemical characterizations of peptide-loaded, DOX-loaded and dual-
loaded liposomes  

 

Formulation 
identifier 

Size (nm) Zeta potential
(mV) 

% Encapsulation  
Efficiency  

F1 138.47 ± 21.11 -27.55 ± 3.44 52.13 ± 7.96 

F2 119.50 ± 10.69 -28.11 ± 5.69 54.17 ± 5.89 

F3 80.55 ± 11.23 ⃰  ⃰ -26.21 ± 2.58 93.15 ± 6.10 ⃰  ⃰  ⃰ 

F4 185.56 ± 16.33 -29.11 ± 4.23 41.25 ± 4.58 

F5 177.22 ± 13.44 -26.39 ± 3.12 43.47 ± 6.11 

F6 116.75 ± 11.99 Δ -25.22 ± 3.69 72.36 ± 7.89 Δ 

F7 244.88 ± 9.78  -27.16 ± 4.55 32.15 ± 4.19 

F8 226.75 ± 13.74 -28.14 ± 5.37 30.36 ± 9.74 

F9 127.51 ± 14.35 ΔΔ -28.21 ± 1.36 64.78 ± 2.14 ΔΔ 

F10 105.66 ± 17.95 -29.64 ± 4.87 83.77 ± 8.85 

F11 91.75 ± 18.27 -20.23 ± 1.54 Δ 
85.12 ± 7.68 for peptide 
80.60 ± 5.36 for DOX 

Values were represented as mean ± SD (n=3), **p < 0.01, ***p < 0.001 compared with (F1), Δ p < 0.05, 
ΔΔ p < 0.01, compared with (F3). 
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Table 3. Study design and animal treatment protocol 

 

Group 
No 

Group  
ID 

Intraperitoneal treatment   

1 Control saline 

2 Blank Liposomes blank liposomes  

3 Free peptide free peptide (10 mg kg-1) 

4 Free DOX free DOX (5 mg kg-1)  

5 Peptide-loaded liposomes peptide-loaded liposomes (10 mg kg-1) 

6 DOX-loaded liposomes DOX-loaded liposomes (5 mg kg-1)   

7 Peptide liposome+ DOX liposome 
Peptide-loaded liposomes (10 mg kg-1) and DOX-loaded liposomes 
(5 mg kg-1).   

8 Dual-loaded liposomes (1X) dual-loaded liposomes (peptide 5 mg kg-1 and DOX 2.5 mg kg-1).   

9 Dual-loaded liposomes (2X) dual-loaded liposomes (peptide 10mg kg-1 and DOX 5 mg kg-1).   

10 Dual-loaded liposomes (3X) dual-loaded liposomes (peptide 15 mg kg-1 and DOX 7.5 mg kg-1).   
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Table 4. Effect of peptide-loaded liposomes on cardiac MDA and serum level of cardiac 
biomarkers 

 

 

Values are mean ± SEM (n = 6).*p < 0.05, **p < 0.01 compared to control group 

 

 

Group ID Cardiac MDA
(nmole per g 
tissue) 

LDH
(uKat l

-1
) 

CK-MB 
(uKat l

-1
) 

 
 

Normal animals 90.25± 28.16 3.05 ± 0.297 0.31± 0.11 

Control 99.654 ± 17.265 3.99 ± 0.458 0.35 ± 0.045 

Blank Liposome 105.23 ± 11.236 4.125 ± 0.998 0.42 ± 0.031 

Free peptide 109.774 ± 14.265 3.751 ± 0.898 0.405 ± 0.15 

Free DOX 145.998 ± 21.45 ⃰⃰ ⃰⃰ 6.025 ± 0.108⃰⃰ ⃰⃰ 1.52 ± 0.13⃰⃰ ⃰⃰ 

Peptide liposome 111.244 ± 9.265 4.139 ± 0.058 0.39 ± 0.05 

DOX liposome 134.23 ± 19.556 ⃰ 5.725 ± 0.098 ⃰ 1.29 ± 0.45 ⃰ 

Peptide liposome+ DOX liposome 139.794 ± 7.265 ⃰ 4.99 ± 0.968 ⃰ 1.15 ± 0.65 ⃰ ⃰ 

Double-loaded liposome (1X) 105.023 ± 8.996 4.105 ± 0.218 0.79 ± 0.33 

Double-loaded liposome (2X) 112.56 ± 19.88 4.34 ± 0.83 0.82 ± 0.48 

Double-loaded liposome (3X) 117.32 ± 21.452 5.05 ± 0.79 0.69 ± 0.52 
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