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Abstract 

Although liposomes have improved patient safety and the pharmacokinetic pro‑
file of free drugs, their therapeutic efficacy has only shown marginal improvement. 
The incorporation of active‑targeted ligands to enhance cellular uptake has shown 
promise in preclinical studies. However, no active‑targeted liposomes have success‑
fully translated into clinical use thus far. This study aimed to evaluate the targeting 
ability and antitumor efficiency of A6, a specific short peptide (KPSSPPEE) when incor‑
porated into PEGylated liposomal doxorubicin (PLD). The results revealed significantly 
enhanced cellular uptake. The cytotoxicity of the formulations was determined by 3 h 
and 6 h incubation of formulations with cells, followed by 48 h incubation to evaluate 
the targeted ability of the formulations and the results indicated the higher cytotoxic‑
ity of A6‑PLD (IC50 of 7.52 µg/mL after 6 h incubation) in the CD44 overexpressing C26 
cell line compared to non‑targeted PLD (IC50 of 15.02 µg/mL after 6 h incubation). 
However, CD44‑negative NIH‑3T3 cells exhibited similar uptake and in vitro cytotoxic‑
ity for both A6‑PLD (IC50 of 38.05 µg/mL) and PLD (IC50 of 34.87 µg/mL). In animal 
studies, A6‑PLD demonstrated significantly higher tumor localization of doxorubicin 
(Dox) (~ 8 and 15 µg Dox/g tumor for 24 and 48 after injection) compared to PLD 
(~ 6 and 8 µg Dox/g tumor for 24 and 48 after injection), resulting in effective inhibi‑
tion of tumor growth. The median survival time (MST) for Dextrose 5% was 10, PLD 
was 14 and A6‑PLD was 22 days. In conclusion, A6‑PLD, a simple and effective targeted 
liposome formulation, exhibits high potential for clinical translation. Its improved 
targetability and antitumor efficacy make it a promising candidate for future clinical 
applications.
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Introduction
Targeted drug delivery technology in tumor therapy research provides a promising 
approach to enhance therapeutic efficacy and mitigate the adverse effects of anticancer 
drugs on normal tissues. Various targeting ligands, including antibodies, aptamers, and 
peptides, have been extensively explored for specifically targeting cancer cells (Hashemi 
et  al. 2020a). In recent years, short peptides with distinct biological functions have gar-
nered significant attention for their potential applications in diagnostic and therapeutic 
biology (Apostolopoulos et al. 2021). Furthermore, diverse targeted nanocarriers such as 
liposomes, PLGA, and gold nanoparticles have been investigated to improve the therapeu-
tic effect, enhance the biodistribution of anticancer drugs, leverage the enhanced perme-
ability and retention (EPR) effect, and mitigate their toxic side effects (Yazdian-Robati et al. 
2019; Hashemi et al. 2020a; Arabi et al. 2015). CD44, a multifunctional cell surface glyco-
protein, plays a crucial role in cancer progression, with elevated levels observed in various 
cancers including gallbladder, breast, colon, prostate, and ovarian cancers. Its presence cor-
relates with aggressive biological behavior, metastasis, and poor prognosis (Hassn Mesrati 
et al. 2021). Consequently, targeting CD44 in therapeutic strategies holds great potential 
for inhibiting tumor cell invasion and metastasis (Chen et al. 2018). Among the molecules 
targeting CD44, the human urokinase plasminogen activator (uPA) stands out (Finlay-
son 2015). A6 (KPSSPPEE), a small peptide derived from the connecting peptide domain 
of uPA, exhibits high binding affinity to CD44 ligands. This peptide possesses anti-inva-
sive, anti-migratory, and anti-angiogenic properties, making it a promising candidate for 
enhancing the efficiency and effectiveness of cancer treatment (Franco et al. 2006).

Stealth PEGylated liposomal doxorubicin (PLD, commercially available as Caelyx®, 
Doxil®) is the first FDA-approved nano-drug, extended circulation time of free doxorubicin 
(Dox) and significantly reduced toxicity compared to free Dox (Barenholz 2012). How-
ever, this nanoformulation is non-cell-selective, which limits its site-specific bioavailabil-
ity (Blanco et al. 2015). Decoration of PLD with specific peptides, aptamers, or antibodies, 
to improve cell selectivity offers an efficient therapeutic strategy against various cancers 
(Moosavian et al. 2018; Amin et al. 2013). Numerous studies have been conducted on the 
functionalization of PLD (Mashreghi et al. 2021a, 2020, 2021b; Zamani et al. 2020). To our 
knowledge, there is no report on employing A6 as a targeting ligand in liposomal delivery 
systems. Moreover, clinical trials of the A6 peptide have demonstrated its excellent safety 
(Gu et al. 2019).

In this study, our objective was to investigate the potential of utilizing the A6 peptide as a 
targeting agent for CD44-positive cancer cells by conjugating it to PLD (A6-PLD). Building 
upon our prior research, we hypothesized that incorporating A6 as a targeting ligand would 
enhance the therapeutic effectiveness of PLD. To achieve this, we conducted a comprehen-
sive characterization of the liposomes. Subsequently, both in vitro and in vivo studies were 
conducted to assess and compare the therapeutic efficacy of A6-PLD with that of PLD.

Materials and methods
Materials

The commercially available PLD  (Caelyx®) was procured from Behestan Darou Com-
pany located in Tehran, Iran. The thiolated A6 peptide-amine (SH-KPSSPPEEC-
NH2) was acquired from ChinaPeptides Co. Ltd based in Shanghai, China. The 
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1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene gly-
col)-2000] (DSPE-mPEG2000-mal) was obtained from Avanti polar lipids in Alabaster, 
AL. Tetrazolium dye (MTT) was purchased from Merck in Darmstadt, Germany. RPMI 
1640 and DMEM culture media, as well as fetal bovine serum (FBS), were sourced from 
Gibco, a division of Thermo Fisher Scientific based in the USA.

Experimental methods

Conjugation of A6 peptide to DSPE‑mPEG2000‑mal

The A6 peptide, which was modified with a thiol group at the lysine residue to facilitate 
its linkage to the liposomes, was synthesized by ChinaPeptide Company with a purity 
of 95%. To create DSPE-mPEG2000-A6, activated DSPE-mPEG2000-mal was utilized 
to conjugate A6 to DSPE-PEG2000 through a thioether bond formed between the thiol 
group of a cysteine residue in the A6 peptide and the pyrrole group of maleimide (Yaz-
dian-Robati et al. 2022).

The peptide, dissolved in DMSO at a concentration of 10 mg/ml, and the lipid, dis-
solved in chloroform at a concentration of 10  mg/ml, were mixed at a molar ratio of 
1.2:1 (peptide to lipid) and incubated overnight at room temperature in the dark under 
an argon atmosphere with continuous agitation. The effectiveness of the linkage was 
assessed using silica thin-layer chromatography (TLC) with a developing solvent com-
posed of chloroform/methanol/water (90/10/2) and exposure to iodine vapor. Subse-
quently, the solvents were evaporated using a heated nitrogen stream, and the content of 
the tube was freeze-dried overnight. The resulting white powder was then appropriately 
resuspended in deionized water (Darban et  al. 2017; Nik et  al. 2019). The lipid–pep-
tide conjugation was confirmed by high-performance liquid chromatography (HPLC) 
analysis.

Preparation and characterization of A6‑targeted liposomal doxorubicin by post‑insertion 

methods

The activated A6-DSPE-PEG (2000) micelles were incubated with PLD formulation for 
one hour at 60 ℃ to DSPE-mPEG-2000-A6 incorporated into the liposomes (Fig.  1) 
(Moosavian et al. 2016) The targeted liposomes were characterized by measuring their 
size, polydispersity index, and zeta potential using a particle size analyzer called Nano-
ZS, manufactured by Malvern in the UK. The concentration of encapsulated Dox (dox-
orubicin) before and after the post-insertion step was determined using fluorimetry. 
To do this, small portions of the samples were dissolved in acidified isopropyl alcohol, 
ensuring that the concentration of Dox was below the level where self-quenching occurs. 
The concentration of Dox was then measured using a spectrofluorometer (Shimadzu 
RF5000U, Japan) with an excitation wavelength of 480 nm and an emission wavelength 
of 580 nm. The measured concentrations were compared to a reference standard curve, 
which was constructed using serial dilutions of a standard PLD (phospholipid) solution 
(Arabi et al. 2015). The size of the liposomes were examined using a FESEM. Formula-
tions were diluted in DW and then sprayed onto aluminum foil and dried. The nanopar-
ticles were sprinkled with gold film and examined under a microscope.
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Cell culture

C26 cell line (murine colon carcinoma cells) and NIH-3T3 cell line (mouse embryonic 
fibroblast cells) were acquired from the Pasteur Institute of Iran located in Tehran, Iran. 
The cells were cultured at a temperature of 37 ℃ in an environment of 5%  CO2 and 95% 
air with humidity. The culture medium used for maintaining the cells was RPMI 1640, 
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 100 IU/ml peni-
cillin, and 100 mg/ml streptomycin (provided by Gibco, UK).

Cytotoxicity assay

The antiproliferative effect of A6-targeted liposomes on cancer and normal cells was 
determined using the MTT test. C26 and NIH-3T3 cells were seeded in 96-well plates 
at a concentration of 2500 cells per well in 100 μl of culture medium. The cells were then 
treated with liposomal formulations, including PLD (standard liposomes) and A6-PLD 
(A6-targeted liposomes), as well as free Dox (doxorubicin), and incubated for either 3 or 
6 h at a temperature of 37 ℃

Subsequently, the culture medium in the wells was replaced with a complete culture 
medium and allowed to incubate at 37 ℃ for 48 h. The untreated cells were used as a 
control group for comparison. Following the incubation period, the contents of all wells 
were substituted with a freshly prepared MTT solution (5 mg/ml) in a medium without 
fetal bovine serum (FBS), and further incubated for 4 h in the dark. Afterward, 200 μl of 
dimethyl sulfoxide (DMSO) was added to all wells and thoroughly mixed to dissolve the 
formazan crystals formed by the MTT reaction. The optical densities (ODs) of the wells 
were determined by measuring the spectrometric absorbance at 570 nm, with a back-
ground measurement at 630 nm, using a Stat-Fax 2100 microplate reader manufactured 
by Awareness Technology Inc. in the USA. Subsequently, the IC50 values were calcu-
lated using Calcusyn version 2.0 software.

Fig. 1 Schematic representation of thiolated‑A6‑peptide coupled to the distal end of DSPE‑mPEG2000‑mal 
in the lipid bilayer of the liposome
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Cellular uptake

Flourimetry assay A total of 200,000 C26 or NIH-3T3 cells were seeded in each well of 
a 24-well plate and incubated overnight. The cells were then treated with free Dox, PLD, 
and A6-PLD at a concentration of 20 µg/ml, using serum-free media, and were exposed 
to these treatments at a temperature of 37 ℃ for 1, 3, and 6 h. Alternatively, another set 
of cells was exposed to the treatments at 4 ℃ for 1 h. Following the designated incubation 
periods, the medium in each well was removed, and the cells were washed three times 
with PBS (pH 7.4). Subsequently, 0.9 ml of acidified isopropanol was added to each well 
and incubated overnight at 4 ℃. Cell debris was eliminated through centrifugation, and 
the extracted Dox associated with the cells was measured in the supernatant.

Flow cytometry assay A population of 1 × 106 cells was suspended in PBS (0.1 M) 
containing 0.1% BSA and subsequently incubated with PLD or A6-PLD at a concen-
tration of 20 μg/ml. The incubation was carried out at 37 ℃ for a duration of 1 h. To 
assess the fluorescence signal, flow cytometry (FACSCalibur, BD, USA) was utilized, 
specifically reading the signal in the FL2 channel.

For the competition assay, the cells were pre-treated with an excessive amount of 
free A6 peptide for a period of 30  min. Following the pre-treatment, the cells were 
incubated with A6-PLD as described above.

Animal study

Female BALB/c mice with a weight range of 18–20 g were selected for in vivo experi-
ments. All animal procedures were conducted following the guidelines and approval 
of the Research Ethics Committees of the National Institute for Medical Research 
Development (approval code: IR.NIMAD.REC.1399.122).

For the antitumor test, a total of 5 mice were randomly divided into groups. The 
mice were anesthetized using ketamine (100  mg/kg) and xylazine (10  mg/kg) and 
then injected subcutaneously with 3 × 105 C26 cells per mouse at the right flank. 
After 1 week of inoculation, the drugs (Dox, PLD, and A6-PLD) at a dosage of 10 mg/
kg were administered intravenously. During the experiment, the mice were weighed 
daily, and their survival rates were monitored for a period of 30 days.

To study biodistribution and pharmacokinetics, a separate group of mice (n = 3) 
received different formulations (Dox, PLD, and A6-PLD) at a dosage of 15 mg/kg via 
intravenous injection 2 weeks after inoculation. At specific time intervals (3, 12, 24, 
48, and 72 h) post-injection, blood samples were collected. At 24 and 48 h post-injec-
tion, mice were killed, and tissue samples including spleen, liver, kidney, lung, heart, 
and tumor were dissected. The concentration of Dox in each sample was measured 
using a spectrofluorometer with excitation and emission wavelengths set at 485 nm 
and 590  nm, respectively, using a device such as the Perkin-Elmer from the UK, as 
previously described in the literature (Moosavian et  al. 2018; Shahraki et  al. 2021; 
Huang et al. 2009).
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Statistical analysis

GraphPad Prism 6.0 was used to analyze the data (GraphPad Software, Inc., San 
Diego, CA, USA). Data were presented as mean ± SEM of three independent experi-
ments. The Kaplan–Meier method used to calculate the median survival time (MST). 
P < 0.05 was considered statistically significant.

Results and discussion
In our study, we employed the A6 peptide as a targeting agent to attach to the surface 
of PLD (PEGylated liposomal doxorubicin) to target CD44 in C26 cells. To accomplish 
this, we utilized the reaction between the thiol group (-SH) of the A6 peptide and the 
maleimide functional group of DSPE-mPEG2000-mal (see Fig. 1). This resulted in the 
formation of nanomicelles that could decorate the outer surface of PLD using a post-
insertion technique (Mashreghi et al. 2020). The efficiency of the coupling process was 
assessed through TLC (thin-layer chromatography) and HPLC (high-performance liquid 
chromatography) analyses. These techniques provided a means to evaluate the success 
of the coupling reaction. The post-insertion technique utilized in this study is a straight-
forward and effective method for incorporating peptide ligands onto preformed stealth 
liposomes (Moreira et al. 2002).

Physicochemical characterization of liposomes

According to the data presented in Table 1, the average particle size of Calyx® before 
the insertion of the A6 peptide was approximately 94 nm, with a polydispersity index 
(PDI) of 0.061. It exhibited a zeta potential of −14.4 ± 0.1. Following the conjugation of 
the A6 peptide, the average particle size of A6-PLD slightly increased to 96 nm, with a 
PDI of 0.065. This indicates a successful conjugation of DSPE-mPEG2000-A6 peptide 
to the surface of PLD. The FESEM analysis also indicated the size of the liposomes were 
consistent with the results of DLS (see Fig.  2). However, this increase was not statis-
tically significant (p > 0.05). These findings suggest that A6 has minimal impact on the 
pharmacokinetic profile of PLD (Moosavian and Sahebkar 2019). This is consistent with 
our previous studies, which demonstrated that the binding of a small targeting agent 
to the outer surface of PLD results in only a slight increase in particle size (Moosavian 
et al. 2018; Wei et al. 2013). The mean diameter of the liposomes, which remained below 
100 nm before and after A6 attachment, confirms that A6-PLD maintains a suitable size 
for tumor targeting (Darban et al. 2017). To assess the stability of the liposomes after the 
post-insertion process, the amount of encapsulated Dox was measured before and after 
the post-insertion step. The results indicated no significant difference in the amount of 
encapsulated Dox before and after the post-insertion (p > 0.005).

Table 1 Characteristics of A6‑ PLD and non‑targeted PLD

Each value represents mean ± standard deviation (n = 3)

Liposome Z-average (nm) Polydispersity index Zeta potential (mv)

PLD 94.15 ± 2.2 0.061 ± 0.001 −14.4 ± 0.1

A6‑ PLD 96.26 ± 3.1 0.065 ± 0.002 −13.7 ± 0.3
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In vitro studies

Cellular uptake

The targeted formulation was tested for its ability to bind to and uptake target cell 
lines through binding and uptake assays. At 4  °C, all energy-dependent endocytic 
pathways were halted, while at 37 °C, endocytic pathways were normal (Thorley et al. 
2014). In accordance with previous studies (Arabi et al. 2015), C26 cells were utilized 
as CD44-positive cell lines, while NIH-3T3 cells were used as CD44-negative cell 
lines. As depicted in Fig. 3A, B, the percentage of associated Dox in C26 cells treated 
with A6-PLD was significantly higher compared to C26 cells treated with PLD at a 
temperature of 37 ℃. This indicates the contribution of A6-CD44 interaction in the 
cellular uptake of liposomes. Furthermore, the percentage of Dox–cell association 
increased proportionally with the incubation time. Conversely, there was no signifi-
cant difference in the amount of Dox observed from different formulations when 
incubated at 4 ℃. This can be attributed to the rigidity of the cellular membrane, 
which hampers energy-dependent uptake and passive diffusion at lower tempera-
tures (Allen et al. 2002). Interestingly, the percentage of associated Dox in NIH-3T3 
cells incubated with PLD and A6-PLD did not show a significant difference. These 
results suggest that the presence of A6 on the surface of liposomes facilitates the 
internalization process of liposomal Dox specifically in C26 cells. In both cell lines, 

Fig. 2 Characterization. FESEM micrograph of the A PLD and B A6‑PLD

Fig. 3 In vitro cellular association of PLD, A6‑ PLD and Dox at A NIH3 cell, B C26 cell



Page 8 of 13Yazdian‑Robati et al. Cancer Nanotechnology           (2023) 14:84 

free Dox exhibited higher cellular association, indicating its ability to freely pass 
through the cell membrane.

To investigate the cell uptake further, flow cytometry analysis was conducted. 
As illustrated in Fig.  4A, B, A6-PLD demonstrated a significantly higher affinity 
(p < 0.01) for C26 cells compared to PLD alone. In contrast, the uptake of PLD and 
A6-PLD by NIH-3T3 cells did not show a significant difference.

Notably, the fluorescence intensity of C26 cells decreased significantly when they 
were pre-treated with free A6 peptides before being exposed to A6-PLD (p < 0.01). 
This indicates that the excess amount of free anti-CD44 peptides competitively 
inhibits the specific binding of A6-PLD to C26 cells.

Cytotoxicity study

To assess the cytotoxicity of A6-PLD, free DOX, and PLD, two cell lines, C-26 and 
NIH-3T3, were selected. Various concentrations of both liposomal formulations and 
free DOX were used to treat the cells for 3 and 6 h. The cell viability was then evalu-
ated using the MTT assay for the following 72 h.

Table 2 presents the results, indicating that A6-PLD exhibited significant cytotox-
icity compared to PLD (p < 0.001) in the C26 cell line. Conversely, this significant dif-
ference was not observed in NIH-3T3 cells. In contrast to C26 cells, NIH-3T3 cells 
are CD44-negative and displayed a lower response to A6-PLD. As a result, the A6 
peptide delivered PLD more efficiently to the targeted cells, resulting in a difference 
in response. It is consistent with previous studies demonstrating receptor-mediated 
endocytosis of nanoparticles that these findings are in agreement with the concept 
of ligand-mediated targeting (Ahmad and Allen 1992; Chang et al. 2013).

Fig. 4 In vitro cellular uptake A6‑PLD, PLD, and C26 cells (A) and NIH‑3T3 cells (B) at 37 ℃. Green line: control 
cells, black line: cells incubated with PLD for one hour at 37 ℃, Blue line: cells incubated with A6‑PLD for one 
hour at 37 ℃, red line: cells pre‑treated with free A6 and then incubated with A6‑PLD for one hour at 37 ℃

Table 2 In vitro cytotoxicity effect (IC50) of Caelyx, A6‑PLD, and free doxorubicin against C‑26 and 
NIH‑3T3 cells after different exposure times

Data represented as μg/ml ± standard deviation (n = 3)

Treatment C-26 cells (3 h) C-26 cells (6 h) NIH-3T3 cells (3 h) NIH-3T3 cells (6 h)

Free dox 0.34 ± 0.08 0.25 ± 0.09 4.33 ± 0.24 3. 73 ± 0.44

PLD 15.98 ± 2.35 15.02 ± 3.05 41. 35 ± 8.65 38.05 ± 6.68

A6‑ PLD 9.34 ± 1.54 7.52 ± 2.05 39.32 ± 9.15 34.87 ± 4.68
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Animal studies

Biodistribution study

To assess the impact of the A6 peptide on the biodistribution pattern of PLD, we admin-
istered A6-PLD and PLD (at a dose of 10  mg/kg) via intravenous injection into mice 
with subcutaneous C26 colon cancer tumors. We performed analyses by measuring the 
intrinsic autofluorescence signal of Dox in various tissues, including serum, liver, spleen, 
tumor, kidneys, heart, lung, and muscle.

Figure 5A demonstrates the concentration of Dox in plasma at 4, 12, 24, and 48 h after 
injection with Dox, PLD, and A6-PLD. The results reveal that both PLD and A6-PLD 
exhibited an extended blood circulation time compared to free Dox. Numerous studies 
have confirmed that encapsulating Dox into liposomes significantly improves the phar-
macokinetic profile and prolongs blood circulation time compared to free Dox (Mun-
ster et al. 2018; Sugarbaker and Stuart 2019). Figure 5B indicates that A6-PLD notably 
increased the tumor accumulation of Dox, highlighting the efficiency of the active-tar-
geting strategy (Mashreghi et  al. 2021a). Furthermore, we investigated and compared 
the concentrations of Dox in major organs among groups receiving free Dox, PLD, and 
A6-PLD. As illustrated in Fig. 5C, the accumulation of Dox in the liver and spleen was 
significantly higher for A6-PLD compared to PLD (p < 0.01). At 24 h post-injection, the 
concentration of Dox in the liver and spleen for mice receiving A6-PLD was 1.37 times 
greater than those receiving PLD. However, there were no significant differences in the 
concentration of doxorubicin in lung and kidney tissues, and it followed the same pat-
tern in both liposomal groups.

An important observation in major organs was the lower concentration of Dox in 
the heart of mice that received PLD and A6-PLD formulations compared to the Dox-
injected group. One of the major limitations of Dox usage is its cardiotoxicity, which 

Fig. 5 Biodistribution of PLD and A6‑PLD at different time points (24 and 48 h) in organs including A serum, 
B liver, spleen, heart, kidney, and lung and C tumor in BALB/c mice bearing C26 tumor after a single dose 
of 15 mg/kg liposomal doxorubicin administered i.v. 2 weeks after the tumor inoculation. D represents a 
ratio of doxorubicin concentration in the liver, spleen, heart, and tumor to serum, at 48 h. Data expressed as 
mean ± SEM. (n = 3)
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can be mitigated by liposomes, reducing the risk of this adverse effect (Xing et al. 2015). 
Figure  5D also indicates that, after 48  h post-injection, the tumor/serum ratio of Dox 
concentration in the A6-PLD group was higher than that in the PLD group. This sug-
gests that A6-PLD effectively delivered Dox to the tumor site, and due to the higher 
expression of CD44 in C26 tumors, there was a higher accumulation (Nik et al. 2019). 
It has been shown that long-circulating liposomes can preferentially accumulate in solid 
tumor sites through the enhanced permeability and retention (EPR) effect. Both targeted 
and non-targeted liposomes follow the same mechanism of distribution during this step. 
Previous studies have shown that functionalization can alter the size and surface charge 
of liposomes, consequently affecting their pharmacokinetic profile. Therefore, a target-
ing ligand with minimal interference in the pharmacokinetic profile is desirable. After 
tumor localization, ligand-targeted liposomes can enter cells via receptor-mediated 
endocytosis, improving targeting efficiency and retention at the target site (Behzadi et al. 
2017; Rosenblum et al. 2018; Moosavian et al. 2021). It has been reported that A6 pep-
tide can enhance tumor penetration in tumor cells (Gu et al. 2019).

In vivo antitumor study

The therapeutic efficacy of the A6-PLD formulation was investigated in C26 tumor mod-
els and compared with PLD. During the course of 1 month, various parameters including 
body weight, tumor growth rate (measured in  mm3), and survival rate were monitored 
(Fig. 6A–C). Body weight reduction is commonly used as a standard method to evaluate 
the toxicity of chemotherapeutic drugs (Tuscano et al. 2010). As shown, there was no 
significant weight change observed in the group treated with A6-PLD compared to the 
PLD and dextrose 5% control groups. The difference in weight changes was not statisti-
cally significant (p > 0.05), suggesting that the single treatments with the targeted formu-
lation did not cause any obvious toxicity and were well tolerated. The MST for dextrose 
5% was 10, PLD was 14 and A6-PLD was 22 days.

After the intravenous injection of A6-PLD in the C26 tumor model, the tumor growth 
rate was more effectively inhibited compared to mice receiving non-targeted PLD at 
equal doses (p < 0.0001). Survival data, depicted in a Kaplan–Meier plot, further sup-
ported the significant differences in therapeutic efficacy between the targeted and non-
targeted liposomal formulations (Arabi et al. 2015). The survival results demonstrated 
that treatment with A6-PLD extended mouse survival compared to PLD and Dextrose 

Fig. 6 In vivo therapeutic efficacy of PLD and A6‑ PLD in mice bearing C‑26 colon carcinoma tumor 
after i.v. administration of a single dose of 10 mg/kg liposomal doxorubicin or dextrose 5% on day 8 after 
tumor inoculation. A Tumor volume, B percentage change in animal body weight, C survival curve. Data 
represented as mean ± SE (n = 5)
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5% control groups. These findings align with the results observed in the biodistribu-
tion studies, which showed high levels of Dox accumulation in the tumor tissue of the 
A6-PLD-treated group. Thus, it can be concluded that A6-PLD improves the overall 
therapeutic efficacy compared to free Dox and PLD. These findings are consistent with 
previous studies that have reported enhanced therapeutic efficacy of polymerosomal 
epirubicin following modification with the A6 peptide (Gu et  al. 2019). Other studies 
have also demonstrated that modification with targeting ligands enhances the thera-
peutic efficacy of liposomal Dox (Makwana et al. 2021; Lin et al. 2021). This is the first 
study to evaluate the therapeutic efficacy, pharmacokinetics, and biodistribution of PLD 
using the A6 peptide in a C26 colon carcinoma tumor model. As reported previously, 
this study confirms that liposomes modified with a targeting ligand, such as a peptide, 
can improve therapeutic outcomes of non-targeted liposome formulations (Shahin et al. 
2013; Shmeeda et al. 2009).

Conclusion
PLD serves as the standard treatment for ovarian cancer, multiple myeloma, and AIDS-
related Kaposi’s sarcoma, as approved by the FDA. However, this drug has certain limi-
tations, including inadequate cellular uptake and a low release rate of Dox at the tumor 
site. To address these limitations, the present study successfully developed a surface-
functionalized PLD by incorporating the urokinase-derived peptide (A6) through post-
insertion techniques. The characterization of this formulation confirmed its suitability 
in terms of size for effective delivery to the tumor site through the enhanced perme-
ability and retention (EPR) effect. In vitro studies on cell cytotoxicity and uptake demon-
strated that the functionalized A6-PLD system facilitates the active delivery of Dox into 
tumor cells. Furthermore, in  vivo results revealed the efficacy of A6-PLD in reducing 
tumor volume and improving the survival of animals compared to treatment with PLD 
alone. Nevertheless, further investigations are warranted to fully evaluate the efficacy of 
A6-PLD before its translation into clinical settings. These studies should include histo-
logical evaluations and the use of nude mice tumor models to provide a comprehensive 
assessment of A6-PLD’s potential benefits and effectiveness.
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