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Abstract: Prostate cancer cells frequently overexpress the gastrin-releasing peptide receptor, 

and various strategies have been applied in preclinical settings to target this receptor for the 

specific delivery of anticancer compounds. Recently, elastin-like polypeptide (ELP)-based 

self-assembling micelles with tethered GRP on the surface have been suggested to actively 

target prostate cancer cells. Poorly soluble chemotherapeutics such as docetaxel (DTX) can 

be loaded into the hydrophobic cores of ELP micelles, but only limited drug retention times 

have been achieved. Herein, we report the generation of hybrid ELP/liposome nanoparticles 

which self-assembled rapidly in response to temperature change, encapsulated DTX at high 

concentrations with slow release, displayed the GRP ligand on the surface, and specifically 

bound to GRP receptor expressing PC-3 cells as demonstrated by flow cytometry. This novel 

type of drug nanocarrier was successfully used to reduce cell viability of prostate cancer cells 

in vitro through the specific delivery of DTX.
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Introduction
Worldwide, prostate cancer accounts for the leading cause of cancer death in men, and the 

two major forms, the organ confined and the aggressive metastatic disease, are observed 

in the clinic.1 The current first-line treatments aim at testosterone reduction to castrate 

levels either by surgical removal of the testicles or by pharmacological androgen abla-

tion using luteinizing hormone-releasing hormone (LHRH) agonists. Some additional 

medications (eg, anti-androgens) rely on direct androgen receptor (AR) inhibition.2,3

In most cases, these treatments are effective for limited time only, and progression 

to advanced castrate-refractory prostate cancer is very likely to occur within an average 

time span of 12–18 months. At this advanced stage, some positive effects have been 

achieved by inhibition of adrenal androgen synthesis using either various steroids 

or cytochrome P450 inhibitors such as ketoconazole and abiraterone.4–12 Prostate 

cancer has been considered as chemorefractory for a long time.13,14 Only in the past 

10–15 years, good results have been achieved in clinic trials with taxane derivatives 

such as docetaxel (DTX) and cabazitaxel. However, disabling toxicities like fatigue and 

neuropathy limit optimal dosage, and therefore, only modest, life-prolonging effects 

have been achieved for prostate cancer patients. Future treatment outcomes could 

potentially be improved through specific delivery of chemotherapeutic compounds into 

cancer cells while reducing the exposure of healthy tissue. Recently, specific delivery 

of compounds has been demonstrated using receptor-mediated tumor targeting with 

immune liposomes where the enhanced permeability and retention (EPR) effect was 

combined with active targeting of cancer cells.15
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In the past decade, elastin-like polypeptide (ELP) micelles 

have emerged as potential carriers for anticancer compounds. 

These particles contain a lipophilic core where small organic 

drug molecules accumulate while the surface is of hydrophilic 

nature and can be linked with cancer cell-specific receptor 

ligands. Several strategies have been reported to encapsu-

late anticancer drugs within ELPs.16–18 Direct hydrophobic 

interactions between drugs and ELP cores were not sufficient 

to retain the compounds for extended time as would be nec-

essary for in vivo delivery into cancer cells.18 Alternative 

approaches used covalent binding of anticancer drugs to 

ELPs.16–18 In this case, the amount of loaded drug is limited 

by the number of functional groups available for covalent 

reaction.16–18 Recent studies described covalent conjugation 

of ELPs to liposome surfaces or the synthesis of ELP–lipid 

conjugates prior to the formation of hybrid liposomes.19–24 

ELP-modified liposomes showed increased cellular uptake 

and anticancer drug delivery. However, the procedures for 

covalent conjugation are complicated and labor intense, 

which restrained the development of ELP-modified lipo-

somes as drug carriers.

Herein, we report the generation of self-assembling 

DTX-loaded hybrid ELP/liposome nanoparticles for suc-

cessful targeted DTX delivery into cancer cells (Figure 1). 

The gastrin-releasing peptide receptor (GRPR), which is 

frequently overexpressed in prostate cancer cells, was used 

for active targeting via gastrin-releasing peptide (GRP) 

displayed on the surface of ELP micelles to trigger receptor 

internalization and nanoparticle delivery directly into endo-

somal compartments.25

Materials and methods
Materials and reagents
Presomes ACD-1, S-1, and O-1 were provided by Nippon 

Fine Chemical Co., Ltd (Osaka, Japan). Egg yolk lecithin was 

purchased from Q.P.E.C Co Ltd (Tokyo, Japan). Methanol, 

chloroform, acetonitrile, dimethyl sulfoxide (DMSO), and 

sterile 0.45 µm Millex-GP Syringe Filter Units were pur-

chased from Merck & Co, Inc. (Melbourne, VIC, Australia). 

Polyethyleneimine (PEI), cholesterol, ammonium sulfate, 

d-lysine, glycerol, arginine, Roswell Park Memorial Institute 

(RPMI)-1640 medium, penicillin–streptomycin, trypsin, 

Figure 1 Specific targeting of prostate cancer cells with hybrid ELP/liposome nanoparticles.
Notes: Lipids were used to generate various types of DTX-encapsulating liposomes, which were mixed with recombinant ELPs to form self-assembled nanoparticles at 
raised temperature. The use of ELP-GRP fusion proteins increased specific binding to GRPR expressing prostate cancer cells and showed enhanced cytotoxic effects.
Abbreviations: DTX, docetaxel; ELP, elastin-like polypeptide; GRP, gastrin-releasing peptide; GRPR, gastrin-releasing peptide receptor.
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Atto 488 N-hydroxysuccinimide (NHS) ester, molecular 

weight cutoff 1.4 kDa dialysis tubing cellulose membrane, 

Costar 96-well tissue culture-treated plates, and PC-3 

human Caucasian Prostate Adenocarcinoma cells were pur-

chased from Sigma-Aldrich (Castle Hill, NSW, Australia). 

DU-145 cells originated from the American Type Culture 

Collection (Manassas, VA, USA) and were a generous 

gift from Professor Wang (University of South Australia, 

Adelaide, SA, Australia). Fetal bovine serum was purchased 

from Interpath Services Pty Ltd (Heidelberg West, VIC, 

Australia). Bicinchoninic acid assay (BCA) protein assay 

kit, 4× sodium dodecyl sulfate (SDS) loading buffer, and 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) were from Thermo Fisher Scientific (Scoresby, 

VIC, Australia). Protease inhibitor phenylmethylsulfonyl 

fluoride (PMSF) was purchased from Astral Scientific 

(Taren Point, NSW, Australia). Mini-PROTEAN® TGX™ 

Gels, 4%–20%, were from Bio-Rad Laboratories Pty 

Ltd (Gladesville, NSW, Australia). Disposable solvent-

resistant microcuvettes were from ATA Scientific Pty Ltd 

(Taren Point, NSW, Australia). Folded Capillary Zeta Cells 

(DTS1070) were purchased from Malvern Instruments 

Ltd (Taren Point, NSW, Australia). DTX was ordered from 

Nova Pharmaceutical Co Ltd (Shandong, China). Recom-

binant ELP-GRP, ELP-C, and ELP-K were expressed and 

purified at the Centre for Pharmaceutical Innovation and 

Development, University of South Australia.

Preparation of DTX-loaded liposomes
A thin-film hydration method was used to prepare drug-

loaded liposomes.26,27 Two hundred milligrams of ACD-1, 

S-1, or O-1 presomes were mixed with 10 mg of DTX and 

placed into a 200 mL round-bottom flask and dissolved in 

20 mL of a 1:1 (v/v) methanol:chloroform solvent system. 

The organic solvents were removed using a rotating evapora-

tor (BUCHI, Victoria, Australia) for 30 minutes at 40°C and 

80 rpm, followed by overnight drying at room temperature 

(RT). Lecithin liposomes were formulated with the same 

procedure starting with 200 mg of egg yolk lecithin, 30 mg 

of cholesterol, and 10 mg of DTX. The described protocol 

resulted in the formation of thin lipid/DTX films on the 

wall of the round-bottom flasks which were hydrated with 

5 mL of prewarmed PBS (35°C) on a rotating evaporator 

(4 hours, 80 rpm, 35°C). Subsequently, a Q-500 sonicator 

(Adelab Scientific, Thebarton, SA, Australia) was employed 

to generate small unilamellar vesicles with a 4 second on/off 

sonication cycle (5 minutes, on ice, 45% amplitude).28 Free 

DTX precipitated instantly, due to its low solubility in 

aqueous solution, and was removed from the preparations 

by filtration with a 0.45 µm pore-size sterile syringe filter.29 

Drug-loaded ACD-1, S-1, O-1, or lecithin liposomes were 

stored in PBS at 4°C until further use.

Analysis of encapsulation efficiency
The encapsulation efficiency of drug-loaded liposomes 

was analyzed with a high-performance liquid chromatog-

raphy (HPLC) system (LC-20AD liquid chromatograph, 

SIL-20A HT autosampler and SPDM20A DAD detector, 

Shimadzu, NSW, Australia). A Zorbax Eclipse XDB 

C-18 column (Agilent Technologies, Cheshire, UK) was 

employed.30 The mobile phase consisted of 20 mM ammo-

nium sulfate (adjusted to pH 5.0 with HCl) and acetonitrile 

at a ratio of 43:57 (v/v), and degassing was carried out by 

15 minutes of sonication prior to use. The flow rate was set at 

0.7 mL/minute. Fifty microliters of DTX-loaded liposomes 

were dissolved with 950 µL of methanol and incubated at 

RT for 10 minutes to disrupt liposome structures. Aliquots 

of 20 µL were introduced into the HPLC system by an 

autoinjector, with 10 minutes run time for each sample, and 

compound elution was monitored by absorption at 230 nm. 

Reference standards were injected into the HPLC system 

using above conditions and encapsulation efficiencies were 

calculated according to the following formula:

	

Encapsulation efficicency (%) =
W

W
e

i









 ×100%

�

where W
e
 was the total amount of encapsulated DTX and W

i
 

was the initial amount of DTX added for the preparation of 

drug-loaded liposomes.31

Drug-loading rates were calculated according to the 

formula below: 

	

Drug loading rate (%) =
+

W

W
l

e

e
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
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where W
e
 was the total amount of encapsulated DTX in the 

preparation and W
l
 was the total amount of the excipients in 

the liposome preparations.

Production of ELPs
Recombinant ELP-C, ELP-GRP, and ELP-K proteins were 

expressed in Rosetta (DE3) pLysS Escherichia coli bacteria 

using the pET-31b(+) expression system (Novagen Inc., 

Madison, WI, USA). Plasmid vectors that contained the 
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ELP-C, ELP-GRP, and ELP-K genes were prepared with stan-

dard molecular biology techniques as described previously.25 

Transformed bacteria were harvested from liquid cultures 

(400 mL LB medium, 50 µg/mL ampicillin, 225 rpm, 37°C, 

24 hours) by centrifugation at 2,300 g (4°C, 15 minutes), 

resuspended in 20 mL PBS (pH 7.5), and complemented 

with 1 mM PMSF. The cell membranes were disrupted by 

sonication in an ice bath for 18 minutes at 35% amplitude, 

using a 4 second on/off cycle. The samples were cleared from 

bacterial debris by 15 minutes of centrifugation at 16,000 g 

and 4°C. Bacterial DNA was removed from the supernatants 

by 40 minutes precipitation on ice with 0.5% (w/w) PEI. 

The PEI/DNA complexes were removed by centrifugation 

at 16,000 g, 4°C for 15 minutes and the supernatant was col-

lected for purification of recombinant ELPs by inverse transi-

tion cycling.32,33 The phase transition of ELPs was triggered by 

addition of 5 M NaCl to an approximate final concentration 

of 2.5 M and incubation at 37°C for 30 minutes. Formed 

ELP aggregates were harvested by centrifugation at 2,300 g, 

37°C for 10 minutes. The supernatant was discarded, and the 

polypeptide aggregates were gently dissolved in 8 mL of cold 

PBS. The sample was incubated on ice for 30 minutes, and 

insoluble aggregates were removed by centrifugation at 2,300 

g, 4°C for 10 minutes. A second round of inverse transition 

cycling (ITC) was performed to increase polypeptide purity, 

and the ELPs were stored in 15% glycerol/PBS (v/v) at -20°C 

until further use. Polypeptide concentrations were routinely 

determined using a BCA assay kit. Purity and molecular 

weight of the polypeptides were examined by standard 

sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) using a Mini-PROTEAN Tetra Cell system 

(Bio-Rad Laboratories, Gladesville, NSW, Australia).

Preparation of DTX-loaded hybrid ELP/
liposome nanoparticles
Stock solutions containing ELP-C or a mixture of ELP-GRP 

and ELP-C in a ratio of 3:2 (referred to as 1.5× ELP-GRP/C 

in this report) were diluted with ice-cold PBS to 25 µM 

total protein concentration and kept on ice. Subsequently, 

10 volumes of the freshly diluted ELP solutions were mixed 

with 1 volume of DTX-loaded liposomes, which have been 

prepared as described above, and diluted with PBS to obtain 

final DTX concentrations of 40 or 80 µg/mL (under consider-

ation of encapsulation rates). Mixtures were then incubated 

at 37°C for 15 minutes to form DTX-loaded polypeptide/

liposome nanoparticles and used immediately for the studies 

described in the “Results” section.

Dynamic light scattering analysis
Hydrodynamic diameters of DTX-loaded liposomes and 

polypeptide/liposome nanoparticles were studied at 37°C 

using dynamic light scattering (DLS). Freshly prepared 

DTX-loaded liposomes were diluted with 10 volumes of 

PBS and incubated at 37°C for 15 minutes prior to DLS 

analysis. DTX-loaded hybrid polypeptide/liposome nano-

particles were formed by mixing 10 volumes of 25 µM 

ELP-C or 1.5× ELP-GRP/C with 1 volume of DTX-loaded 

liposomes followed by filtration through a sterile 0.45 µm 

Millex-GP Syringe Filter Unit to remove microaggregates. 

The samples were incubated at 37°C for 15 minutes to form 

hybrid nanoparticles. DTX-loaded liposomes or polypeptide/

liposome nanoparticles were transferred into disposable 

solvent-resistant microcuvettes followed by measurement 

of hydrodynamic diameters with a DLS apparatus (Zetasizer 

Nano ZS, Malvern Instruments Ltd). The samples were 

equilibrated for 2 minutes at 37°C prior to measurements.

Zeta potential analysis
The zeta potentials of DTX-loaded liposomes and 

polypeptide/liposome nanoparticles were evaluated at 

37°C to assess surface charges. One hundred microliters of 

freshly prepared DTX-loaded liposomes were diluted with 

1 mL of PBS and filtered through a 0.45 µm Millex-GP 

Syringe Filter Unit. Samples were incubated at 37°C for 

15 minutes before measurement. DTX-loaded polypeptide/

liposome nanoparticles were prepared in PBS by mixing 

100 µL of freshly prepared DTX-loaded liposomes with 

1 mL of 5 µM 1.5× ELP-GRP/C or ELP-C in PBS on ice. 

Samples were filtered through a 0.45 µm Millex-GP Syringe 

Filter Unit and incubated at 37°C for 15 minutes. All samples 

were transferred into Folded Capillary Zeta Cells for mea-

surement in a zeta potential analyzer (Zetasizer Nano ZS, 

Malvern Instruments Ltd). All experiments were carried out 

in triplicate at 37°C.

Release rate analysis
The release rates of DTX from drug-loaded carriers into 

release buffer (PBS with 10% glycerol [v/v] and 5% arginine 

[w/w], pH 7.4) were analyzed by a dialysis method using 

an HPLC protocol for quantification.34,35 Freshly prepared 

DTX-loaded liposomes or polypeptide/liposome nanopar-

ticles were diluted into release buffer at a final polypeptide 

concentration of 25 µM and a liposome to polypeptide ratio 

of 1:10 (v/v). Final volumes of 550 µL were placed into 

a rinsed dialysis tubing cellulose membrane with 1.4 kDa 

molecular weight cutoff.
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The dialysis tube was sealed and placed into a 20 mL glass 

vial bottle containing 15 mL of prewarmed release medium 

(37°C) followed by incubation on an orbital shaker at 37°C, 

80 rpm (IKA Works GmbH & Co KG, Selangor, Malaysia). 

The release medium was replaced after 0.5, 1, 1.5, 2, 3, 4, 

and 5 hours to keep sink condition.36 The collected release 

medium was diluted with 15 mL of ethanol to dissolve DTX 

prior to analysis using the HPLC system as outlined above. 

All measurements were performed in triplicate, and the 

averages were recorded as the mean release rates.

Flow cytometry analysis
Flow cytometry was used to study specific binding of drug-

loaded polypeptide/liposome nanoparticles to the surface 

of GRPR expressing PC-3 and DU-145 prostate cancer 

cells. For this purpose, recombinant ELP-K protein (which 

has been designed with 3 C-terminal lysine residues for 

enhanced NHS ester-mediated conjugation) was chemically 

linked with Atto 488 NHS ester. In brief, 50 µM of ELP-K 

(in PBS, pH 7.4) was supplemented with 10% (v/v) of 1 M 

sodium bicarbonate buffer (pH 8.3) to adjust the pH value 

to approximately 8.0, followed by the addition of 5% (v/v) 

2 mM Atto 488 NHS ester solution (in DMSO) to reach a 

2× molar excess of the Atto 488 dye.37 The mixtures were 

protected from light and incubated for 45 minutes at RT on 

an orbital shaker (50 rpm). Precipitation of ELP-K-Atto was 

triggered by the addition of 40% (v/v) of 5 M NaCl solution, 

followed by 15 minutes incubation at 37°C in a water bath. 

The ELP-K-Atto aggregates were recovered by 5 minutes 

centrifugation (5,000 g, 37°C), and the excess of the Atto 

488 NHS ester was discarded with the supernatant. The 

precipitates were washed three times with prewarmed PBS 

(37°C) and finally dissolved at 10 µM final protein concentra-

tion in cold PBS. ELP-GRP or ELP-C were combined with 

ELP-K-Atto at a molar ratio of 3:2 to form mixed micelles 

referred to as 1.5× ELP-GRP/K-Atto or 1.5× ELP-C/K-Atto, 

respectively. Hybrid ELP/liposome nanoparticles were gen-

erated by adding 80 µL of drug-loaded ACD-1 liposomes 

into 800 µL of 10 µM ELP mixtures on ice, followed by 

incubation in a 37°C water bath for 15 minutes to form 

drug-loaded 1.5× ELP-GRP/K-Atto/ACD-1 or 1.5× ELP-

C/K-Atto/ACD-1 nanoparticles.

The prostate cancer cells were harvested by centrifugation 

and resuspended in 880 µL of freshly prepared, drug-loaded 

polypeptide/liposome nanoparticle solution at 5×105 cells/mL 

followed by incubation in an orbital shaker at 50 rpm and 

37°C for 1 hour to allow specific binding and uptake. 

The cells were washed three times in PBS to remove free 

nanoparticles and harvested by centrifugation as described 

above. Cells were resuspended in 200 µL of PBS followed 

by loading onto a BD FACSARIA™ fusion flow cytometer 

using FACS Diva software for analysis. 293T cells which do 

not express the GRPR were used as negative control.38

Cell viability assay
The anticancer effects of drug-loaded liposomes and 

hybrid polypeptide/liposome nanoparticles were evaluated 

with PC-3 prostate cancer cells using the MTT assay.18 

For this purpose, cells were seeded in tissue culture-treated 

96-well plates at a density of 5,000 cells/well and cultured in 

RPMI 1640 medium plus 10% FBS (v/v) at 37°C and 5% CO
2
 

for 24 hours. DTX and DTX-loaded liposomes were placed 

in RPMI supplemented with 5% glycerol and 5% d-lysine. 

The pH value was adjusted to 7.4, and the final DMSO con-

centration was 0.1% in all wells. The applied volume was 

100 µL per well, and the final DTX concentration was 40 or 

80 µg/mL (adjusted according to encapsulation efficiency).

Preparations that contained ELP/liposome particles 

(eg, 1.5× ELP-GRP/C or ELP-C) were prepared in the same 

medium containing 10 µM total protein with DTX concentra-

tion of 40 or 80 µg/mL.

The culture medium was replaced by 100 µL of freshly 

prepared DTX-containing solutions and the cells were incu-

bated at 37°C and 5% CO
2
 for 4 hours. After 4 hours incuba-

tion, cells were gently rinsed three times with PBS to remove 

unbound DTX, DTX-loaded liposomes, or polypeptide/

liposome nanoparticles. The cells were kept in culture 

(RPMI 1640, 10% FBS) for an additional 20 hours and then 

supplemented with 0.5 mg/mL of MTT. The incubation was 

continued for another 4 hours, prior to replacement of the 

culture medium with 150 µL of DMSO. The samples were 

transferred to an orbital shaker and agitated at 500 rpm for 

5 minutes to dissolve MTT-formazan crystals. The absor-

bance was then determined with an EnVision® Multilabel 

Plate Reader (Perkin Elmer PTY Ltd, Gladesville, New South 

Wales, Australia) at 570 nm. Cell viability was evaluated 

according to the following formula:31

	

Cell viability (%)
Abs

Abs
sample

control

=








 ×100%

�

where Abs
sample

 is the absorbance of samples, Abs
control

 rep-

resents absorbance of control (cells grown in RPMI without 

treatment) at 570 nm.
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Statistical analysis
All data were analyzed and presented as mean ± SD. The 

significance of differences was compared by unpaired and 

two-tailed t-test analysis (Sigma plot 12.5) and significance 

was confirmed with p,0.05.

Results and discussion
Liposome production and 
characterization
Four types of DTX-loaded liposomes were formulated as the 

basis to generate self-assembling hybrid nanoparticles with 

different ELPs. All formulations contained cholesterol to attain 

decreased water and ion permeability of the lipid bilayers.39–41 

The following, mainly phosphocholine-based, components 

were selected to generate liposomes: egg yolk lecithin, 

hydrogenated soy l-phosphatidylcholine (HSPC), and the 

synthetic lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-[amino(polyethylene glycol)-2000] (MPEG-DSPE), and 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC). One 

of the synthetic lipids contained unsaturated side chains 

and one was PEG modified, the latter to prevent nonspecific 

cellular uptake and to potentially obtain prolonged systemic 

circulation for future in vivo studies. Detailed compositions 

are given in Table 1 and the chemical structures of lipids 

are shown in Figure 2. The four liposomes are referred 

to as lecithin, O-1, ACD-1, and S-1 liposomes throughout 

this study.

DTX-loaded liposomes were generated by thin-film 

hydration using an initial DTX content of 5% (w/w) as 

described in the “Methods” section. Hydrodynamic diameters 

of the nanoparticles were determined with DLS analysis.34 

All DTX-loaded liposomes showed monodisperse size 

distributions and exhibited mean diameters ranging from 

23.5 to 154.8 nm (Figure 3). Noteworthy, DTX-loaded S-1 

liposomes with 33% cholesterol formed the largest particles 

with diameters of ~155 nm, while DTX-loaded liposomes 

with lecithin, O-1, and ACD-1, and cholesterol contents of 

13%, 9%, and 20% possessed smaller diameters of ~23, 

37, and 61 nm, respectively. Earlier studies indicated a 

potential correlation between cholesterol content and lipo-

some size.42

The encapsulation capacities were evaluated for all DTX 

liposomal preparations. The bilayer structures of drug-

loaded liposomes were disrupted with methanol followed 

by separation and quantification on a C-18 reversed-phase 

column as outlined in the “Materials and methods” section 

(Figure 4). DTX-loaded O-1 liposomes contained the low-

est cholesterol content (9%) and showed the highest DTX-

loading capacity with an encapsulation rate of almost 90%.

The remaining DTX-loaded liposomes (lecithin, ACD-1, 

and S-1) with cholesterol contents of 13%, 20%, and 33% 

exhibited lower drug-loading efficiencies, ranging from 

20% to 40%. The total drug-loading rates for these formu-

lations were calculated to be 1.6%, 4.0%, 1.1%, and 1.9% 

for lecithin, O-1, ACD-1, and S-1 liposomes, respectively. 

Cholesterol has been reported previously to affect liposomal 

encapsulation rates, and in addition to this, the unsaturated 

character of DOPC in O-1 liposomes may contribute to higher 

DTX entrapment due to decreased packing density of lipids, 

thereby providing more space for the loaded drug.34,43 The 

lowest encapsulation efficiency was obtained with ACD-1 at 

20% cholesterol content. This may be caused by interactions 

between hydrophobic tails of DSPE-PEG and phospholipids 

occupying potential drug-loading areas.35,44

The encapsulation rates were sufficient to deliver equiva-

lents of 40 and 80 µg/mL of DTX into PC-3 cell cultures. 

Liposome stocks were diluted in PBS to obtain 400 µg/mL 

of DTX, followed by a subsequent 1:10 or 1:5 dilution into 

RPMI medium to achieve final concentrations of 40 and 

80 µg/mL, respectively. PC-3 cells were exposed to 100 µL 

of the final liposome dilutions in 96-well plates to evaluate 

effects on cell viability. Empty liposomes were included in 

the experiments as negative controls. Free DTX with concen-

trations of 40 and 80 µg/mL in 100 µL of RPMI were used 

as positive controls. After an initial incubation for 4 hours, 

DTX-loaded liposomes, blank liposomes, and free DTX were 

removed by gentle washing with PBS followed by additional 

24 hours incubation in fresh cell culture medium prior to 

cell viability testing with the MTT assay. The data shown in 

Figure 5 have been calculated as relative cellular viabilities 

in comparison to negative controls (cells without treatment). 

DTX-loaded liposomes exhibited reduced cytotoxicity com-

pared to free DTX. This might be due to the slow release of 

Table 1 Composition of lecithin, O-1, ACD-1, and S-1 liposomes

Liposome Composition Ratio 
(w/w)

Cholesterol 
(%)

Modification

Lecithin Lecithin:chol 20:3 13 NA
O-1 DOPC:chol 10:1 9 NA
ACD-1 HSPC:MPEG-

DSPE:chol
3:1:1 20 PEGylation

S-1 DSPC:chol 2:1 33 NA

Abbreviations: DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DSPC, 1,2-
distearoyl-sn-glycero-3-phosphocholine; HSPC, hydrogenated soy l-phosphati
dylcholine; MPEG-DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000]; NA, not applicable.
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DTX from the liposomes and the removal of some unbound 

liposomes after 4 hours of incubation. Control experiments 

with blank liposomes did not reveal any effect on cellular 

viability with lecithin, ACD-1, and S-1 formulations, there-

fore confirming suitable use for future in vitro and in vivo 

studies. Unexpectedly, blank O-1 liposomes reduced the 

cellular viability of PC-3 cells to 80% indicating potential 

cytotoxic effects. Therefore, the use of O-1 liposomes was 

excluded from further investigations.

Generation of hybrid nanoparticles
The aim of the next step was to display GRP as the active 

targeting ligand on the surface of DTX-loaded lecithin, 

ACD-1, and S-1 liposomes. In our previous work, we 

established self-assembling micelles based on an ELP-GRP 

fusion protein (Table 2), which specifically bound to GRPR 

expressing prostate cancer cells and triggered internaliza-

tion into endosomal compartments.25 The presented report 

is an extension of this work by the generation of hybrid 

Figure 2 Chemicals used for liposome preparation.
Notes: Cholesterol was compounded with the synthetic lipids DOPC and DSPC to produce O-1 and S-1 particles, respectively. ACD-1 liposomes were composed of 
cholesterol, synthetic MPEG-DSPE, and HSPC. The latter is a complex mixture of phosphatidylcholines of which DSPC is one representative of many possible structures in 
the product. Lecithin liposomes were based on a combination of natural egg yolk lecithin and cholesterol.
Abbreviations: DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; HSPC, hydrogenated soy l-phosphatidylcholine; 
MPEG-DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000].
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Figure 3 Particle sizes of DTX-loaded liposomes composed of lecithin, O-1, 
ACD-1, and S-1.
Note: The results are given as mean ± SD (n=3).
Abbreviations: DTX, docetaxel; lec, lecithin.
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Figure 4 DTX encapsulation efficiencies into lecithin, O-1, ACD-1, and S‑1 
liposomes.
Note: The results are given as mean ± SD (n=3).
Abbreviations: DTX, docetaxel; lec, lecithin.
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ELP/liposome nanoparticles with the aim to deliver DTX 

into GRPR expressing prostate cancer cells.

Ice-cold ELP-GRP and ELP-C were mixed at a ratio of 

3:2 in a volume of 100 µL PBS. Using this ratio has been 

shown to form stable micelles at 37°C in PBS without 

aggregation, and this type of micelle will be referred to as 

1.5× ELP-GRP/C throughout this report. The final total ELP 

concentration was adjusted to 25 µM, and 10 µL of freshly 

prepared DTX-loaded liposomes were added on ice. The mix-

tures were then incubated in a 37°C water bath for 15 minutes 

to form DTX-loaded polypeptide/liposome nanoparticles 

followed by particle size determination. Micelles formed by 

ELPs only, such as ELP-C and 1.5× ELP-GRP/C, displayed 

particle sizes ranging from 40 to 50 nm (Figure 6), which 

correlated well with previous results.25 Liposome particle 

sizes increased after incorporation into ELP micelles and 

were found to be monodispersed and ranged from approxi-

mately 40 to 180 nm. These results provided a proof of 

concept for the rapid assembly of hybrid nanoparticles with 

successful encapsulation of DTX-loaded liposomes into the 

hydrophobic cores of polypeptide micelles.

For effective drug delivery, it is essential to balance the 

nanoparticle size between maximal EPR effects and minimal 

nonspecific clearance. Particles .300 nm are considered too 

large for tumor infiltration and best results have been seen 

with particles of sizes #100 nm. From this perspective, ELP 

hybrids with ACD-1 and lecithin seemed most suitable. The 

vascular fenestration in liver is estimated at 50–100 nm and, 

therefore, ELP/ACD-1 hybrid particles were considered the 

most optimal, followed by ELP/lecithin. ELP/S-1 particles 

with a size of ~200 nm and no surface PEGylation are 

expected to bind serum proteins to a large extent, which is 

assumed to further increase the size and might be a disadvan-

tage for future in vivo experiments. Due to this, further studies 

were limited to ACD-1- and lecithin-containing carriers.

In vitro drug release
It is desirable to achieve low drug release in circulation 

with nanoparticle-mediated cancer cell targeting. In con-

trast, efficient intracellular drug release is necessary after 

internalization into cancer cells. The DTX release kinetics 

from lecithin and ACD-1 liposomes and hybrid polypeptide/

liposome nanoparticles were assessed with an in vitro dialysis 

protocol. Five hundred microliters of 25 µM 1.5× ELP-

GRP/C or ELP-C in PBS were mixed on ice with 50 µL of 

freshly prepared DTX-loaded liposomes. The mixtures were 

incubated at 37°C for 15 minutes and then loaded into a 

dialysis tube. The release medium was replaced, and samples 

were withdrawn after 0.5, 1, 1.5, 2, 3, 4, and 5 hours. The 

profiles are presented as cumulative percentages of DTX 

released versus time (Figure 7).

The DTX release rates after 5 hours were 44% and 62% 

from lecithin and ACD-1 liposomes, respectively. The rela-

tively large difference between these two formulations was 

assumed to be caused by weaker interactions between DTX 

and PEGylated bilayers in ACD-1 liposomes compared with 

lecithin.34,35,39–41,43,44
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Figure 5 Cell viability of PC-3 cells after exposure to DTX-loaded lecithin, O-1, 
ACD-1, and S-1 liposomes.
Notes: The results are shown as relative activities where 100% corresponds to the 
cell viability of untreated cells. Mean ± SD were calculated from six experiments 
(n=6).
Abbreviations: Ctrl, control; DTX, docetaxel; lec, lecithin.

Table 2 ELPs used in this study

Name Amino acid sequence Tt (°C)

ELP-GRP G(VPGIG)48(VPGSG)48Y-H6-GNHWAVGHLM 22.0
ELP-C G(VPGIG)48(VPGSG)48Y 27.0
ELP-K G(VPGIG)48(VPGSG)48Y-KGGKGGK 24.0

Abbreviations: ELP, elastin-like polypeptide; GRP, gastrin-releasing peptide; Tt, 
transition temperature.
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Figure 6 Particle sizes of DTX-loaded hybrid polypeptide/liposome nanoparticles.
Notes: The measurements were carried out at 37°C. Micelles formed by ELP-C 
and 1.5× ELP-GRP/C were used as controls. The results are described as mean ± 
SD (n=3).
Abbreviations: Ctrl, control; DTX, docetaxel; ELP, elastin-like polypeptide; GRP, 
gastrin-releasing peptide; lec, lecithin.
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The release profiles significantly changed when DTX-

loaded liposomes with lecithin or ACD-1 were incorporated 

into ELP-C or 1.5× ELP-GRP/C micelles. The cumulative 

percentage of drug release over 5 hours decreased to 24% 

and 27% for lecithin liposomes with ELP-C and ELP-GRP, 

respectively. The corresponding effects for ACD-1 lipo-

somes were reductions to 44% and 21%. The encapsulation 

of the entire liposomes into hydrophobic ELP cores led to 

significantly reduced DTX release rates, most likely due 

to the additional polypeptide barriers outside of the lipo-

somes. All over, prolonged retention times were achieved 

for DTX through the combination of polypeptide micelles 

with drug-loaded liposomes. These results were in line with 

earlier reports, which described ELPs as suitable carriers of 

hydrophobic drugs in vitro and in vivo.18

Intracellular ELP biodegradation by lysosomal elastases 

has been suggested earlier.46 In line with this, our results 

indicate that faster partitioning out of liposomes will occur 

in cells, once the ELP-GRP and ELP-C components have 

been degraded in lysosomal compartments.

Zeta potential
The surface net charges were determined by zeta potential (ζ) 

measurement to assess pharmacokinetic and biodistribution 

properties for future in vivo experiments.18,45 Generally, nega-

tive particles (ζ,-10 mV) exhibit strong reticuloendothelial 

system (RES) uptake triggered by plasma protein binding and 

opsonization causing rapid clearance from the blood circu-

lation by Kupffer cells. Positive particles (ζ.+10 mV) are 

known to form aggregates in serum, and neutral nanoparticles 

(within ±10 mV) exhibit the least RES interaction, longest 

circulation, and reduced nonspecific cellular uptake.45 For the 

presented study, we aimed to produce neutral nanoparticles 

to avoid RES clearance and nonspecific cellular uptake.

Freshly prepared DTX-loaded ACD-1 or lecithin lipo-

somes in PBS were mixed with ELP-C or 1.5× ELP-GRP/C 

preparations on ice. After incubation in a 37°C water bath 

for 15 minutes, samples were transferred to a Zetasizer Nano 

ZS for the analysis. The results are shown in Table 3. Zeta 

potentials of all nanoparticles were within a small range 

from -13.23 to 0.05 mV at 37°C, which was in correlation 

with the reported zeta potentials of lecithin, HSPC/MPEG-

DSPE, DSPC, and DOPC lipids.47 The results indicated that 

the surface charges of DTX-loaded lipid nanoparticles were 

only marginally affected by the introduction of polypep-

tides. All further testings were conducted with the ACD-1-

containing formulations based on the fact that the measured 

zeta potentials were almost neutral and the formulations 

contained PEGylated lipids. The expected benefits will be 

good stability in the circulation, limited nonspecific uptake, 

and optimal EPR effects due to the size of ~100 nm.

Specific binding of drug-loaded ELP/
liposome nanoparticles to prostate 
cancer cells
Specific binding of DTX-loaded polypeptide/liposome 

nanoparticles to PC-3 cells was analyzed by flow cytometry. 

For this purpose, fluorescence-labeled ELP-K (ELP-K-Atto) 

was mixed with ELP-GRP and ELP-C in a ratio of 2:3 to 
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Figure 7 Drug release profiles of DTX-loaded liposomes and polypeptide/liposome nanoparticles.
Notes: The measurements were carried out at 37°C. (A) Lec/DTX liposomes, ELP-C/lec/DTX and 1.5×ELP-GRP/C/lec/DTX nanoparticles; (B) ACD-1/DTX liposomes, 
ELP-C/ACD-1/DTX and 1.5× ELP-GRP/C/ACD-1/DTX nanoparticles; The results are described as mean ± SD (n=3).
Abbreviations: DTX, docetaxel; ELP, elastin-like polypeptide; GRP, gastrin-releasing peptide; lec, lecithin.

Table 3 Zeta potential measurements of DTX-loaded liposomes 
and hybrid polypeptide/liposome nanoparticles

Zeta potential (mV)

No polypeptide ELP-C 1.5× ELP-GRP/C

No liposome NA -4.28 -2.71
Lecithin/DTX -8.51 -13.1 -13.23
ACD-1/DTX 0.05 -1.46 -2.26

Note: Micelles formed by ELP-C and 1.5× ELP-GRP/C were used as controls.
Abbreviations: DTX, docetaxel; GRP, gastrin-releasing peptide; NA, not applicable.
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form detectable 1.5× ELP-GRP/K-Atto and 1.5× ELP-

C/K-Atto nanoparticles, respectively. DTX-loaded ACD-1 

liposomes were used in the next step to form ELP/liposome 

hybrid carriers (eg, 1.5× ELP-GRP/K-Atto/ACD-1/DTX and 

1.5× ELP-C/K-Atto/ACD-1/DTX). Subsequently, PC-3 cells 

were harvested and resuspended in 880 µL of drug-loaded 

ELP/liposome nanoparticle solutions at 5×105 cells/mL fol-

lowed by incubation in an orbital shaker at 37°C and 50 rpm 

for 1 hour. The cells were washed after the incubation and 

resuspended in 200 µL of PBS for flow cytometry analysis 

(Figure 8A and B). Untreated cells were used as controls to 

set an arbitrary fluorescence intensity cutoff for distinction 

between positive and negative cells with and without nano-

particle binding, respectively. Exposure to 1.5× ELP-GRP/K-

Atto led to increased fluorescence in 7.5% of all PC-3 cells. 

In comparison, only 3.4% of cells were detected as positive 

when 1.5× ELP-C/K-Atto micelles were used. In correlation 

with this, 11.3% of PC-3 cells showed increased signals with 

Figure 8 Flow cytometric analysis of cell targeting with ELP and ELP/liposome nanoparticles.
Notes: GRP displaying formulations are shown in blue, particles without GRP are shown in red, and controls (cells without treatment) are shown in gray. The arbitrarily 
set fluorescence cutoff is indicated with a red arrow head. (A) Binding of 1.5× ELP-GRP/K-Atto and 1.5× ELP-C/K-Atto to PC-3 cells. (B) Binding of DTX-loaded hybrid 
nanoparticles, 1.5× ELP-GRP/K-Atto/ACD-1/DTX and 1.5× ELP-C/K-Atto/ACD-1/DTX, to PC-3 cells. Panels (C and D) show flow cytometric analysis of DU-145 cells 
treated with the same formulations as described above for panels A and B, respectively. Panels (E and F) show control experiments carried out with GRPR-negative 293T 
cells using similar protocols as described above.
Abbreviations: DTX, docetaxel; ELP, elastin-like polypeptide; GRP, gastrin-releasing peptide; GRPR, gastrin-releasing peptide receptor.
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1.5× ELP-GRP/K-Atto/ACD-1/DTX nanoparticles, whilst 

only 4.6% of PC-3 cells were detected after treatment with 

1.5× ELP-C/K-Atto/ACD-1/DTX nanoparticles. The results 

proved that the enhanced binding of nanoparticles to prostate 

cancer cells was mediated by GRP ligands. DU-145 prostate 

cancer cells express lower levels of GRPR than PC-3 cells, 

and in correlation with this, elevated fluorescence signals 

were detected in 4.2% and 3.9% of cells after exposure to 

1.5× ELP-GRP/K-Atto and 1.5× ELP-GRP/K-Atto/ACD-1/

DTX, respectively. In comparison, the controls showed 

only 0.4% of positive cells (Figure 8C and D). Finally, no 

significant differences were detected with GRPR-negative 

293T cells when treated with ELP-GRP- and ELP-C-modified 

nanoparticles (Figure 8E and F). These results confirmed the 

specific binding of 1.5× ELP-GRP/K-Atto/ACD-1/DTX 

nanoparticles to GRPR expressing cell lines.

In vitro cytotoxicity study
The anticancer effects of DTX-loaded drug carriers were 

evaluated in cell viability studies with GRPR express-

ing PC-3 prostate cancer cells. The cells were seeded in 

96-well plates for 24 hours and then exposed to 100 μL of 

DTX-loaded hybrid ELP/liposome nanoparticles at final 

polypeptide concentrations of 10 μM and DTX concentra-

tions equivalent to 80 μg/mL. According to the above data 

(Figure 7), 21%–62% of encapsulated DTX was expected to 

be released within 5 hours. Therefore, to avoid the influence 

of free drug, the cells were washed with PBS after 4 hours 

and kept in fresh medium for an additional 20 hours. The 

viability of PC-3 cells was studied by MTT assay comparing 

free DTX, ACD-1 liposome encapsulated DTX or hybrid 

ELP/liposome encapsulated DTX (ELP-C/ACD-1 vs 1.5× 

ELP-GRP/C/ACD-1).

Treatment of PC-3 cells with free DTX resulted in a 

cell viability of 47% relative to untreated cells (Figure 9), 

indicating relative efficient nonspecific uptake of the free 

drug. In contrast, DTX encapsulation into ACD-1 liposomes 

and ELP-C/ACD-1 nanoparticles seemed to protect the 

cells from DTX and resulted in higher viabilities of 85% 

and 102%, respectively. These data strongly indicated that 

nanoparticles without GRP display were not taken up into 

the cells, and the effect seen with ACD-1 liposomes was 

most likely due to the release of DTX directly into the 

medium. Exposure to ELP-C/ACD-1/DTX particles did 

not show reduced cell viability and, in correlation with the 

results from Figure 7, this can be explained by the slower 

drug release from the ELP/liposome formulation in com-

parison with liposomes only. However, most importantly, 

the cell viabilities decreased to 76% when cells were treated 

with DTX-loaded 1.5× ELP-GRP/C/ACD-1 nanoparticles 

(p-value =0.0001), therefore, proving specific DTX delivery 

into PC-3 cells, whilst hollow liposomes and empty polypep-

tide micelles did not exhibit growth inhibition effects (data 

not shown). These relatively moderate, nevertheless, very 

significant effects correlated well with the flow cytometry 

data shown in Figure 8, leading to the assumption that only 

a small fraction of the PC-3 cells will actively take up the 

GRP displaying particles. It will be important for future 

in vivo studies to assess the GRPR expression in xenograft 

and allograft tumor models. Finally, this will also have 

potential implications for translational research. A detailed 

analysis of GRPR expression in tumor biopsies will be neces-

sary. All over, the presented results demonstrated increased 

cytotoxicity to be linked to specific GRP-mediated binding 

and uptake of DTX-loaded 1.5× ELP-GRP/ELP-C/liposome 

nanoparticles into PC-3 cells. These findings further support 

the future development of GRP displaying nanoparticles as 

anticancer drug carriers to target GRPR- expressing prostate 

cancer cells.

Conclusion
Various hybrid ELP/liposome nanoparticles were developed 

which showed rapid self-assembly in PBS at physiological 

temperature, and DTX was successfully entrapped into the 

nanoparticles at high concentrations. The sizes of DTX-loaded 

Figure 9 Testing cell viability with PC-3 cells.
Notes: The cells were treated either with free DTX, DTX-loaded liposomes, 
or ELP/liposome hybrid nanoparticles. The DTX concentration was adjusted to 
80 μg/mL, and the data are shown as relative viabilities in relation to untreated cells. 
Ctrl: DTX only, ACD-1: ACD-1/DTX liposomes, ACD-1 ELP-C: ELP-C/ACD-1/
DTX hybrid particles, ACD-1 1.5× ELP-GRP/C: 1.5× ELP-GRP/ELC/ACD-1/DTX 
hybrid particles. The results are described as mean ± SD (n=6).
Abbreviations: DTX, docetaxel; ELP, elastin-like polypeptide; GRP, gastrin-
releasing peptide.
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nanoparticles ranged from ~40 to 200 nm. Interestingly, all 

hybrid nanoparticles showed monodisperse size distributions. 

This suggested that all liposomes were assembled at even dis-

tribution into the protein micelles during phase transition.

Various factors have to be taken into consideration for 

the optimal design of drug nanocarriers. For example, the 

RES consists of macrophages in the liver, spleen, and bone 

marrow. Nanoparticles are mainly cleared in liver and spleen 

at a rate that is strongly affected by size. Nanoparticles with 

a hydrodynamic diameter of ~100 nm are considered opti-

mal to leverage between long serum time (eg, avoidance of 

RES clearance .50 nm) and sufficient tumor permeation. 

In addition to this, opsonization of nonspecifically adsorbed 

serum proteins (IgG and complement proteins) has been 

shown to drive rapid clearance from serum. To prevent this, 

nonspecific protein binding can be reduced by PEGylation 

and neutral zeta potential (ζ=±10 mV). Under these criteria, 

our ELP/ACD-1 hybrid particles were of most optimal size 

(~100 nm), contained PEGylated lipid components, and 

showed almost neutral zeta potential. Therefore, cell-binding 

studies were carried out with 1.5× ELP-GRP/C/ACD-1/DTX 

particles, and the potential for tumor retention by displayed 

GRP was demonstrated in vitro using PC-3 cells in flow 

cytometry experiments. In correlation with this, the same 

nanoparticles also significantly reduced cell viability of PC-3 

cells. The presented report provides the proof of concept for 

active GRP-mediated targeting of PC-3 prostate cancer cells 

with self-assembling hybrid ELP/liposome nanoparticles.
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