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Abstract
Prostate cancer is a global disease that negatively affects the quality of life. Although various strategies against prostate 
cancer have been developed, only a few achieved tumor-specific targeting. Therefore, a special emphasis has been placed on 
the treatment of cancer using nano-carrier-encapsulated chemotherapeutic agents conjugated with tumor-homing peptides. 
The targeting strategy coupling the drugs with nanotechnology helps to overcome the most common barriers, such as high 
toxicity and side effects. Prostate-specific membrane antigen has emerged as a promising target molecule for prostate can-
cer and shown to be targeted with high affinity by GRFLTGG​TGR​LLRIS peptide known as peptide 563 (P563). Here, we 
aimed to assess the in vitro and in vivo targeting efficiency, safety, and efficacy of P563-conjugated, docetaxel (DTX)-loaded 
polymeric micelle nanoparticles (P563-PEtOx-co-PEI30%-b-PCL-DTX) against prostate cancer. To this end, we analyzed the 
cytotoxic activity of P563-PEtOx-co-PEI30%-b-PCL and P563-PEtOx-co-PEI30%-b-PCL-DTX by a cell proliferation assay 
using PNT1A and 22Rv1 cells. We have also determined the targeting selectivity of P563-PEtOx-co-PEI30%-b-PCL-FITC 
by flow cytometry and assessed the induction of cell death by western blot and TUNEL assays for P563-PEtOx-co-PEI30%-
b-PCL-DTX in 22Rv1 cells. To investigate the in vivo efficacy, we administered DTX in the free form or in polymeric 
micelle nanoparticles to athymic CD-1 nu/nu mice 22Rv1 xenograft models and performed histopathological analyses. Our 
study showed that targeting prostate cancer with P563-conjugated PEtOx-co-PEI30%-b-PCL polymeric micelles could exert 
a potent anti-cancer activity with low side effects.
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Introduction

Prostate cancer is one of the most prevalent neoplasms 
among men, accounting for approximately 20% of new 
cancer diagnoses (Salji et al. 2019). Patients with localized 
prostate cancer usually undergo radical surgery and radio-
therapy, which can provide 10-year disease-free survival 
(Bill-Axelson et al. 2011; Litwin and Tan 2017). On the 
other hand, androgen deprivation therapy (ADT) is the 
first-line treatment for metastatic prostate cancer (Huggins 
1942; Litwin and Tan 2017; Salji et al. 2019). However, 
it is unlikely to achieve complete tumor regression upon 
ADT, which necessitates chemotherapeutic drug adminis-
tration to prevent the recurrence of the disease (Denmeade 
and Isaacs 2002).

Docetaxel (DTX) is an anti-neoplastic drug that belongs 
to the taxoid family and is one of the most commonly 
used agents for the treatment of several cancers, includ-
ing breast, lung, ovarian, and prostate cancer (Imran et al. 
2020). DTX exerts its anti-cancer effects through the sta-
bilization of tubulin, leading to the inhibition of micro-
tubule depolymerization and disassembly and inevitably 
to cycle arrest in the G1/M phase. The potency of DTX is 
further increased by its ability to promote the expression 
of the cell cycle inhibitor p27 and inhibit the expression of 
the anti-apoptotic Bcl-2 gene (Tan et al. 2012). However, 
high lipophilicity (da Silva et al. 2018) and associated side 
effects of DTX, including neutropenia, hypersensitivity 
reactions, peripheral neuropathy, musculoskeletal toxicity, 
and nasolacrimal duct stenosis (Tan et al. 2012), constitute 
major limitations to its clinical application.

Due to the severe side effects of conventional chemo-
therapy, increasing attention has been paid to tumor-hom-
ing approaches (Wüstemann et al. 2018). Recent progress 
in nanotechnology has allowed researchers to overcome 
the toxicity caused by the solubilization of DTX with high 
concentrations of surfactants (Zhang and Zhang 2013). 
Numerous lipid-, polymer-, and albumin-based nanocar-
rier formulations have been developed for the delivery of 
anti-cancer agents with enhanced tumor accumulation, 
reduced systemic toxicity, and improved therapeutic effi-
cacy (Narvekar et al. 2014). For example, DTX-loaded 
PAMAM-based poly (γ-benzyl-L-glutamate)-b-D-α 
tocopherol polyethylene glycol 1000 succinate nano-
particles (NPs) (Wang et al. 2019), DTX-loaded trastu-
zumab-coated lipid polymer NPs (Zhang et al. 2019), 
DTX-loaded poloxamer (PLX-188)-coated poly (lactic-
co-glycolic acid) NPs (Chishti et al. 2019), chitosan and 
sodium tripolyphosphate-based ionically cross-linked 
NPs (Mahmood et al. 2019), and DTX-loaded poly (ethyl-
ene glycol) functionalized gold nanoparticles (Thambiraj 

et al. 2021) have shown an improvement in controlled 
release and higher cancer cell toxicity compared with free 
DTX administration. Moreover, accumulating evidence 
suggests that polymeric drug carriers are the most effec-
tive functionalized carriers due to the versatility of their 
use and chemical modification (Mandracchia et al. 2014; 
Tripodo et al. 2013).

Polymeric micelles are NPs formed by the spontaneous 
self-assembly of amphiphilic polymers, hence consisting 
of a hydrophobic core and hydrophilic shell. Their small 
size ranging between 50 and 100 nm allows their extrava-
sation into tumors through enhanced permeability and 
retention (EPR) effect that relies on the (i) hyper-vascu-
larity and incomplete vascular architecture of solid tumors, 
(ii) secretion of vascular permeability factors stimulating 
extravasation within a cancer tissue, and (iii) the absence 
of effective lymphatic drainage from tumors impeding the 
efficient clearance of macromolecules accumulated in the 
solid tumor tissues (Matsumura and Kataoka 2009). More-
over, the lipidic core of polymeric micelles is suitable 
for holding lipophilic drugs such as DTX, and their high 
thermodynamic stability prevents premature drug release. 
Currently, numerous polymeric micelles are in clinical tri-
als (Varela-Moreira et al. 2017), including several DTX-
loaded formulations (Alven and Aderibigbe 2020).

In addition to the EPR effect, the tumor selectivity of 
NPs can be improved by the utilization of active target-
ing (Wüstemann et al. 2018). One of the most common 
approaches is the encapsulation of drugs in a suitable car-
rier conjugated with specific tumor-targeting agents, such 
as antibodies, vitamins, hormones, and peptides, with the 
ability to selectively target the tumor and its microenviron-
ment (Tripodo et al. 2014). Prostate-specific membrane 
antigen (PSMA) is a membrane-bound protease that is 
usually overexpressed in malignant prostate cancer cells 
(Carter et al. 1996; Wüstemann et al. 2018). PSMA has 
been considered an attractive target molecule due to its 
association with the aggressive disease state (Gao et al. 
2015; Kiess et al. 2015; Barrio et al. 2016; Haberkorn 
et al. 2016). Our group and others identified peptide 563 
(GRFLTGG​TGR​LLRIS) as an important high-affinity 
tumor-homing peptide for PSMA (Shen et al. 2013; Nezir 
et al. 2021). Peptide 563 (P563) offers the advantage of 
small size, excellent tissue penetration, easy chemical 
incorporation into drugs, and low immunogenicity.

In this study, in vitro and in vivo anti-tumor efficacy 
of a novel DTX-loaded P563-conjugated poly(2-ethyl-
2-oxazoline)-co-polyethylenimine-block-poly(ɛ-caprol-
actone) (P563-PEtOx-co-PEI30%-b-PCL-DTX) polymeric 
micelle formulation was evaluated using PSMA-positive 
22Rv1 prostate cancer cells.
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Materials and methods

Preparation of P563‑PEtOx‑co‑PEI30%‑b‑PCL 
polymeric micelles

Synthesis and characterization of PEtOx-co-PEI-b-
PCL amphiphilic block copolymers were reported 
previously (Gulyuz et  al. 2018; Kara et  al. 2018; 
Ozturk et  al. 2020). Conjugation of P563 (GRFLTGG​
TGR​LLRIS) with PEtOx-co-PEI-b-PCL copoly-
mer was described in an earlier study (Gulyuz et  al. 
2021) .  PEtOx 7500(%70)-co -PEI 1400(%30)-b -PCL 2100 
b l o c k  c o p o l y m e r  a n d  P - 5 6 3  c o n j u g a t e d 
PEtOx7500(%70)-co-PEI1400(%30)-b-PCL2100 block copolymer 
were used at a ratio of 4:1 to prepare P563-PEtOx-co-
PEI30%-b-PCL micelles. The polymer:drug ratio of DTX-
loaded (Doxitax, Kocak Farma Ltd, Turkey) micelles 
(P563-PEtOx-co-PEI30%-b-PCL-DTX) was 10:1 (mg/mg). 
DTX and polymer were dissolved in methanol (4 mL), and 
then methanol was evaporated by a rotary evaporator. The 
obtained thin film was hydrated by adding ultra-pure water 
(60 °C) and agitation with vortex for 5 min. Next, the 
micelles were centrifuged at 9500 xg for 3 min to precipi-
tate free DTX and large aggregates.

Sodium fluorescein-loaded (P563-PEtOx-co-PEI30%-
b-PCL-FITC) micelles were prepared by the same method 
used to prepare DTX-loaded micelles, with slight modifi-
cation. Sodium fluorescein and the polymer were dissolved 
in methanol (4 mL), and then methanol was evaporated by 
a rotary evaporator. The resulting thin film was hydrated 
by the addition of ultra-pure water (60ºC) and agitation 
with vortex for 5 min. The obtained micelle suspension 
was filtered using a 0.22 μm filter and then centrifuged 
at 4146 xg (for 20 min) using Amicon centrifugal filters 
(MWCO 3000 Da) to separate free sodium fluorescein.

Characterization of P563‑PEtOx‑co‑PEI30%‑b‑PCL 
polymeric micelles

Particle size, polydispersity index (PDI), and zeta potential 
(ZP) of micelles were determined using a Zetasizer (Nano-
ZS, Malvern Instruments Ltd., UK). All measurements 
were performed in triplicate. The micelle formulation was 
lyophilized for 48 h using a freeze-dryer (Labconco, USA) 
to determine the encapsulated DTX amount. The freeze-
dried micelle powder was dissolved in methanol, and the 
DTX amount was analyzed by an HPLC method where 
a 45:55 (v/v) mixture of water and acetonitrile was used 
as the mobile phase. The chromatographic column was a 
reverse-phase C18 column (250 mm × 4.6 mm, pore size 
5 μm, Inertsil ODS-3, USA), and the detection wavelength 

was 227 nm. Encapsulation efficiency (EE) was calculated 
according to the following equation:

DTX release from micelles was determined in phosphate 
buffer (pH 7.4) using dialysis cassettes (MWCO 3500 Da) 
at 37 °C for 72 h. Dialysis cassettes filled with 0.75 mL of 
the formulation were placed in the constantly stirred dialysis 
medium (2 L of phosphate buffer, pH 7.4). Samples were 
then withdrawn from the dialysis cassettes to determine 
residual drug amounts at predetermined time points. These 
samples were analyzed by HPLC at 227 nm to calculate the 
released drug amount.

The amount of sodium fluorescein loaded into P563-
PEtOx-co-PEI30%-b-PCL-FITC micelles was determined 
indirectly by the analysis of the filtrate obtained after centrif-
ugation with Amicon tubes using a spectrofluorometer (exci-
tation wavelength: 485 nm, emission wavelength: 515 nm).

For morphological analysis, the micelle formulation was 
dropped (10 μL) onto a carbon grid with a micropipette and 
air-dried. Next, the sample was analyzed with transmission 
electron microscopy (TEM) (Tecnai G2 Spirit BioTwin, 
FEI Company, Fremont, CA) to visualize the micelle 
morphology.

Serum stability studies of the peptide-targeted DTX-
loaded micelle formulations (P563-PEtOx-co-PEI30%-b-
PCL-DTX) were performed in PBS solution supplemented 
with serum component as 10% FBS. The micelle formula-
tions were incubated at 37 °C, and the particle size (nm), 
ZP (mV), and PDI of the formulations were determined at 
specified time intervals.

Cell culture

PNT1A human prostate epithelial cells (95,012,614) were 
obtained from Sigma Aldrich, USA. 22Rv1 human prostate 
carcinoma cells (CRL-2505) were obtained from American 
Type Culture Collection (ATCC​®). The cells were main-
tained in Roswell Park Memorial Institute (RPMI) 1640 
medium (Gibco™ Thermo Fisher Scientific, USA) supple-
mented with 10% (v/v) fetal bovine serum (FBS; Gibco™) 
and 100 units/mL penicillin/streptomycin (Gibco™) in a 
humidified incubator at 37 °C and 5% CO2.

Assessment of cell viability

Cytotoxicity of PEtOx-co-PEI30%-b-PCL block copolymer 
on PNT1A normal prostate epithelial cells was assessed 
by WST-1 cell proliferation assay (Roche, USA). Briefly, 

EE = (amount of DTX loaded to micelles)∕
(initial amount of DTX) × 100
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5 × 104 cells were seeded into 96-well plates. After cell 
attachment, the cells were treated with 0, 100, 200, 300, 
400, or 500 µg/mL of PEtOx-co-PEI30%-b-PCL block copol-
ymer sub-stocks for 24–96 h. The cells were subjected to 
WST-1 reagent at every 24 h interval, as per the manufac-
turer’s instructions, and absorbance values were measured 
at 450 nm wavelength, using SpectraMax Paradigm Multi-
Mode Microplate Reader (Molecular Devices, San Jose, 
CA, USA). PEtOx-co-PEI30%-b-PCL-DTX micelle toxicity 
on 22Rv1 prostate cancer cells was evaluated following the 
same procedure, for 0, 0.01, 0.05, 0.1, 0.25, and 0.50 µg/
mL of DTX. Empty micelle (PEtOx-co-PEI30%-b-PCL) 
was diluted to obtain equal amounts of polymer/mL as the 
respective PEtOx-co-PEI30%-b-PCL-DTX sub-stocks.

Flow cytometry

In order to determine the prostate cancer-targeting effi-
ciency, micelle formulations loaded with fluorescein (P563-
PEtOx-co-PEI30%-b-PCL-FITC) were prepared. PNT1A and 
22Rv1 cells were seeded into 6-well plates at a density of 
3 × 105 cells/well. The cells were allowed to attach overnight 
and then subjected to 0.5 mg/mL of P563-PEtOx-co-PEI30%-
b-PCL-FITC for 30 min at 37 °C. After extensive washing 
with PBS, the cells were scraped and fixed with 0.05% (w/v) 
formaldehyde. FITC-positive cells were counted using the 
FL-1 channel of the Becton Dickinson FACSCalibur™ flow 
cytometer. Untreated cells were utilized as the negative con-
trol to set the parameters of the forward and side scatter. His-
togram plots were generated using CellQuestPro software, 
where the percentages of FITC-positivity within the whole 
cell populations were calculated (Becton Dickinson, USA).

Detection of apoptotic cell death

Total protein was isolated from 22Rv1 cells treated with 
PEtOx-co-PEI30%-b-PCL-DTX micelles carrying 0.05 µg/
mL of DTX for 48 h. PEtOx-co-PEI30%-b-PCL micelle 
was diluted to obtain an equal amount of polymer/mL as 
the respective PEtOx-co-PEI30%-b-PCL-DTX sub-stock. 
Untreated cells were utilized as the negative control. Briefly, 
cells collected in RIPA buffer were separated on 12% SDS-
PAGE gels and blotted for Pan-Actin (Cell Signaling Tech-
nology [CST], MA, USA; 8456), cleaved caspase-9 (CST 
9502), cleaved caspase-3 (CST 9661), and cleaved PARP 
(CST 5625) primary antibodies produced in rabbit. Fol-
lowing secondary antibody incubation, the HRP signal 
was developed with an enhanced chemiluminescence solu-
tion, and the protein bands were detected using ChemiDoc 
XRS+ (BioRad, USA).

Apoptotic cells were also detected using in Situ Cell 
Death Detection Kit (Roche, USA), following the manu-
facturer’s instructions. Briefly, 1.2 × 107 22Rv1 cells in 

6-well plates were treated with PEtOx-co-PEI30%-b-PCL-
DTX containing 0.05 µg/mL of DTX or an equal amount 
of PEtOx-co-PEI30%-b-PCL in complete medium for 48 h. 
Untreated cells were used as the negative control. The cells 
were collected and fixed with 4% (w/v) paraformaldehyde 
solution on a thermal shaker at 37 °C for 1 h. The cells 
were permeabilized with 0.1% (v/v) Triton X-100 (MP Bio-
medical, France) in 0.1% (w/v) sodium citrate solution for 
2 min on ice. After washing with 1X PBS, labeling was 
performed by incubating the cells in the TUNEL reaction 
mixture (containing Label Solution and Enzyme Mix) on a 
thermal shaker at 37 °C for 75 min. Finally, the cells were 
washed twice with PBS, and the cell populations were ana-
lyzed by flow cytometry, as described in “Flow Cytometry”.

Determination of in vivo anti‑tumor activity

For in vivo anticancer studies, athymic male CD-1 nu/nu 
mice (5–6 weeks of age, 20 ± 2 g) obtained from Charles 
River Laboratories (Germany) were maintained in the ani-
mal facility of Yeditepe University (Turkey) in accordance 
with and approved by Animal Care and Welfare Committee 
of Yeditepe University (Turkey, decision #644). The animals 
had access to food and water ad libitum. We have optimized 
a matrigel-based orthotopic tumor inoculation method using 
12 × 106 cells/100 µL for tumor inoculation at a 2:1 (v/v) 
ratio with BD Matrigel™ Basement Membrane Matrix 
(BD Biosciences, Franklin Lakes, NJ, USA). Following the 
third day of inoculation, mice were injected intraperitoneally 
(i.p.) once every three days with vehicle control, PEtOx-co-
PEI30%-b-PCL polymeric micelle, PEtOx-co-PEI30%-b-PCL-
DTX (2 mg/kg DTX), or free DTX (2 mg/kg) for a total of 
8 injections. Tumor size and weight of each animal were 
measured before every injection, and mice were examined 
for morbidity and mortality until the end of the study. After 
24 days of treatment, mice were sacrificed by cervical dis-
location, and tumor volumes (mm3) were calculated after 
the resection of tumors by the following formula: “Tumor 
volume = 1/2(Length × (Width)2)” (Zhao et al. 2022), where, 
“Length” is the long radius and “Width” is the short radius.

Histopathological analysis

For the preparation of formalin-fixed paraffin-embedded 
(FFPE) samples, heart, liver, spleen, lung, and kidney 
were isolated and fixed at 10% formalin and processed in 
the Department of Pathology at Umraniye Training and 
Research Hospital. Paraffin sections were processed for 
hematoxylin and eosin (H&E) staining and evaluated by a 
specialized pathologist (Nayman et al. 2019). Tumor tissue 
samples were assessed in terms of necrosis, inflammation, 
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and fibrosis. Each assessment was scored between 0 and 3 
(0, absent; 1, mild; 2, moderate; and 3, severe).

Statistical analysis

All data were expressed as mean ± standard deviation (SD). 
Differences between groups were assessed using a two-tailed 
Student’s t test or ANOVA followed by a Tukey post hoc test 
using GraphPad Prism 8 (GraphPad Software, USA). The 
results were considered statistically significant at P ≤ 0.05 
(*), P ≤ 0.01 (**), P ≤ 0.001 (***), and P ≤ 0.0001 (****).

Results

Effect of PEtOx‑co‑PEI30%‑b‑PCL polymeric micelles 
on cell proliferation

PEtOx-co-PEI30%-b-PCL block copolymers and polymeric 
micelles were synthesized and characterized previously 
(Kara et al. 2018). The safety profile of PEtOx-co-PEI30%-
b-PCL block copolymer was reported in a previous study 
of our group (Gulyuz et  al. 2021) by demonstrating its 
effects on human dermal fibroblast (HDF), human kidney 
cell line (HEK293), prostate epithelial cell line (PNT1A), 

and mesenchymal stem cells (MSC) cell proliferation. In 
this study, WST-1 cell proliferation assay was performed 
in order to determine the potential cytotoxic effects of 
PEtOx-co-PEI30%-b-PCL micelles on HDF, human hepa-
toblastoma (Hep-G2), PNT1A, and human fetal osteoblast 
(hFOB 1.19) cell proliferation. The cells were treated with 
PEtOx-co-PEI30%-b-PCL micelles at a concentration range 
of 100–500 µg/ml from 24 to 96 h. None of the tested doses 
induced a significant change in the cell proliferation rate 
of the human cell lines at 24 or 48 h (Fig. 1). However, a 
significant 40% reduction in the viability of HDF cells in 
comparison to the untreated cells was observed at the end of 
72 h upon treatment with 400 and 500 µg/ml of the PEtOx-
co-PEI30%-b-PCL micelle (Fig. 1a). Moreover, the reduc-
tion in HDF cell viability was dropped down to 50% upon 
treatment with 500 µg/mL of the PEtOx-co-PEI30%-b-PCL 
micelle at the end of 96 h. However, no such inhibitory effect 
on cell proliferation was observed for Hep-G2 or hFOB 1.19 
cell lines (Fig. 1b and c).

Next, we evaluated the effects of PEtOx-co-PEI30%-b-
PCL micelles on human prostate epithelial (PNT1A) cells. 
Approximately 20–30% and 10–20% increases in cell pro-
liferation were observed for the tested doses at 24 and 48 h, 
respectively (Fig. 1d). A non-significant 10% decrease in 
PNT1A cell viability was observed upon treatment with 

Fig. 1   Effects of PEtOx-co-PEI30%-b-PCL micelles on a HDF, b Hep-
G2, c hFOB 1.19, and d PNT1A cell viability. Cells were treated with 
0–500  µg/mL of PEtOx-co-PEI30%-b-PCL polymeric micelles for 
24–96 h. Cell viability was assessed at the end of each 24 h interval. 

The viability of non-treated cells (0 µg/mL) was set as 100% to deter-
mine the relative cell viability for each condition (n = 3). The bars 
represent mean ± SD. Significant reductions in cell viability at 96  h 
with respect to untreated cells are shown. ****P ≤ 0.001
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100–400 µg/mL of PEtOx-co-PEI30%-b-PCL micelles at 
72 h. For 500 µg/mL of the micelles, the decrease in cell 
viability was about 15% (P > 0.05). At the end of 96 h, there 
was no significant change in the viability of PNT1A cells 
treated with PEtOx-co-PEI30%-b-PCL micelles up to 500 µg/
mL concentration (Fig. 1d). Collectively, these results impli-
cated that PEtOx-co-PEI30%-b-PCL polymeric micelles 
showed no cytotoxic effect on normal prostate epithelial 
cells.

Characteristics of P563‑PEtOx‑co‑PEI30%‑b‑PCL‑DTX 
polymeric micelles

Micelle size distribution was analyzed by dynamic light 
scattering. The size, PDI, ZP, and encapsulation efficiency of 
the micelle formulations are given in Table 1. For the tumor-
targeted delivery, a size range of 10–200 nm was suggested 
(Yokoyama 2014). The particle sizes of blank micelles and 
DTX-loaded micelles were around 146 nm (PDI: 0.2) and 
236 nm (PDI: 0.5), respectively, indicating that drug loading 
increased the micelle size and PDI. Despite this increase, the 
micelle size still remained in a range that is considered to be 
suitable for tumor-targeting. PDI values can range between 
0.0 and 1.0, and values < 0.05 are generally indicative of 
monodisperse samples, whereas values > 0.7 are seen in 
polydisperse systems (Mudalige et al. 2019). In drug deliv-
ery applications of polymeric/lipid-based carriers, PDI val-
ues < 0.3 are considered acceptable; however, there are no 
PDI criteria set by the regulatory authorities yet (Danaei 
et al. 2018). PDI values below 0.5 are indicative of a homog-
enous narrow size distribution, which applies to our results 
(Mudalige et al. 2019). ZP provides information on electro-
static repulsive forces, which is one of the factors that affect 
the colloidal stability of nano-carriers, such as van der Waals 
forces and steric interactions. ZP values of ± 20–30 mV 
and >± 30 mV are considered relatively stable and highly 
stable, respectively (Bhattacharjee 2016). Our results for ZP 
values (19.6 ± 0.8–26.1 ± 0.9 mV) indicate the stability of 
the micelle formulations. DTX encapsulation was around 
30% for the polymer:drug feeding ratio of 10:1. In addi-
tion to DTX-loaded micelles, FITC-loaded micelles were 
prepared to determine prostate cancer-targeting efficiency 
of P563-conjugated micelles. Size, PDI, and ZP values of 
P563-PEtOx-co-PEI30%-b-PCL-FITC were similar/close to 
P563-PEtOx-co-PEI30%-b-PCL-DTX micelles; therefore, 

found to be suitable for studying the targeting efficiency of 
peptide-conjugated micelles.

Drug release from micelles was monitored for 72  h 
in vitro. The release profile for DTX in pH 7.4 phosphate 
buffer was given in Fig. 2. During the initial 3 h, 32% of 
DTX was released, while 60%, 91%, and 95% DTX release 
were achieved at 24, 48, and 72 h, respectively. The rapid 
DTX release during the first 3 h could be due to the adsorbed 
DTX amount on micelles. The gradual increase in the 
released DTX amount following the first 3 h is indicative of 
a controlled drug release. In the case of targeted micelles, 
drug release from micelles should be neither too fast nor too 
slow. In case of abrupt drug release, the released drug in sys-
temic circulation loses its targeting ability. On the contrary, 
in case of inadequately-slow drug release, efficient pharma-
cological action cannot be achieved in spite of successful 
targeting (Yokoyama 2014). P563-PEtOx-co-PEI30%-b-
PCL-DTX micelles were able to achieve a sustained release 
for the entrapped DTX.

TEM analysis was performed to visualize polymeric 
micelle morphology. TEM micrographs of empty (PEtOx-
co-PEI30%-b-PCL) and DTX-loaded P563-conjugated 
micelles (P563-PEtOx-co-PEI30%-b-PCL-DTX) were 
given in Fig. 3. Both empty and DTX-loaded micelles 
had spherical-like morphology. Empty micelles were 

Table 1    Size, polydispersity 
index, zeta potential, and 
encapsulation efficiency of the 
micelle formulations

EE encapsulation efficiency, PDI polydispersity index, ZP zeta potential

Micelle Size (nm) PDI ZP (mV) EE (%)

P563-PEtOx-co-PEI30%-b-PCL 145.9 ± 1.6 0.2 ± 0.0 19.6 ± 0.8 –
P563-PEtOx-co-PEI30%-b-PCL-DTX 235.6 ± 8.7 0.5 ± 0.0 26.1 ± 0.9 30.2 ± 6.9
P563-PEtOx-co-PEI30%-b-PCL-FITC 311.6 ± 9.9 0.3 ± 0.0 23.4 ± 1.7 94.3 ± 0.1

Fig. 2   DTX release from P563-conjugated micelles (P563-PEtOx-co-
PEI30%-b-PCL-DTX) in pH 7.4 phosphate buffer
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visualized as separate individual micelles, while DTX-
loaded micelles were aggregated to some extent. The 
small and slightly larger micelles seen in Fig. 3b con-
firmed the dynamic light scattering results that indicated 
an increase in micelle size and polydispersity upon DTX 
loading.

The serum stabilities of PEtOx-co-PEI30%-b-PCL-DTX 
micelles were tested by measuring the particle size, ZP, 
and PDI. No significant change was observed in the mean 
particle size ​​of the polymeric micelles after 8 h in 10% 
FBS at 37 °C (Fig. 4). At the end of 12 h, the particle 
size increased from 238 to 494 nm, while an increase to 
753 nm in the particle size was detected after 24 h. The 
4-mV ZP of the micelles declined to − 2 mV after the 

24 h serum incubation. A non-significant increase in PDI 
was observed at the end of 24 h, indicating maintenance 
of the integrity of the formulations in serum.

Specificity of PEtOx‑co‑PEI30%‑b‑PCL micelles

Previously, we showed that p563 specifically targets 22Rv1 
cells over normal PNT1A cells (Nezir et al. 2021). In order 
to show the targeting efficiency of PEtOx-co-PEI30%-b-PCL 
micelles, FITC-encapsulated constructs were used to treat 
PNT1A and 22Rv1, and FITC-positive cells were then ana-
lyzed. Flow cytometry analysis revealed that P563-PEtOx-
co-PEI30%-b-PCL-FITC polymeric micelles showed sig-
nificantly higher uptake by PSMA-positive 22Rv1 prostate 
cancer cells (34.43 ± 3.41%) compared with PNT1A nor-
mal prostate epithelial cells (17.50 ± 5.34%), accounting for 
about 2-folds (Fig. 5a). Representative histograms are shown 
in Fig. 5b. The results demonstrated that the cargo molecules 
could be selectively delivered to prostate cancer cells by 
P563-PEtOx-co-PEI30%-b-PCL micelle formulations.

Effect of DTX delivered 
by P563‑PEtOx‑co‑PEI30%‑b‑PCL micelles on prostate 
cancer cell proliferation

The cytotoxic effect of P563-PEtOx-co-PEI30%-b-PCL-DTX 
micelles on 22Rv1 cells was analyzed using WST-1 cell pro-
liferation assay. 22Rv1 cells were subjected to increasing 
concentrations of either P563-PEtOx-co-PEI30%-b-PCL-
DTX or free DTX for 24–72 h (Fig. 6). Equal amounts of 
empty carriers (P563-PEtOx-co-PEI30%-b-PCL) correspond-
ing to each dose were also tested. At 24 h, both P563-PEtOx-
co-PEI30%-b-PCL-DTX and free DTX at a concentration of 

Fig. 3   TEM images of a PEtOx-co-PEI30%-b-PCL and b P563-PEtOx-co-PEI30%-b-PCL-DTX micelles

Fig. 4   Serum stability results of DTX-loaded polymeric micelles, 
constructed by P563- PEtOx-co-PEI30%-b-PCL (n = 3). The formula-
tion was incubated in 10% serum at 37 °C for 24 h, and particle size, 
PDI, and ZP were measured at indicated time points
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0.01 µg/mL resulted in about 35% decrease in 22Rv1 cell 
viability, whereas treatment with P563-PEtOx-co-PEI30%-
b-PCL-DTX and free DTX from 0.05 to 0.5 µg/mL resulted 
in about 50% decrease in cell viability (Fig. 6a). PEtOx-
co-PEI30%-b-PCL carrier at indicated concentrations did 
not induce a significant change in cell proliferation at the 
time points tested (Fig. 6a–c). At 48 h, a significant 80 to 
95% decrease was observed in the viability of P563-PEtOx-
co-PEI30%-b-PCL-DTX-treated cells in a dose-dependent 
manner (Fig. 6b). Free DTX also reduced the viability of 
22Rv1 cells, albeit with less potency, by 60% at 0.01 µg/mL 
and about 70% at 0.05–0.5 µg/ml. At this time point, P563-
PEtOx-co-PEI30%-b-PCL-DTX caused a significantly higher 
reduction in cell proliferation than the corresponding doses 

of free DTX (P < 0.001). A significant difference in cellular 
responses to P563-PEtOx-co-PEI30%-b-PCL-DTX (35% and 
15% viability) and free DTX (20% and 5% viability) were 
also evident for 0.01 and 0.05 µg/mL of DTX, respectively, 
at 72 h (Fig. 6c). At higher doses, both treatments resulted in 
a significant 90–95% decrease in 22Rv1 cell viability, albeit 
with no significant difference between the effects of P563-
PEtOx-co-PEI30%-b-PCL-DTX and free DTX (Fig. 6c).

Collectively, these data indicate that the peptide-conju-
gated empty carrier did not cause toxicity, and P563-PEtOx-
co-PEI30%-b-PCL-DTX and free DTX exerted comparable 
toxicity on 22Rv1 prostate cancer cells, except for 48 h, 
where P563-PEtOx-co-PEI30%-b-PCL-DTX caused a sig-
nificant 30% higher decrease in viability.

Fig. 5   Targeting efficiency of P563-PEtOx-co-PEI30%-b-PCL-FITC 
by flow cytometry. Cells were treated with 50 µg/ml of P563-PEtOx-
co-PEI30%-b-PCL-FITC at 37  °C for 30  min. Untreated cells were 
used as the control group to discriminate FITC-positive cells, which 
were detected as the percentage of the gated total cell population. 

The percentage of the FITC-positive cells was measured in the FL1 
channel, as indicated on the histogram graphs. The histograms are 
representatives of 3 independent experiments. Data are expressed as 
mean ± SD. **P ≤ 0.01

Fig. 6   Determination of the cytotoxicity of P563-PEtOx-co-PEI30%-b-
PCL-DTX and free DTX on 22Rv1 cells. The cells were treated with 
0.01–0.5  µg/ml of DTX in the carrier and in free form for a 24, b 
48, and c 72 h. At each 24 h interval, cell viability was assessed by 

measuring the absorbance values at 450 nm. Data represent the aver-
age of three independent experiments ± SD. Significant differences 
between the viabilities of PEtOx-co-PEI30%-b-PCL-DTX- and free 
DTX-treated cells are shown. ***P ≤ 0.001, ****P ≤ 0.0001
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Determination of cell death induced 
by P563‑PEtOx‑co‑PEI30%‑b‑PCL‑DTX micelles

Based on the cell viability results, 48 h incubation was 
selected to analyze cell death in 22Rv1 cells subjected to 
PEtOx-co-PEI30%-b-PCL or PEtOx-co-PEI30%-b-PCL-DTX 
(0.05 µg/ml DTX) by TUNEL (Fig. 7) and western blotting 
(Fig. 8). A significant 40% apoptotic cell death was detected 

upon treatment with PEtOx-co-PEI30%-b-PCL-DTX, while 
the apoptotic cell population was as low as 5% in 22Rv1 
cells treated with the empty carrier.

Cell death was also analyzed by detection of caspase-9/3 
and PARP cleavage using western blotting under the same 
experimental conditions. Both caspase-9, caspase-3, and 
PARP cleavage were apparent upon treatment with PEtOx-
co-PEI30%-b-PCL-DTX, compared with the untreated con-
trol and PEtOx-co-PEI30%-b-PCL treated cells (Fig. 8).

Therapeutic efficacy 
of P563‑PEtOx‑co‑PEI30%‑b‑PCL‑DTX on prostate 
cancer xenograft models

Prostate cancer xenograft models were established by sub-
cutaneous injection of 22Rv1 cells into the right flanks of 
CD1 nu/nu male mice to investigate the antitumor efficacy 
of P563- PEtOx-co-PEI30%-b-PCL-DTX polymeric micelles 
in vivo. The mice were treated with the vehicle control 
(PBS), P563-PEtOx-co-PEI30%-b-PCL, P563-PEtOx-co-
PEI30%-b-PCL-DTX, or free DTX (2 mg/kg/3d). The average 
body weight of mice did not differ significantly between the 
vehicle and drug groups (Fig. 9). However, P563-PEtOx-co-
PEI30%-b-PCL treatment resulted in a significant 10 g weight 
gain at the end of 28 d.

Tumor volume and tumor weight between mice treated 
with P563-PEtOx-co-PEI30%-b-PCL (empty carrier) showed 
an average tumor volume of 1420 mm3 (Fig. 10a) and an 
average tumor weight of 960 mg (Fig. 10b), while the vehicle 
control-treated group showed tumor growth with 510 mm3 
and 543 mg, suggesting that administration of the empty 
carrier had a tumor growth-promoting effect. Compared with 

Fig. 7   Cell death induced by PEtOx-co-PEI30%-b-PCL-DTX micelles. a Percentage of apoptotic cells detected by TUNEL assay. The bars rep-
resent mean ± SD (n = 3); ****P ≤ 0.0001. b Representative histograms showing the FITC-positive apoptotic cells detected by flow cytometry

Fig. 8   Evaluation of apoptosis in 22Rv1 cells induced by 48 h treat-
ment with PEtOx-co-PEI30%-b-PCL and PEtOx-co-PEI30%-b-PCL-
DTX (0.05  µg/ml) polymeric micelles by western blotting. Protein 
samples were blotted against the apoptotic markers cleaved caspase-9, 
cleaved caspase-3, and cleaved PARP. The blots are representative of 
three independent experiments
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the P563-PEtOx-co-PEI30%-b-PCL (empty carrier) group, 
a significant reduction in tumor volume was achieved in 
the P563-PEtOx-co-PEI30%-b-PCL-DTX (50%) and free 
DTX (42%) groups. The average reduction in tumor vol-
ume between the free DTX and P563-PEtOx-co-PEI30%-b-
PCL-DTX groups was not statistically significant (P = 0.09). 
Tumor weight was reduced to 43% (415 mg) upon adminis-
tration of free DTX, while a significant reduction down to 
27% (254 mg) was observed after P563-PEtOx-co-PEI30%-
b-PCL-DTX treatment, although the average reduction in 
tumor weight between the free DTX and P563-PEtOx-co-
PEI30%-b-PCL-DTX groups was not statistically significant 
(P = 0.08). These results suggest that DTX loaded into 
P563-PEtOx-co-PEI30%-b-PCL was slightly more efficient 
in decreasing tumor volume and weight when compared with 
free DTX.

All tumor types were characterized as Gleason score (GS) 
5+5 prostate carcinoma in Histopathological analysis of 
the tumors, verifying that 22Rv1 prostate cancer xenograft 
mouse models were generated successfully. The average 
score of necrosis was 1 in the vehicle control and P563-
PEtOx-co-PEI30%-b-PCL groups, 1.7 in the free DTX group 
(significantly higher compared with P563-PEtOx-co-PEI30%-
b-PCL), and 1.2 in the P563-PEtOx-co-PEI30%-b-PCL-DTX 
group. The average score of inflammation was 1 in the vehi-
cle control, P563-PEtOx-co-PEI30%-b-PCL, and free DTX 
groups and 0.6 in the P563-PEtOx-co-PEI30%-b-PCL-DTX 
group (statistically not significant compared with other 
groups). The average score of fibrosis was 1.3 in the vehicle 
control group, 1.7 in the P563-PEtOx-co-PEI30%-b-PCL and 
free DTX groups, and 1.2 in the P563-PEtOx-co-PEI30%-b-
PCL-DTX group (significantly lower compared with P563-
PEtOx-co-PEI30%-b-PCL and Free DTX groups) (Fig. 11, 
Table 2). Examination of the heart, liver, spleen, lung, and 
kidney tissue sections revealed no toxicity (Fig. 12).

Discussion

Prostate cancer is a major cause of death among men, and 
despite the relatively good response achieved by ADT, pre-
vention of its recurrence relies on chemotherapeutic inter-
vention, resulting in several adverse effects (Denmeade and 
Isaacs 2002). With the attempt to overcome this limitation, 
targeted therapy has become a research hot spot. Many stud-
ies have demonstrated improved efficacy and safety profiles 
for actively targeted drugs achieved by the conjugation of 
high-specificity tumor-homing peptides (Kondo et al. 2021). 
In prostate cancer, PSA and PSMA have emerged as the 
most effective targets, and high-affinity peptides that can 
specifically bind to these molecules have been identified by 
screening phage-display libraries (Shen et al. 2013). Previ-
ously, we have demonstrated that P563 was the most promis-
ing candidate among several peptides for active targeting of 
PSMA, with its ability to bind with high specificity to the 
cells showing even a moderate upregulation of this antigen 
(Nezir et al. 2021).

In light of these findings, our continued efforts have been 
focused on designing effective drug carriers specifically tar-
geting PSMA. Polymeric micelles have been indicated as 
one of the most useful tools for drug delivery owing to the 
simplicity and versatility of their synthesis and functionali-
zation (Mandracchia et al. 2014; Tripodo et al. 2013). PCL is 
a biodegradable polyester that has been in use for decades in 
the field of biomaterials and in tissue engineering as a drug 
delivery device (Woodruff and Hutmacher 2010; Kolluru 
2020). PEtOx, a long-chain polymer with enhanced water 
solubility and biocompatibility, exerts low toxicity and no 
immunogenicity and is approved by FDA as a food additive 
(Adams and Schubert 2007; Zhang et al. 2020). Micelles 
composed of PEtOx polymers can resist protein adsorption 
and uptake by macrophages. Furthermore, the stability of 
the PEtOx main chain provides a chemical basis for further 
linking to targeting agents (Gao et al. 2019), making it a 
potential candidate to be used in targeted drug delivery. In 
this study, we investigated the efficacy of P563-PEtOx-co-
PEI30%-b-PCL micelles in the delivery of DTX to PSMA-
positive 22Rv1 prostate cancer cells.

In line with our previous study showing higher uptake 
of P563 by 22Rv1 prostate cancer cells, in vitro targeting 
experiments for P563- PEtOx-co-PEI30%-b-PCL polymeric 
micelles demonstrated a twofold higher affinity for cancer 
cells compared with normal prostate epithelial cells (Nezir 
et al. 2021). Next, we evaluated the effects of P563-PEtOx-
co-PEI30%-b-PCL-DTX on cell viability. Although DTX in 
carriers and in free form had comparable effects at late time 
points, at 48 h, P563-PEtOx-co-PEI30%-b-PCL-DTX caused 
a significant 30% higher decrease in cancer cell viability, 
compared with the equal concentration of DTX in free form. 

Fig. 9   Changes in body weight of CD-1 nu/nu male mice (n = 5) 
upon treatment with the vehicle control, P563-PEtOx-co-PEI30%-b-
PCL, free DTX, or P563-PEtOx-co-PEI30%-b-PCL -DTX. *P ≤ 0.05, 
**P ≤ 0.01
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Fig. 10   Changes in a tumor volume and b tumor weight of CD-1 nu/nu male mice (n = 5) upon treatment with the vehicle control, P563-PEtOx-
co-PEI30%-b-PCL, free DTX, or P563-PEtOx-co-PEI30%-b-PCL-DTX. c Tumors collected from each animal (n = 5). *P ≤ 0.05, **P ≤ 0.01
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This finding suggests that owing to active targeting, P563-
PEtOx-co-PEI30%-b-PCL micelles could bind to PSMA and 
induce DTX internalization at an earlier time than free DTX 
that enters the cells through diffusion, resulting in faster cel-
lular responses (Bhatia et al. 2018; Shen et al. 2013). This 
effect might also depend on the 200–400 nm size of the 
PEtOx-co-PEI30%-b-PCL NPs in the presence of serum, as 
300-nm nanoparticles are known to be internalized with 
higher efficiency (Matsumura and Kataoka 2009).

The effect of P563-PEtOx-co-PEI30%-b-PCL-DTX on 
22Rv1 prostate cancer cells depended in part on the induc-
tion of apoptosis, as demonstrated by the cleavage of cas-
pases and PARP. Furthermore, although up to a 90% reduc-
tion in cell viability was observed upon treatment with 
P563-PEtOx-co-PEI30%-b-PCL-DTX, a 40% cell death was 
detected via the TUNEL assay. This difference between the 
percentages of cell death detected can be ascribed to the 
fact that the WST-1 assay shows the percentage of viable 
cells regardless of the mode of cell death, while TUNEL 
selectively discriminates the cells with DNA double-strand 
breaks (Kyrylkova et al. 2012).

For assessment of the in vivo efficacy of P563-PEtOx-
co-PEI30%-b-PCL-DTX, xenograft models were established 
by subcutaneous injection of 22Rv1 cells into CD-1 nu/nu 
male mice, and drugs were administered i.p. every three 
days. In the literature, differing doses of DTX have been 
administered i.p. (2–60 mg/kg) or i.v. (12.5–13.4 mg/kg) 

for the evaluation of in vivo drug efficacy (Bourzat et al. 
1995; van Beek et al. 2009; Hassan et al. 2011; Makhov 
et al. 2012; Jennings et al. 2002). We selected the lowest 
possible dose and administered 2 mg/kg/3d of DTX in our 
setting (a total dose of 16 mg/kg i.p.) to assess the cancer-
specific targeting potential and efficacy of our drug-loaded 
formulation. The average body weight of mice did not 
change significantly during the 28 days of observation, sug-
gesting a tolerable treatment dosage. Importantly, significant 
57% and 74% reductions were noted in tumor volume after 
free DTX and P563-PEtOx-co-PEI30%-b-PCL-DTX admin-
istrations, respectively, compared with the empty carrier 
(P563-PEtOx-co-PEI30%-b-PCL). Consistently, DTX in the 
free form reduced the tumor weight by 78%, while P563-
PEtOx-co-PEI30%-b-PCL-DTX administration resulted in 
a significant 84% reduction. These data imply that P563-
PEtOx-co-PEI30%-b-PCL-DTX shows high tumor-regression 
activity against prostate cancer in vivo.

As demonstrated by both in vitro and in vivo assays, 
0.1 mg/kg of PEtOx-co-PEI30%-b-PCL polymeric micelle 
used in our experiments induced the proliferation of normal 
prostate epithelial and prostate cancer cells. The respective 
53% and 50% reductions in tumor volume and tumor weight 
relative to the control group (PBS) were observed for P563-
PEtOx-co-PEI30%-b-PCL-DTX despite this stimulatory 
effect of the carrier itself on cell proliferation, indicating 
that, in fact, higher doses of DTX delivered by these NPs 
might exert a significant anticancer effect on prostate cancer 
cells, although this hypothesis remains to be tested in further 
studies.

An important indication of our study was the differ-
ence in histopathological findings between the treatment 
groups. Less necrotic tissue, inflammation, and fibrosis were 
observed in tissue biopsies of PEtOx-co-PEI30%-b-PCL-
DTX-treated animals compared with those in the biopsies 
of the free DTX-treated group, implying that lower toxicity 
was exerted by an equal dose of the drug in the encapsulated 
form. These findings suggest that the side effects of DTX 

Fig. 11   Representative H&E staining images of the tumor tissue sections from the vehicle control, PEtOx-co-PEI30%-b-PCL, free DTX, and 
PEtOx-co-PEI30%-b-PCL-DTX groups. Scale bar: 100 μm

Table 2   Pathology scores of the experimental groups. 0, absent; 1, 
mild; 2, moderate; 3, severe

*P ≤ 0.05 (compared with PEtOx-co-PEI30%-b-PCL)
# P ≤ 0.05 (compared with Free DTX)

Group (n = 5) Necrosis Inflammation Fibrosis

Control 1 1 1.3
PEtOx-co-PEI30%-b-PCL 1 1 1.7
Free DTX 1.7* 1 1.7
PEtOx-co-PEI30%-b-PCL-DTX 1.2 0.6 1.2*#
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may be reduced by encapsulation in PEtOx-co-PEI30%-b-
PCL micelles.

In summary, this study showed for the first time that encap-
sulation of DTX in P563-conjugated PEtOx-co-PEI30%-b-PCL 
polymeric micelles has the potential to enhance the antitumor 
effect of the drug against prostate cancer. We have found that 
PEtOx-co-PEI30%-b-PCL-DTX NPs were efficiently taken up 
by prostate cancer cells, led to the inhibition of cancer cell 
proliferation, and displayed promising anti-cancer activity by 
inducing apoptosis. In vivo studies using 22Rv1 CD-1 nu/nu 
mouse models demonstrated that PEtOx-co-PEI30%-b-PCL-
DTX showed a similar anti-cancer activity compared with free 
DTX but with lower toxicity, suggesting that better therapeutic 
outcomes can be expected through the targeted delivery of 

DTX at low doses with PEtOx-co-PEI30%-b-PCL polymeric 
micelles.
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