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Prostate cancer (PCa) is the second most commonly diagnosed cancer in men. The Rac1-GTP inhibitor
NSC23766 has been shown to suppress PCa growth. However, these therapies have low tumor-targeting
efficacy in vivo. Therefore, it is essential to produce a drug delivery system that specifically targets the
tumor site. Herein, novel L-phenylalanine-based poly(ester amide) (Phe-PEA) polymers were synthesized
and loaded with NSC23766 (NSC23766@8P6 NPs), which had a small particle size (162.3 +6.7 nm) and
high NSC23766 loading (8.0%+ 1.1%) with a more rapid release of NSC23766 at pH 5.0. In vitro cellu-
lar uptake and cytotoxicity assays demonstrated that NSC23766@8P6 NPs were rapidly taken up by PC3
cells and showed significant effects of PCa cell proliferation inhibition and G2/M phase arrest. Further-
more, in vivo studies using PC3-bearing mice demonstrated that NSC23766@8P6 NPs delivered by in-
travenous injection not only increased the drug concentration with prolonged retention (96h) at the
tumor site, but also inhibited tumor growth and induced apoptosis. In conclusion, we have discovered
that NSC23766@8P6 NPs can serve as a delivery system that targets the tumor site and is therefore a

promising therapeutic approach for PCa treatment.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Prostate cancer (PCa) is the second most frequent cancer in
men, accounting for 13.5% of all malignant tumor cases in the
world [1-3]. After 2-3 years of remission, most PCa patients will
develop resistance to traditional therapy [4,5]. Therefore, there is
an urgent need to improve the efficiency of traditional therapies
and discover novel therapeutic targets for PCa. Several crucial sig-
naling pathways that contribute to the progression of PCa, such
as the phosphatase and tensin homolog (PTEN)-phosphoinositide
3 kinase (PI3K) pathway and Racl-mitogen activated protein ki-
nase (MAPK) pathway [4,6]. The use of small agents that target
these pathways is considered a potential strategy in PCa treatment.
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NSC23766, a widely used specific inhibitor of the Rac1 pathway,
was found to inhibit the progression of PCa in our previous study
[7,8]. Nevertheless, understanding how to increase the bioavailabil-
ity of NSC23766 in PCa treatment remains a problem for NSC23766
use in the clinical treatment of PCa.

Nanotechnologies are widely used in biomedical research
and in clinical diagnostics and treatments [9,10]. Several anti-
tumor small agents can be carried to the site by using dif-
ferent nanoparticle delivery systems, such as polyphenol scaf-
folds [11], polydopamine-based smart materials [12,13] and pH-
responsivepolyioncomplexmicelle [14] to reduce toxic side effects
and improve bioavailability [9].

In the present study, to prepare the delivery systems, the L-
phenylalanine-based poly(ester amide) polymers (8P6 NPs) was
synthesized by monomers I and II, which is the carrier of
NSC23766. (Figs. S1 and S2 in Supporting information). The par-
ticle size of NSC23766@8P6 NPs was 162.3 + 6.7 nm. The NSC23766
loading capacity was 8.0% + 1.1% (Figs. 1A and B). TEM measure-
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Fig. 1. NSC23766@8P6 NPs are characterized by small particle size and considerable
stability. (A) Macroscopic characteristics of the prepared 8P6 NPs. (B) Representative
TEM images of blank 8P6 NPs and NSC23766@8P6 NPs (left panels). The particle
size of 8P6 NPs and NSC23766@8P6 NPs. (C) Stability characterization of blank 8P6
NPs and NSC23766@8P6 NPs in PBS with and without 10% fetal calf serum for 72 h.
(D) The cumulative drug release profiles of NSC23766@8P6 NPs at pH 7.4 and 5.0.
Scale bars: 100 nm.

ments indicated that 8P6 NP loading with NSC23766 had similar
spherical morphology with slightly increased the particle size. To
evaluate the stability of 8P6 NPs, 8P6 NP loading with or without
NSC23766 dispersed in PBS (pH 7.4) or 10% FBS solutions was con-
secutively measured by DLS for 72h. As shown in Fig. 1C, the 8P6
NPs exhibited excellent stability during the test period. These re-
sults demonstrate that 8P6 NPs have an appropriate particle size,
a well-defined structure, high NSC23766 loading, and considerable
stability in neutral environments.

To measure the release behavior of NSC23766@8P6, in vitro
drug release assays were performed in PBS and pH 5.0 buffer solu-
tion. The results showed that 48.12% + 7.99% and 59.37% + 3.89%
of NSC23766 was rapidly released from NSC23766-8P6 NPs within
24h at pH 7.4 and 5.0, respectively, and the final cumulative re-
lease at 120 h reached 63.15% + 5.68% and 79.3% + 6.34%, respec-
tively (Fig. 1D). It could be proposed that a low pH environment
facilitated the rapid release of encapsulated drugs from the 8P6
NPs, which might be beneficial for delivering antitumor drugs to
the tumor site with low pH.

To further investigate the cellular distribution and uptake ki-
netics of NSC23766@8P6, a cellular uptake assay was performed
and detected by CLSM. Endolysosomes and NSC23766@8P6 NPs
was marked by green and red fluorescence separately, and yel-
low fluorescence revealed the colocalization of NPs within the en-
dolysosomes. The results also demonstrated that in the PC3 cell
line, NSC23766@8P6 NPs colocalized with endosomes within 1h
and were found in the cytoplasm, suggesting rapid cellular uptake
kinetics for 8P6 NPs. In addition, cellular uptake level was mea-
sured by flow cytometry and confocal laser scanning microscope.
(Figs. 2C-E). Coumarin-6 labeled NPs were co-incubated with tu-
mor cells for 4 h. This is accompanied by a rapid increase of the
mean fluorescence intensity (MFI) in the first 2h and a slow rise
thereafter, suggesting that 8P6 NPs have dramatic uptake kinetics.

To evaluate the cytotoxic effect of NSC23766 with and with-
out 8P6 NPs, cytotoxicity assays, proliferation assays, and cell cy-
cle analyses were performed to determine the therapeutic effect
in PC3 and DU145 cell lines. The results of the cytotoxic effect
showed that cell viability decreased rapidly while the concentra-
tion of NSC23766 increased from 0 to 100 pumol/L, which was par-
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ticularly observed in the NSC23766@8P6 NP group. Furthermore,
the IC50 values of NSC23766 and NSC23766@8P6 NPs after incu-
bation in DU145 for 48h were 252.59 pmol/L and 89.16 pmol/L,
respectively (Fig. 2A). The IC50values in the PC3 cell line were
46.42 pmol/L and 35.33 pmol/L, respectively (Fig. 2B).

Moreover, the proliferation activity of PCa cells was suppressed
more in the NSC23766@8P6 NP group than in the NSC23766
group (Figs. 3A and B, Figs. S3A and B in Supporting informa-
tion). To further investigate how the nanoparticle system inhib-
ited the proliferation activity of PCa, we conducted cell cycle anal-
ysis by flow cytometry (FCM). As shown in Figs. 3C and D, the
cell cycle was arrested in the G2/M phase after incubation with
NSC23766 or NSC23766@8P6 NPs. The rates of G2/M phase in the
NSC23766 and NSC23766@8P6 NP groups increased to 16.04% and
22.30% (in the DU145 cell line) and 10.89% and 18.66% (in the PC3
cell line), respectively. Additionally, migration assays revealed that
NSC23766@8P6 NPs reduced the migration cell numbers more ef-
fectively than NSC23766 (Figs. S3C and D in Supporting informa-
tion). These data indicate that 8P6 NPs loaded with NSC23766 sup-
presses the proliferation and migration of PCa cells more effec-
tively and has a lower IC50 value than NSC23766 alone. The biodis-
tribution and stability of 8P6 NPs in blood circulation is a crucial
factor for the bioavailability and therapeutic efficacy of nanoparti-
cle materials [15,16]. The blood compatibility experiment demon-
strated that the hemolysis induced by the 8P6 NPs remained lower
than 5%, which indicated that 8P6 NPs have good hemocompat-
ibility (Figs. S4A and B in Supporting information). In fact, it is
difficult to deliver the drug into tumor tissue specifically by us-
ing NSC23766 alone. To verify whether the 8P6 NPs have tumor-
targeting characteristics, DiR-labeled 8P6 NPs or DiR alone was in-
jected into mice by intravenous injection and all in vivo experi-
ments on mice were reviewed and approved by the ethics boards
and the Clinical Research Committee at Sun Yat-sen University. [VIS
imaging systems were used to analyze the biodistribution of 8P6
at different time points. As shown in Fig. 4A, DiR was mainly en-
riched in the liver and spleen but not tumor tissue, while DiR-8P6
NPs gradually concentrated into tumor tissue over time and main-
tained a high fluorescence signal level at tumor sites after 48 h.
These experiments shown that 8P6 NPs possess long blood circula-
tion and passive tumor-targeting ability with desirable hemocom-
patibility, which is beneficial for improving the antitumor efficacy
and decreasing the side effects of small agents in vivo.

To explore the antitumor efficacy of NSC23766@8P6 NPs. Nor-
mal saline, free NSC23766, 8P6 NPs, or NSC23766@8P6 NPs were
intravenously injected into PC3-bearing mice every two days be-
ginning on day 8. Compared with the control and 8P6 NPs group,
the tumor growth suppressed by treating with NSC23766@8P6
NP, which behaved a more obviously suppression effect in tu-
mor growth than NSC23766 treated alone (Figs. 4B-D). Moreover,
pathology analysis of the tumor tissues was performed to further
confirm the therapeutic efficacy of NSC23766@8P6 NPs. Similarly,
the NSC23766@8P6 NP group exhibited the lowest expression of
the proliferation marker Ki67 and a much higher rate of apop-
totic markers cleaved-caspase3 than the other groups (Fig. S5A
in Supporting information). It indicated that, after treating with
NSC23766@8P6 NP, the proliferation capacity of mice-bearing tu-
mor is much weaker than NSC23766 treated alone while the apop-
totic rate is much higher. These results demonstrate that 8P6 NP
loading enhanced the antitumor effect of NSC23766 in vivo.

In addition to therapeutic efficacy, biosafety is also a very im-
portant evaluation index of nanoparticle carriers and small agents.
The major organs and blood samples were collected for patholog-
ical examination at the end of the study. The H&E staining results
revealed that there were no significant changes in the heart, liver,
spleen, lung, or kidney among the groups (Fig. S5B in Supporting
information). Moreover, blood samples were collected to analyze
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Fig. 2. NSC23766@8P6 NPs exhibit more cumulative drug release at low pH with rapid uptake kinetics. (A and B) Cell viability was measured in DU145 (A) and PC3 cells
(B) after incubation with different concentrations of NSC23766 alone or NSC23766@8P6 NPs for 48 h. (C and D) Representative image of cellular uptake analysis by flow
cytometry of PC3 cells after incubation with NSC23766@8P6 NPs for 1, 2, and 4h (D) and quantification analysis of the mean fluorescence intensity. (E) Representative
confocal laser scanning microscope images of PC3 cells incubated with Dil-8P6 NPs. The nuclei and endosome were stained with Hoechst 33342 (blue) and LysoTracker green

(green), respectively. *P < 0.05, ***P < 0.001. Scale bars: 40 um (white).
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Fig. 3. The 8P6 NP delivery system enhances the cytotoxic effect of NSC23766 in vitro. (A and B) Cell viability was evaluated in DU145 (A) and PC3 cells (B) treated

with NSC23766 alone or NSC23766@8P6 NPs. (C and D) Flow cytometry analysis of DU145 (C) and PC3 cells (D) treated with NSC23766 alone or NSC23766@8P6 NPs. The
percentages (%) of cell populations at different stages of the cell cycle are listed in the panels. **P < 0.01, ***P < 0.001.

the function of the liver and kidney. As shown in Fig. S5C (Support-
ing information), the indexes of alanine aminotransferase (ALT), as-
partate transaminase (AST), blood urea nitrogen (BUN), and crea-
tinine (CRE) in all samples were within the normal range. Collec-
tively, these findings indicate that 8P6 NPs enhance the therapeutic
efficacy of NSC23766 with desirable biosafety.

Nanotechnologies have served as a tool for drug delivery sys-
tems. The challenges of conventional cancer therapeutic drugs, in-
cluding nonspecific enrichment, lack of tumor-targeted capabil-
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ity, and low therapeutic efficacy, can be solved by constructing
nanoparticle carriers [17-19]. In the past decades, an increasing
number of therapeutic products developed from nanomedicine
(the application of nanotechnologies to biomedicine) for PCa treat-
ment have entered clinical trials. Bicalutamide, docetaxel, or other
agents loaded in liposomal, magnetic, and hybrid nanoparticles
decrease systemic cytotoxicity and delay or overcome the devel-
opment of resistance [9,20-22]. Otherwise, the nanocarrier de-
livery system played an important role in increasing the effi-
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Fig. 4. NSC23766@8P6 NPs are enriched in tumor tissue and enhance therapeutic efficacy against PCa xenografts. (A) In vivo biodistribution of DiR and DiR@8P6 NPs in
PC3 tumor-bearing mice after intravenous injection for 2, 4, 8, 12, 24, 48, 72, and 96h and fluorescence images of primary organs and tumors extracted from mice at
96 h (left panels). Quantitative analysis of the fluorescent signals from the major organs and tumors (right panels). (B) Images of tumors excised from mice in the normal
saline (control)-, 8P6 NP-, NSC23766 (2.5 mg/kg)- and NSC23766@8P6 NP (NSC23766 dose: 2.5 mg/kg)-treated groups. (C) Tumor growth curves of the four groups. The
tumor volume was calculated as the mean + SD of five mice. (D) Quantitative analysis of the tumor weight from each group. ns: not significant, *P < 0.05, **P < 0.01, and

***P < 0.001. Scale bars: 16 mm.

cacy of chemotherapy and immunotherapy [23-25]. The nanopar-
ticles used in this study were fabricated from L-phenylalanine-
based polymeric materials, which forming the 8P6 NPs carrier
with proper size and structure via hydrophobic forces [26]. The
8P6 NPs delivery systems also behaved long blood circulation,
passive tumor-targeting ability, and desirable hemocompatibility,
which make the nanoparticles improve the therapeutic efficacy of
NSC23766.

NSC23766 inhibits the activation of Racl by disrupting the
binding between Racl and its specific GEFs [7]. Several studies
have revealed that NSC23766 plays an effective role in cancer ther-
apy, such as ovarian cancer, breast cancer, and renal carcinoma
[27-29]. In our previous study, we found that NSC23766 is a po-
tential therapeutic agent for DEPDC1B-overexpressing PCa patients
[8]. To improve the therapeutic efficacy and decrease the concen-
tration of NSC23766 used in treatment, we packaged NSC23766
into 8P6 NPs. Surprisingly, we found that NSC23766@NPs had po-
tent cytotoxicity for PCa with a lower IC50 value than NSC23766
alone in vitro and in vivo. For further investigation, we determined
that NSC23766 arrests the cell cycle in the G2/M phase. Moreover,
NSC23766@8P6 NPs did not attack other organs due to the passive
accumulation capability of 8P6 NPs.

In summary, NSC23766-loaded Phe-PEA polymer NPs with per-
sistent blood circulation, passive tumor-targeting ability, and de-
sirable hemocompatibility were synthesized by amino acid-based
Phe-PEA polymers. NSC23766-8P6 NPs displayed high loading ca-
pacity with a low burst effect and optimal drug release in vitro.
NSC23766@8P6 NPs showed great cytotoxicity in PCa cell lines
and xenografts with lower IC50 values and less systemic cytotoxi-
city. Collectively, NSC23766-8P6 NPs could be promising as a novel
strategy in the fight against PCa.
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