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ABSTRACT: Molecular targeted cancer therapy mediated by nano-
particles (NPs) is a promising strategy to overcome the lack of
specificity of conventional chemotherapeutic agents. In this context,
the prostate-specific membrane antigen (PSMA) has demonstrated a
powerful potential for the management of prostate cancer (PCa).
Cancer chemoprevention by phytochemicals is emerging as a suitable
approach for the treatment of early carcinogenic processes. Since
(-)-epigallocatechin 3-gallate (EGCG) has shown potent chemo-
preventive efficacy for PCa, we designed and developed novel
targeted NPs in order to selectively deliver EGCG to cancer cells.
Herein, to explore the recent concept of “nanochemoprevention”, we
present a study on EGCG-loaded NPs consisting of biocompatible
polymers, functionalized with small molecules targeting PSMA, that exhibited a selective in vitro efficacy against PSMA-expressing
PCa cells. This approach could be beneficial for high risk patients and would fulfill a significant therapeutic need, thus opening new
perspectives for novel and effective treatment for PCa.

’ INTRODUCTION

Drug-encapsulated nanoparticles (NPs) have the potential to
improve current cancer chemotherapies by increasing drug
efficacy, lowering drug toxicity, and maintaining a relatively high
concentration of drug at the site of interest.1-6 This is owed to
more specific targeting to tumor tissues via improved pharma-
cokinetics and pharmacodynamics and active intracellular
uptake.1,7,8 These properties depend on the size and surface
characteristics of NPs, as well as on the presence of targeting
ligands, which enable NPs to bind to cell-surface receptors and
enter cells by receptor-mediated endocytosis.9,10 Ultimately,
active targeting via the inclusion of a specific ligand on the NPs
is envisioned to provide the most effective therapy, and some
ligand-targeted nanotherapeutics are either approved or under
clinical evaluation.4 As far as the biological targets are concerned,
tumor-associated antigens appeared to be suitable biological
targets for therapeutic intervention.11,12 To this end, functiona-
lization of NPs with ligands that bind the extracellular domain of
these receptors to selectively target drugs to diseased cells can
represent a powerful therapeutic strategy. For example, prostate-
specific membrane antigen (PSMA), a well-known transmem-
brane protein that is overexpressed on prostate cancer (PCa)
epithelial cells,13 has demonstrated a promising potential for PCa
therapy.12,14-16 Recently, in a pioneering work, Farokhzad and

Langer developed proof of concept drug delivery vehicles that
were composed of biocompatible polymeric [poly(D,L-lactic-co-
glycolic acid)-block-poly(ethylene glycol), PLGA-PEG)] NPs
and aptamers to target PSMA and validated them by in vitro
and in vivo studies for targeted delivery of docetaxel and uptake
by PCa cells.17,18 The translation of these bioconjugates into
clinical practice is expected soon, even though there is continuing
interest in developing a localized therapeutic option for treat-
ment of early stage PCa that have reduced toxicity. Thus, pre-
vention and/or chemoprevention, possibly through the use of
naturally occurring substances, such as dietary nontoxic phyto-
chemicals, may be the best approach to fight this frequent
diseases.19-21

On the other hand, green tea, a popular beverage consumed
worldwide, has been known to have protective effects against
some common types of cancers,22-26 and green tea catechins
(GTCs), expecially (-)-epigallocatechin 3-gallate (EGCG,
Figure 1), have been shown to be potent chemopreventive
agents in vitro and in many in vivo animal models of induced
carcinogenesis.23,24,27 More recently, clinical trial reports sug-
gested that oral administration of GTCs might be beneficial in
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the early stage of PCa (onHG-PIN, themain premalignant lesion
of PCa), thus preventing almost definitively the cell transforma-
tion, leading to a long-lasting inhibition of cancer progres-
sion.28,29 On this basis, because of inefficient or difficult systemic
delivery and bioavailability of these promising chemopreventive
agents, an improvement of their pharmacological profile using a
cell-specific targeting approach is a major challenge, and nano-
technology can represent a powerful strategy.30 In spite of this,
very recently Siddiqui et al. introduced the concept of “nano-
chemoprevention”which uses nanotechnology for enhancing the
outcome of chemopreventive intervention.20,21 This new ap-
proach was used for the first time in 2009 to determine the
efficacy of EGCG encapsulated in a polylactic acid-polyethylene
glycol (PLA-PEG) NPs in preclinical setting.27

In this scenario, by focusing on PCa as a target disease and
combining the above-mentioned insights, in particular on recent
advances in targeting approaches, we aimed to develop novel
targeted EGCG-NPs to be used as nanochemopreventive agents
against early stage PCa. According to the following rationale, we
report on the design and the development of novel EGCG-
encapsulated biocompatible NPs, densely decorated by low-
molecular weight organic molecules as targeting ligands in their
polymeric shell surface, to selectively bind to PSMA. The goals of
the present studies are the following: (1) to develop novel and
original polymeric EGCG-encapsulated NPs targeted with small
anticancer molecular entities and (2) to evaluate their antipro-
liferative efficacy with respect to the nontargeted ones.

We chose PLGA-PEG(-COOH) as a polymer system because
of its well-established safety profile in clinical use and by
considering its biocompatible properties.6,10,31-33 Moreover, as
a further extension of another published study,34 we selected the
pseudomimeticdipeptideN-[N-[(S)-1,3-dicarboxypropyl]carbamoyl]-
(S)-lysine (DCL, Figure 1) [IUPAC name: 2-{[(5-amino-1-
carboxypentyl)carbamoyl]amino}pentanedioic acid] as the PSMA
targeting ligand, previously reported by Pomper et al.,35,36 from a
series of urea-based PSMA-inhibitors,36,37 capable of targeting
PSMAwith a similar high affinity and specificity to antibodies and
aptamers. In this work, the synthetic route to obtain DCL has
been revisited and detailed. We therefore synthesized the copo-
lymer PLGA-PEG-DCL, on which PEGylation is considered not
only to preserve the antibiofouling properties of NPs but also as a

spacer in order to maintain optimal distance between the ligand
and the NP surface (see below). To obtain a better control of
DCL functionalization, we strategically envisioned preconju-
gating DCL to the polymer system before nanoformulation.
Subsequently, by use of this pseudo-tri-block-copolymer and
the parent PLGA-PEG(-COOH), a set of <100 nm targeted
(and nontargeted) EGCG-loaded NPs were obtained (Figure 1),
which were first submitted to drug-content and drug-release
characterization and then evaluated for their ability to selectively
inhibit the growth of PSMA positive PCa (LNCaP) cells.

’RESULTS AND DISCUSSION

Design of Targeted NPs and Recognition on PSMA Active
Site. PSMA (also termed as NAALADase or glutamate carboxy-
peptidase II) is highly expressed in PCa cells and in nonprostatic
tumor neovasculature, and it is currently suitable as a target for
anticancer imaging and therapeutic agents.36,37 Recently, a 3.5 Å
solved crystal structure of the PSMA ectodomain38,39 and several
other high-resolution X-ray crystal structures of PSMA with
glutamate-containing PSMA inhibitors have been reported.40

Structural studies established that the PSMA binding site con-
tains two zinc ions located on the amino acid catalytic site.
Moreover, a funnel-shaped tunnel with a depth of approximately
20 Å and a width of about 9 Å, near a narrow cavity, is located in
proximity of this amino acid binding pocket.38-41

In the current study, we sought to synthesize a new polymer by
conjugating PLGA-PEG-COOH with a glutamate-containing
urea-based inhibitor. We selected an inhibitor containing lysine
(DCL, Figure 1), as it contains a primary amine that allows for
amide bond formation with carboxyl terminal groups of PEG
monomer and also for its high affinity for PSMA (IC50s = 498,
from competitive binding assays).35 To enable high-affinity bin-
ding of DCL to PSMA, a methylene chain as spacer (>20 Å) to
connect the inhibitor to the NP surface should be envisioned. On
this basis, part of the linker portion of PEGwould remain outside
the tunnel as long as the glutamate moiety is anchored within the
binding pocket. Accordingly, we designed a model of conjugated
compound PEG-DCL with a linker length of >20 Å.
To investigate the impact of DCL-PEGylation on ligand bind-

ing, a comparative docking study was performed. First, free DCL
was docked to the PSMA active site, and crucial protein-ligand

Figure 1. Chemical structure of (-)-epigallocatechin 3-gallate, the anti-PSMA ligand (DCL), and schematic representation of the designed targeted NPs.
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interactions were analyzed. In the next step, PEG-DCL was
docked and the binding modes of DCL/PEG-DCL were com-
pared. GOLD, version 4.0, was employed to dockDCL and PEG-
DCL to PSMA (PDB code 2C6C; for details see Experimental
Section). Analysis of the docking results shows that both DCL
and PEG-DCL show a good mutual match within the active site.
PEG-DCL places its polyether within the tunnel leading from
the deeply buried active site to the surface of the PSMA protein
(Figure 2a). Both ligands show a consistent binding mode
with respect to the DCL moiety: the active site metal ions are
well coordinated by the urea oxygen and a carboxylate group
(Figure 2b). Favorable interactions are observed between the
γ-carboxylate group and Arg210 as well as between urea N-H
and CdO of Gly518. The GOLDscore for the DCL binding
mode was 86.95. For PEG-DCL it was higher (113.53), as
expected because of additional interactions by the PEG chain.
To sum up, the comparative docking study showed that intro-
duction of a PEG linker chain most probably has no significant
impact on DCL binding to PSMA. Therefore, DCL conjugate
polymer seems to maintain good affinity for PSMA, and PEGy-
lated inhibitor can be consequently introduced onto the NP
surface.
Synthesis of Di-Block-Copolymer PLGA-PEG-COOH. NPs

should ideally have a hydrophilic surface in order to have a
minimal self-self and self-nonself interaction, to prevent nano-
particle loss to undesired location, and to escape macrophage
capture, enabling “stealth” properties for immune evasion.42,43 In
this way, PEG is widely used for this purpose, and the preparation
of PEGylated NPs has been previously investigated and obtained
by several synthetic strategies.10,31-33 One of these involves the
availability of the starting polymer (for example, PLGA-PEG),
which can be conveniently synthesized by conjugation or poly-
merization of PEG to PLGA.10,17,44

Thus, the starting carboxylate-functionalized di-block-copoly-
mer PLGA-PEG-COOH(Scheme 2; see below) was prepared by
conjugating heterofunctional PEG, NH2-PEG-COOH to PLGA-
COOH using standard carbodiimide/NHS-mediated chemistry
similar to that reported by Farokhzad et al.,10,18,44 following a
modified procedure. PLGA-COOH was reacted with EDC and
NHS in an organic solvent at room temperature to activate the
carboxylic acids to the semistable amine-reactive activated NHS-
ester of PLGA (PLGA-NHS). The structure of copolymer was

confirmed by 1H NMR spectroscopy. Interestingly, a large peak
centered at 3.65 ppm, corresponding to the PEG methylene
protons, was detected. In fact, analysis of proton intensities, used
for determination of the composition of the copolymers, revealed
an increased efficacy of PEG conjugation to PLGA (PLGA/PEG
approximately in 1:1.5 molar ratio), as previously described.33

We confirmed that the optimal combination of parameters
resulted when the final coupling reaction was carried out using
CHCl3 as a solvent and when the mixture was stirred for 24 h.
Synthesis of Targeting Ligand DCL. In addition to its

remarkable affinity to PSMA, this small organic molecule was
considered for its chemical stability and the relative low cost
of production, especially when produced in scaled-up quantities.
The overall synthetic route for the preparation of DCL is depic-
ted in Scheme 1. In this work, we planned to obtain DCL from
the urea-based intermediate 7, previoulsy reported by Pomper’s
group.45 Accordingly, we revisited the preparation of this key
intermediate. 7 was synthesized by coupling of bis-4-methoxyben-
zyl-L-glutamate hydrochloride (6) with triphosgene and TEA at
0 �C, followed by the addition of 2-amino-6-tert-butoxycarbonyl-
aminohexanoic acid 4-methoxybenzyl ester (3). Both syn-
thones 3 and 6 were prepared following previously described
procedures.45,46

Commercially available Nε-Boc-NR-Fmoc-L-lysine 1 was re-
acted with 4-methoxybenzyl chloride and cesium carbonate inN,
N-dimethylformamide (DMF) to give the full protected com-
pound 2. Removal of the Fmoc group using 20% piperidine in
DMF provided the desired synthone 3 in good yield. Syntone 6
was synthesized by reacting the bis-glutamic acid (4) with PMBC
via condensation with ethyl acetoacetate in dry DMF in the
presence of N,N,N0,N0-tetramethylguanidine. Purification by
basic extractions gave protected amino acid 5, which was then
converted to chlorhydrate after treatment with ether hydrogen
chloride solution. It is worth noting that when the amount of
TEA was increased (molar ratio from 1:1:4 to 1:1:10 for 6, 3, and
TEA, respectively), repeating the previoulsy described reaction
conditions,45 pseudo-dimeric urea 8 was obtained (Scheme 1,
method A). We found better results when free amine 3 in TEA
solution was added to hydrochloride derivative 6 (Scheme 1,
method B). For the final step reaction, both the tert-butyl-
oxycarbonyl (Boc) and the p-methoxybenzyl (PMB) groups of
3 were conveniently removed at room temperature by using

Figure 2. (a) PEG-DCL located in the PSMA tunnel. (b) Docked binding modes of both PEG-DCL and DCL superimposed within the PSMA
active site.
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trifluoroacetic acid (TFA)/CH2Cl2 solution, to achieve the
desired ligand DCL in moderate/good yields. A full character-
ization of DCL and intermediates was assessed by means of
NMR, MS, and elemental analyses.
Synthesis of Pseudo-Tri-Block-Copolymer PLGA-PEG-

DCL. The strategy of the block copolymers as preconjugated
starting material has been previously proposed for targeted NPs-
aptamer bioconjugated for cancer therapy.17,18 This synthetic
approach results in precisely engineeredNPs, reducing the batch-
to-batch variations in their biophysicochemical properties.
In this way, we developed a prefunctionalized biopolymer,

PLGA-PEG-DCL, that has all of the desired NPs components
to avoid the postparticle modifications. Conjugation of targeting
agent DCL to functional PEG termini was performed with the
use of electrophilic NHS esters of PEG carboxylic acids. Reaction
between the terminal amine group of DCL and PEG-NHS
resulted in the formation of physiologically stable amide bonds.
The designed PLGA-PEG-DCL copolymer was therefore
synthesized by using a two-step reaction, already described for
the preparation of the di-block-copolymer. The carboxyl-capped
PLGA-PEG-COOH was conjugated to the amine functional
group of the DCL, via activation with NHS, to form the
intermediate PLGA-PEG-NHS, leading to PLGA-PEG-DCL as
a pseudo-tri-block-copolymer (Scheme 2, stage 1). The progress
of reaction was monitored by HPLC. For conjugation, increased
equivalent ratio of PLGA-PEG-NHS and DCL (from 1:2 to 1:4)
improved the conjugation efficiency.
As far as the characterization by 1H NMR is concerned,

the resonance shifts of the characteristic PLGA-PEG backbone
were detected (steps a-d Scheme 2, stage 1, and Figure 3A).
Overlapping signals revealed at 1.56 ppm are attributed to the
lactide methyl repeat units. The multiplets at 5.23 and 4.78 ppm
correspond to the lactide methine (CH) and the glycolide
protons (CH2), respectively, with a high complexity of peaks

resulting from different D-lactic, L-lactic, glycolic acid sequences
in the polymer backbone. 1H NMR spectra recorded for PLGA-
PEG-DCL also exhibited a series of partially overlapped multiple
peaks attributable to the pattern signals of DCL (Figure 3A).
Moreover, strong absorption bands in both 225 and 270 nm
regions, depicted in UV scan chromatogram (Figure 3B), support
the successful conjugation of DCL to PLGA-PEG copolymer.
Nanoformulation and Characterization of Nontargeted

and Targeted NPs. Previously, PEGylated urea-based PSMA
inhibitor incorporated into a PLA-PEG-PLA derived NPs have
been developed.34 In this work, we used PLGA-PEG-COOH and
PLGA-PEG-DCL polymer systems to generate nontargeted and
targeted NPs, respectively, as a novel construct. We also planned
to obtain NPs of 100 nm lower diameter because of their
potential accessibility to and within many disseminated tumors
when dosed into a circulatory system, as previously discussed.4,9

EGCG encapsulated NPs were prepared using a modified
nanoprecipitationmethod.44 By precipitation of the PLGA-PEG-
COOH and PLGA-PEG-DCL in water, the polymer self-assem-
bles to form polymeric NPs, in which the hydrophobic PLGA
blocks form a core to minimize their exposure to aqueous
surroundings, whereas the hydrophilic PEG-COOH and PEG-
DCL, as flexible moieties, extend from a shell generated to
stabilize the core. In particular, the hydrophilic DCL blocks are
thrust in aqueous solution onto the NP surface as targeting
moieties (Figure 1, Scheme 2, stage 2).
NPs derived from both polymer systems were characterized

for their size and surface morphology with SEM (representative
images were shown in Figure 4). Particles were characterized by a
smooth surface and spherical shape with a narrow size distribu-
tion and showed a similar mean diameter (77.18 ( 16.3 nm for
NP-1 and 80.53 ( 15.0 nm for NP-2, respectively, Table 1).
As for the drug loading, the amount of EGCG encapsul-

ated in NP-1 resulted in 3.09 ( 0.43 μg/mg, whereas NP-2 was

Scheme 1. Synthetic Route for the Preparation of DCLa

aReagents and conditions: (i) Cs2CO3, PMBC, DMF, N2, room temp for 4 h; (ii) 20% soln of piperidine in DMF, room temp for 2 h; (iii) N,N,N0,N0-
tetramethylguanidine, DMF, 0 �C, 30min, ethyl acetoacetate, room temp for 2 h, PMBC, room temp for 24 h; (iv) 4MHCl in diethyl ether, acetone; (v)
(A) triphosgene, 3, TEA, 10 equiv, CH2Cl2, N2,-78 �C for 1 h, then 30 min at room temp,f6, room temp for 12 h; (B) triphosgene, 6, TEA, 2 equiv,
CH2Cl2, N2, 0 �C for 15 min, f3, TEA, 2 equiv, room temp for 2 h; (vi) TFA, CH2Cl2, room temp for 2 h.
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4.81 ( 0.37 μg/mg. Statistical analysis showed that the amount
of EGCG encapsulated was significantly larger (p < 0.05) for NP-
2 with respect to NP-1 (Table 1). It can be ascribed to the higher
hydrophilicity of the DCL conjugated polymer (of NP-2) than
that of NP-1. Furthermore, the low encapsulation efficiency
for both type of NPs (6.18 ( 0.9% and 9.61 ( 0.7% for NP-1
and NP-2, respectively) may be related to the high solubility
of EGCG in water, resulting in a significant loss of EGCG instead
of being encapsulated by PLGA-PEG blocks. However, interest-
ing yields of production were obtained for both preparations
(in the range of 61.50 ( 9.8% and 44.10 ( 1.6% for NP-1 and
NP-2, respectively) over multiple experiments.
In Vitro Kinetics Release of EGCG from NPs. The in vitro

EGCG release profiles from NPs-1 and NPs-2, compared to the

dissolution behavior of pure EGCG, are depicted in Figure 5.
The experiments were performed in water (at pH 6.4) and
in phosphate buffer solution (PBS) at pH 6.7 and 7.4, chosen to
simulate both the slightly acidic microenvironment of extracel-
lular fluid in most tumors and the physiological conditions in
normal tissues, respectively.47 Results show that EGCG alone
dissolves very quickly, being highly soluble in water. Conversely,
the encapsulation into NPs determined a certain control of
EGCG rate release in water, even if about 100% of released
EGCG was reached within 2.5 h. Moreover, when both systems
(NPs-1 and NPs-2) were tested under the above-mentioned
experimental conditions (i.e., PBS, pH 6.7 and 7.4), a similar
behavior, confirmed by the overlapping of their kinetics release
profiles, was observed. These results can be expected considering

Scheme 2. Synthesis of Copolymer PLGA-PEG-DCL (Stage 1) and Nanoformulation (Stage 2)a

aReagents and conditions: (i) NHS, CH2Cl2, EDC, N2, room temp for 12 h; (ii) DMF, DCL salt, DIPEA, N2, room temp for 24 h.

Figure 3. Characterization of PLGA-PEG-DCL: (A) 1H NMR with pattern signals of PLGA-PEG fragment (a-d) and of DCL (red lines); (B) UV
spectra comparison of PLGA-PEG-NHS (blue line), DCL (red line), and PLGA-PEG-DCL (green line).
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the physicochemical properties of the chosen polymers and of
EGCG.
The release profiles were obtained by the determination of the

EGCG residual amount in NPs during the release experiment
(see Experimental Section). To date, only a few studies based
on the direct determination of EGCG (and of catechins),
released from different types of NPs in the release medium, were
reported.48,49 Similarly, when release studies were performed
according to these experiments, a steady-state concentration of
EGCG in solution was reached almost immediately, followed by
a decrease of EGCG concentration. This apparent loss of EGCG
indicates a slow system relaxation to a new equilibrium and was
hypothesized to be due to the adsorption of the NPs on the vial
walls or attributed to covalent binding of EGCG (or catechins) to
the polymer.48,49 In particular, after re-collection and redisper-
sion of NPs in water, additional EGCG is released and new
concentration equilibrium is reached. Following this approach,
almost 100% of EGCG was released after three such stages.

This behavior, where nonspecific putative interactions be-
tween polymer systems (such as PLGA-PEG-COOH) and
EGCG were hypothesized, was further confirmed in this study.
In fact, a similar loss of EGCG in solution was observed after
exposure of PLGA-PEG-COOH-based unloaded NPs with
EGCG free. As displayed in Figure 6, the observed decrease of
the band at 275 nm (for EGCG, blue line f black line) and an
increase of band in the same absorption range (for PLGA-PEG-
COOH-based NPs, green line f red line) suggest a possible
EGCG-polymer nanoparticle interaction by a minimal covalent
or noncovalent binding of EGCG with the polymer matrix.
In summary, it seems that our indirect method enables detection
of EGCG by overcoming possible interaction between EGCG-
polymer systems.
In Vitro Cellular Cytotoxicity Assays. In order to investigate

whether functionalization of NPs with the PSMA inhibitor DCL
enhanced the effectiveness of EGCG toward PSMA positive
(LNCaP) cells, chosen as a model of PCa tumor lines, we
compared the antiproliferative activities of the targeted EGCG-
loaded NPs (NPs-2) with those of the nontargeted NPs (NPs-1)
in in vitro assays.
LNCaP were exposed to equimolar amounts of EGCG loaded

NPs, and two series of experiments were planned and performed
(Figure 7). To reduce the effects of nonspecific endocytosis, cells
were first exposed to NPs samples for 1 or 3 h and then washed
and incubated in NP free medium for 48 and 72 h. To evaluate
cytotoxicity, cell counts were conducted directly on LNCaP cells
and antiproliferative efficacy was calculated.
After 48 h of incubation, the growth of cells was similar to that

of the control for NPs-1 treated for 1 h while cell growth
was inhibited for 80% by targeted NPs (NPs-2, Figure 7A). On
the other hand, different behavior was found according to the
experiment conducted after a 3 h sample exposure. With about
50% and 65% growth inhibition for NPs-1 and NPs-2, respec-
tively, significant antiproliferative activities were detected for
both samples. These results clearly demonstrated that targeted
NPs were more effective than the nontargeted ones in both assay
conditions. Probably when cells were pulsed for only 1 h with

Figure 4. SEM images of nontargeted (NPs-1, A) and targeted (NPs-2, B) EGGC-loaded NPs.

Table 1. Average Diameter, EGCG Content, Encapsulation Efficiency, and Yield of Production of EGCG-Loaded NPsa

formulation average diameter (nm) EGCG loading (μg/mg) encapsulation efficiency (%) yield of production (%)

NP-1 77.18 ( 16.3 3.09 ( 0.43* 6.18 ( 0.9* 61.50 ( 9.8*

NP-2 80.53 ( 15.0 4.81 ( 0.37* 9.61 ( 0.7* 44.10 ( 1.6*
aValues presented are the mean ( SD of three preparations. (/) Significant difference (p < 0.05).

Figure 5. In vitro release profiles of EGCG from NPs (NPs-1 and
NPs-2), detected at different pH values and conditions, in comparison
with the dissolution rate of the EGCG alone.



1327 dx.doi.org/10.1021/jm1013715 |J. Med. Chem. 2011, 54, 1321–1332

Journal of Medicinal Chemistry ARTICLE

NPs and following 48 h of exposure, there was not sufficient
time to operate by a classical endocytosis mechanism. However,
further investigation to explain this behavior is currently in
progress.
In contrast, following 72 h of exposure to NPs-1 and NPs-2,

similar antiproliferative profiles, with different inhibition values
in the overall cell growth, were observed. In particular, with
respect to control, 20% and∼40% (for 1 h exposure) and∼40%

and 60% (for 3 h exposure) of growth inhibition values for NPs-1
and NPs-2, respectively, were calculated (Figure 7B). Also in this
case, NPs-1 demonstrated lower efficacy with cells pulsed for 1 h
than those evaluated from 3 h of exposure while enhanced potency
was observed for NPs-2. By use of this experimental model, an
improved antiproliferative activity for targeted PSMAwith respect
to the nontargeted EGCG loaded NPs was observed.
To confirm that the difference in cytotoxicity is due to the

DCL affinity to PSMA and to assess the selectivity of these
prototypes against PCa cell lines, the in vitro inhibitory effects
of NP-1 and NPs-2 on the proliferation of normal cells were
also carried out. Thus, growth inhibition of HUVECs (human
umbilical vein endothelial cells), as model system of normal cells,
was measured by following the same protocol as described above.
From the results shown in Figure 8, with about 100% cell survival,
no significant cell growth suppression was observed for both
nanosystems at a EGCG concentration of 30 μM after 48 and
72 h of exposure. These data suggest that EGCG-loaded NPs are
equally ineffective in inhibiting HUVEC proliferation, whereas
they selectively inhibit proliferation of PCa cells.
These results support the hypothesis that the primary role of

target-specific ligands is to enhance cellular uptake of NPs and
their load into cancer cells.

’CONCLUSIONS

The fact that PCa onset and progression take considerable
time to occur may be considered as an important opportunity for
treating premalignant lesions. Therefore, since chemoprevention

Figure 6. UV measurements of interaction between PLGA-PEG-
COOH-based unloaded NPs (green line) and EGCG (black line).
Putative polymer-EGCG interaction is depicted by a red line, while
the decrease of EGCG is indicated by a blue line.

Figure 7. In vitro cytotoxicity of nontargeted (NPs-1) and targeted
(NPs-2) nanoparticles on LNCaP cells pulsed for 1 and 3 h at a EGCG
concentration of 30 μM after 48 h (A) and 72 h (B) incubation:
(/) significantly different from control; (O) significantly different from
NP-1; n = 3.

Figure 8. Inhibition of HUVECs proliferation by NPs-1 and NPs-2.
Cells were pulsed for 1 and 3 h at a EGCG concentration of 30 μM after
48 h (A) and 72 h (B) of incubation.
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by the use of EGCG proved to be an emerging approach for the
treatment of early carcinogenic processes, we thought that the
potent chemopreventive efficacy of this phytochemical for PCa
could be improved by using targeted nanotechnology strategy.
Moreover, this approach could also be exploited to enhance the
bioavailability of EGCG by changing the pharmacokinetics and
biodistribution.

In this work, we indirectly demonstrated that an EGCG-
loaded NP system functionalized with a small organic molecule
(PSMA inhibitor) on the surface significantly enhances bind-
ing to PSMA with respect to the nonfunctionalized ones, thus
leading to an increased antiproliferative activity in in vitro assays
toward PSMA-positive PCa cells, without affecting normal cell
viability. From a comparison of EGCG encapsulated PSMA-
targeted NPs to the nontargeted NPs, we demonstrated that the
viability of LNCaP cells exposed to the PSMA-targeted particles
was in general lower than the same particles without the targeting
DCL. The cytotoxicity of EGCG loaded into the nontargeted
NPs can be ascribed to a combination of nonspecific uptake and
to the expected nonspecific release of EGCG into the medium
over the exposure period. Meanwhile, the enhanced potency
shared by EGCG encapsulated into targeted NPs can be attrib-
uted to the maximized binding between NPs and cells, which
presumably would promote an active targeting to PSMA, result-
ing in enhanced accumulation and cell uptake through receptor
(antigen) mediated endocytosis.

In summary, these results demonstrate that the effectiveness
of EGCG encapsulated NPs, in terms of antiproliferative efficacy,
can be significantly improved by incorporating specific ligands,
such as small organic molecules, onto the NP surface in order to
bind PSMA antigen present on PCa cells. The translational
potential of these PSMA-targeted ECGC-loaded NPs warrants
further in vivo studies in animal model. We expect that the insights
obtained from this study can be useful to connect nanochemopre-
vention and targeting strategy toward management of PCa as a
primary focus but also to be pursued as a validated model in a
larger context.

’EXPERIMENTAL SECTION

Materials. For preparation of NPs, poly(D,L-lactide-co-glycolide)
(PLGA) (lactide/glycolide ratio of 50:50, inherent viscosity of 0.20 dL
g-1 in hexafluoroisopropanol) with acid end groups were purchased
from Lactel Absorbable Polymers (Pelham, AL, U.S.). The heterofunc-
tional PEG polymer with a terminal amine and carboxylic acid functional
group, NH2-PEG-COOH (MW = 3400), was purchased from JenKem
Technology USA. All solvents and other chemicals were obtained from
Sigma-Aldrich, Carlo Erba, or ORPEGEN Peptide Chemicals GmbH.
All reagents of commercial quality were used without further puri-
fication. Melting points (mp) were determined using an Electrothermal
melting point or a K€ofler apparatus and are uncorrected. Nuclear
magnetic resonance (1H NMR, 13C NMR, 1H-1H COSY, 1H-13C
HMBC, 1H-13C HSQC, and 1H-1H TOCSY) spectra were deter-
mined in CDCl3, DMSO-d6 or CDCl3/DMSO-d6 (in 3/1 ratio) and
were recorded at 200, 500, and 600 MHz on a Varian XL-200, a Bruker
Avance 500, and a Bruker AMX-600, respectively. Chemical shifts are
reported in parts per million (ppm) downfield from tetramethylsilane
(TMS), used as an internal standard. Splitting patterns are designated as
follows: s, singlet; d, doublet; t, triplet; q, quadruplet; m, multiplet; brs,
broad singlet; dd, double doublet. The assignment of exchangeable
protons (OH and NH) was confirmed by the addition of D2O. Electron
ionization and MALDI TOF mass spectra (70 eV) were recorded on a
Hewlett-Packard 5989MS Engine spectrometer and by a MALDI micro

MX (Waters, micromass) equipped with a reflectron analyzer. For
MALDI TOF mass spectrometry (MS) analysis, the sample was mixed
with an equal volume of matrix 2,5-dihydroxybenzoic acid (20 mg/mL
in EtOH/H2O (90:10, v/v), applied to the metallic sample plate, and
air-dried. Mass calibration was carried out by using as a standard the
antocyan mixture provided by the manufacturer. Analytical thin-layer
chromatography (TLC) was carried out onMerck silica gel F-254 plates.
Flash chromatography purifications were performed on Merck silica
gel 60 (230-400 mesh ASTM) as a stationary phase. The purity
of copolymers was determined by high performance liquid chromatog-
raphy (HPLC) using an HP 1200 (Agilent Technologies, U.S.) system
equipped with a Hypersil BDS C18 column (Alltech Italy, 250 mm �
4.6 mm i.d., 5 μm particle size); these materials were found to be >95%
pure. Elemental analyses for 7 and DCL were performed on a Perkin-
Elmer 2400 spectrometer at Laboratorio di Microanalisi, Dipartimento
di Chimica, Universit�a di Sassari (Italy), and were within (0.4% of the
theoretical values.
Molecular Modeling Studies. The X-ray crystal structure of

the PSMA (GCPII) protein complexed with GPI-18431 inhibitor was
retrieved from the Protein Data Bank (PDB code 2C6C)39 and served as
input structure for the docking studies. The ligands DCL and PEG-DCL
were generated as follows: SMILES codes of the ligands were converted
to a three-dimensional structure using the MOE program suite. The
initial ligand structures were minimized, and the protonation states of
amine and carboxy moieties were set properly. Rotatable bonds were
kept flexible throughout the docking procedure.

For ligand docking, the genetic algorithm-based docking tool GOLD,
version 4.0 (with GOLDscore), was employed. First, the target protein
was loaded and protonated using the HERMES suite. Then 10 docking
runs were performed for each ligand. For DCL, the following genetic
algorithm parameters were employed: maximum number of operations =
85 000, population size = 100, selection pressure = 1.1, number of islands =
5, niche size = 2, cross weight = 95, mutation weight = 95, and migration
weight = 10. For PEG-DCL, the same parameters were applied except for
the maximum number of operations (150 000).
Synthesis of PLGA-PEG-COOH Block Copolymer. To

a solution of PLGA-COOH (1.5 g, 0.083 mmol) in anhydrous methy-
lene chloride (6 mL), N-hydroxysuccinimide (NHS, 38 mg, 0.33 mmol,
4 equiv) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC,
70 mg, 0.36 mmol, 4.3 equiv) were added, and the reaction mixture was
magnetically stirred at room temperature for 12 h under nitrogen
atmosphere. PLGA-NHSwas obtained by precipitation with cold diethyl
ether (5 mL) as a white solid, which was filtered and repeatedly washed
in a cold mixture of diethyl ether and methanol (few drops) to remove
residual NHS, then dried with nitrogen and put under vacuum to remove
solvent (yield, 97%). The intermediate PLGA-NHS (1.5 g, 0.085 mmol)
was dissolved in anhydrous chloroform (5 mL). NH2-PEG-COOH
(0.375 g, 0.11 mmol, 1.3 equiv) and N,N-diisopropylethylamine
(DIPEA) (42 mg, 0.325 mmol, 3.8 equiv) were then added under
magnetic stirring. The reaction mixture was magnetically stirred at room
temperature for 24 h. The desired copolymer was precipitated with cold
diethyl ether and treated with the same solvents to remove unreacted
PEG as described above (yield, 88%). The resulting PLGA-PEG block
copolymer was dried under vacuum, characterized by 1HNMR (200 and
600 MHz), and used for NP preparation without further treatment. 1H
NMR (500 MHz, CDCl3) δ 5.23 (m, -OC-CH(CH3)O-, PLGA), 4.78
(m, -OC-CH2O-, PLGA), 3.65 (s, -CH2CH2O-, PEG), 1.56 (brs, -OC-
CHCH3O-, PLGA).
Synthesis of DCL and Intermediates. 2-{[(5-Amino-1-

carboxypentyl)carbamoyl]amino}pentanedioicAcid (DCL). The
intermediate (S)-2-[3-(5-amino-1-tert-butoxycarbonylpentyl)ureido]-
pentanedioic acid di-tert-butyl ester 7 (130 mg, 0.17 mmol) was dissolved
in 5 mL of 1:1 trifluoroacetic acid (TFA)/methylene chloride solution
and stirred at room temperature for 3 h. Then the resulting solution was
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evaporated under reduced pressure. The colorless solid residue was
triturated with dry diethyl ether, filtered, and washed with dry diethyl
ether to yield the desired product as an off beige solid (yield, 70%). 1H
NMR (600MHz, DMSO-d6) δ 7.80-7.60 (brs, 3H), 6.40-6.30 (s, 2H),
4.15-4.00 (m, 2H), 3.78-3.55 (m, 2H), 3.46-3.20 (brs, 1H), 2.78-
2.72 (d, 2H), 2.27-2.22 (m, 2H), 2.00-1.85 (m, 2H), 1.76-1.59
(m, 2H), 1.53-1.47 (m, 2H), 1.38-1.19 (m, 2H). MS (MALDI-TOF):
[Mþ 319]; [Mþ 319 þ Na, 342]. EI: [Mþ 319]. Anal. (C12H21N3O7 3
1.15CF3COOH) C, H, N.
Preparation of 2-{3-[1-p-Methoxybenzylcarboxylate

(5-tert-Butylcarbamylpentyl)]ureido}-di-p-methoxybenzyl-
pentanedioate (7). Triphosgene (0.18 g, 0.613mmol) was placed in a
flame-dried flask cooled to 0 �C, under nitrogen atmosphere, and a
solution of 3 (0.68 g, 1.86 mmol, 3 equiv) and TEA (0.53 mL, 3.72 mmol,
6 equiv) dissolved inCH2Cl2 (3mL) was added. The reactionmixture was
stirred at 0 �C for 15 min. A mixture of 6 (0.79 g, 1.86 mmol, 3 equiv) and
TEA (0.53 mL, 3.72 mmol, 6 equiv) in CH2Cl2 (3 mL) was then added.
The resulting mixture was allowed to warm to room temperature and
stirred for 2 h. Product was extracted by CH2Cl2, washed with water
and brine, and dried over Na2SO4. Purification by flash chromatography
(20/80 EtOAc/CH2Cl2) afforded an oil that solidified upon standing
(yield, 59%). 1H NMR (CDCl3) δ 7.26 (d, 6H), 6.87 (d, 6H), 5.52
(d, 2H), 5.13-4.98 (m, 6H), 4.76 (brs, 1H), 4.53-4.48 (m, 1H), 4.50-
4.43 (m, 1H), 3.79 (s, 9H), 3.04-2.96 (m, 2H), 2.40-2.34 (m, 2H),
2.14-2.11 (m, 2H), 1.94-1.70 (m, 2H), 1.60-1.56 (m, 2H), 1.42 (s,
9H), 1.25-1.22 (m, 2H). MS-ESI: 780 [Mþ 1]þ. Anal. (C41H53N3O12)
C, H, N.
Preparation of 2-Amino-6-tert-butoxycarbonylamino-

hexanoic Acid 4-Methoxybenzyl Ester (3). To a solution ofNε-
Boc-N-Fmoc-L-lysine (1, 8.16 g, 17.41 mmol) in 70 mL of dry DMF,
cesium carbonate (8.14 g, 24.4 mmol, 1.4 equiv) and 4-methoxybenzyl
chloride (PMBC, 3.0 g, 2.6 mL, 19.15 mmol, 1.1 equiv) were added
under nitrogen atmosphere, and the suspension was stirred at room
temperature for 4 h. The reaction mixture was then filtered, sequentially
washed with ethyl acetate, 5% Na2CO3, water, and dried over Na2SO4.
Purification by recrystallization from 60/40 hexane/EtOAc gave a beige
powder corresponding to compound 2 (yield, 95%). Mp 117-119 �C
(lit. 118-120 �C).45 1H NMR(CDCl3) δ 8.12 (s, 1H), 7.76-7.67 (m,
4H), 7.40-7.25 (m, 6H), 6.89 (d, 2H), 5.29 (s, 1H), 5.08 (s, 2H), 4.53-
4.42 (m, 1H), 4.09 (t, 2H), 3.80 (s, 3H), 3.07-2.98 (m, 3H), 1.92-1.10
(m, 15H). MS-ESI m/z: 588 [M þ 1]þ. A solution of compound 2
(8.44 g, 14.4 mmol) in 100 mL of a 20% solution of piperidine in DMF
was stirred at room temperature for 2 h. Product was extracted by
CH2Cl2, washed with water, and dried over Na2SO4. The crude residue
was purified by silica gel flash chromatography (5/95 MeOH/CH2Cl2,
20/80 EtOAc/CH2Cl2, 10/90 EtOAc/CH2Cl2). Compound 3 was
obtained as a yellow oil (yield, 71%). 1H NMR (CDCl3) δ: 8.02 (brs,
2H), 7.30 (d, 2H), 6.89 (d, 2H), 5.30 (s, 1H), 5.09 (s, 2H), 4.58-4.40
(m, 1H), 3.83 (s, 3H), 3.08-2.28 (m, 2H), 2.05-1.18 (m, 15H). MS-
ESI m/z: 367 [M þ 1]þ.
Bis-4-methoxybenzylglutamate Hydrochloride (6). To an

ice-cooled mixture of amino acid 4 (8.0 g, 54.4 mmol) in dry DMF (10
mL), N,N,N0,N0-tetramethylguanidine (13.4 mL, 108.8 mmol, 2 equiv)
was added. After 30 min under magnetic stirring, ethyl acetoacetate
(13.84 mL, 108.8 mmol, 2 equiv) was added and stirring was continued
at room temperature until the amino acid had dissolved. PMBC (16.98 g,
7.36 mL, 108.8 mmol, 2 equiv) in DMF (55 mL) was added, and stirring
continued at room temperature for 24 h. The reaction mixture was then
diluted with ethyl acetate, washed with water, 1 N NaHCO3, and dried
over Na2SO4 to afford compound 5 as a yellow oil. 1H NMR (CDCl3) δ
8.80-8.72 (d, 2H), 7.27 (d, 4H), 6.87 (d, 4H), 5.10 (s, 2H), 5.03 (s,
2H), 4.24-4.15 (m, 1H), 3.80 (s, 6H), 2.45-2.38 (m, 2H), 2.28-2.00
(m, 2H). The product (compound 5) was treated with hydrogen
chloride 4 N solution in diethyl ether to give chlorohydrate 6 as a white

powder (yield, 84%). Mp 114-116 �C (lit. 114-115 �C).50 1H NMR
(CDCl3) δ 8.89 (brs, 3H), 7.20 (d, 4H), 6.81 (d, 4H), 5.08 (brs, 2H),
4.94 (s, 2H), 4.41-4.23 (m, 1H), 3.76 (s, 3H), 3.74 (s, 3H), 2.72-2.50
(m, 2H), 2.49-2.31 (m, 2H).
Preparation of (2S,20S)-1,5-Bis(4-methoxybenzyl)-2,20-

carbonylbis(azanediyl)dipentanedioate (8). To a mixture of
bis-4-methoxybenzyl-L-glutamate 3HCl 6 (3.6 g, 8.5 mmol, 3 equiv) in
15mLofCH2Cl2, a solution of triphosgene (0.833 g, 2.8mmol) dissolved
in 3 mL of CH2Cl2 was added under nitrogen atmosphere. After the
mixture was cooled to -78 �C, TEA (12 mL, 85 mmol in 10 mL of
CH2Cl2, 30 equiv) was slowly added. The reaction mixture was stirred at
-78 �C for 1 h, allowed to warm at room temperature, and stirred for a
further 30 min at room temperature. Compound 3 (3.1 g, 8.5 mmol in
7 mL CH2Cl2, 3 equiv) was then added, and the resulting mixture was
continually stirred overnight. Product was extracted by CH2Cl2, washed
with water and brine, and dried over Na2SO4. Purification by flash
chromatography (20/80 EtOAc/CH2Cl2) afforded an oil that solidified
upon standing (yield, 62%).Mp 97-99 �C. 1HNMR (CDCl3) δ 7.25 (d,
8H), 6.85 (d, 8H), 5.29 (s, 1H), 5.25 (s, 1H), 5.05 (s, 4H), 5.01 (s, 4H),
4.52-4.46 (m, 2H), 3.79 (s, 12H), 2.41-2.22 (m, 4H), 2.20-1.78 (m,
4H). MS-ESI m/z: 801 [M þ 1]þ.
Synthesis of PLGA-PEG-DCL Pseudo-Tri-Block-Copoly-

mer. To a solution of PLGA-PEG-COOH di-block-copolymer (1.4
g, 0.065 mmol) in anhydrous methylene chloride (5 mL), NHS (30 mg,
0.26 mmol, 4 equiv) and EDC (53 mg, 0.28 mmol, 4.3 equiv) were
added, and the solution wasmagnetically stirred at room temperature for
12 h under nitrogen atmosphere. The activated PLGA-PEG-NHS
copolymer was precipitated in ice-cold diethyl ether and methanol
(few drops), consequently filtered and dried, as described above, to
give a white powder (yield, 92%). The PLGA-PEG-DCL was obtained
by the addition of a solution of DCL salt (38mg, 0.088mmol, 4 equiv) in
DMF (1 mL) and DIPEA (0.72 mL, 0.0041 mol) to a solution of PLGA-
PEG-NHS (0.45 g, 0.022mmol) in dimethylformamide (DMF, 2.5mL),
and the reaction mixture was magnetically stirred at room temperature
for 24 h under nitrogen atmosphere. PLGA-PEG-DCL was analyzed by
high performance liquid chromatography (HPLC) on a Hypersil BDS
C18 column (Alltech Italy), (250 mm� 4.6 mm i.d., 5 μmparticle size),
using as eluent a linear gradient of eluent B (95%MeCN, 0.07% TFA) in
A (0.1% TFA) from 15% to 100% for 30 min (flow rate of 1 mL/min,
temperature at 25 �C, and a detector wavelength of 280 nm). The
equipment consisted of an HP 1200 (Agilent Technologies, U.S.)
system controlled by HP ChemStation software, including an autosam-
pler and a diode array detector. After purification, a white solid was
obtained (yield, 65%), which was characterized by 1H NMR and UV
analysis. The polymer was then freeze-dried and stored at-20 �Cbefore
use.
Formulation and Characterization of EGCG-Loaded PLGA-

PEG-COOH and PLGA-PEG-DCL NPs. Preparation of EGCG-
Loaded NPs. NPs were prepared by modification of nanoprecipita-
tion method.44 Briefly, polymer (PLGA-PEG or PLGA-PEG-DCL)
(100 mg) and EGCG (5 mg) were co-dissolved in acetonitrile
(10 mL) and added dropwise into 7.5 mL of water. The milky colloidal
suspension was evaporated at room temperature to eliminate residual
organic solvent. NPswere isolated by centrifugation (10min, 14 000 rpm)
and washed three times with water to remove the nonencapsulated
EGCG. The pellets were suspended in 1.5 mL of water and stored
at 4 �C until use. A part of the nanoparticle aqueous dispersion was
rapidly frozen below -80 �C in a deep-freezer, lyophilized (5 Pascal
LIO 5P apparatus, Cinquepascal SRL, Milano, Italy), and collected for
other experiments.

Scanning Electron Microscopy (SEM). The morphology (shape and
surface characteristics) of NPs was studied by scanning electron micro-
scopy (SEM) (model DSM 962, Carl Zeiss Inc., Germany). A drop of
NP suspension was placed on a glass cover slide and dried under vacuum
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for 12 h. After that, the slides were mounted on an aluminum stub and
the samples were then analyzed at 25 kV acceleration voltage after gold
sputtering under an argon atmosphere. The size of NPs was determined
by measuring more than 100 particles from SEM images.
Determination of EGCG Content in NPs and Yields of Production.

The amount of the encapsulated EGCG was determined by dissolving a
weighted amount (10 mg) of dried EGCG loaded NPs in methylene
chloride (1 mL) and measured using a validated HPLC method.51 The
EGCG content was expressed as μg/mg of the NPs mass and the
encapsulation efficiency calculated as a percentage ratio of measured and
initial amount of EGCG encapsulated into NPs. Chromatographic
analysis was performed on a HP 1200 (Agilent Technologies, U.S.)
liquid chromatography system equipped with a diode array detector of
the same series, using a Jupiter C18 (5 μmpore size) 250 mm� 2.0 mm
column (Phenomenex). The mobile phase consisting of water/acetoni-
trile/methanol/ethyl acetate/glacial acetic acid (89:6:1:3:1 v/v/v/v/v)
was prepared daily and degassed by sonication for 30 min and filtered
through a j 55 mm blue ribbon filter paper before use. The column was
thermostated at 20 �C. The method51 was modified and delivered
isocratically with a flow rate of 0.2mL/min. The injection volumewas 25
μL, and the wavelength for UV detection was 280 nm. The total analysis
time was 30 min, and the retention time of EGCG was 12.86 min. The
calibration curves were found to be linear in the range of 5-50 μg/mL
(y = 925.38x þ 42.047; R2 = 0.9999). The yields of production were
expressed as the weight percentage of the final product after drying,
regarding the initial total amount of solid materials used for the
preparation.
In Vitro Release Kinetics of EGCG from NPs. The in vitro

release profile of EGCG from NPs was assessed by the determination of
the residual amount of EGCG present in the NPs. The tests were
performed in water (pH 6.4) at room temperature and in phosphate
buffer solution (PBS) with different pH (pH 6.7 and pH 7.4) at 37 �C.
For that purpose, several aliquots (100 μL) of the original suspensions
of NPs were diluted with release medium (final volume of 1 mL) in a
1.5 mL vial and continuously shaken at the selected temperature.
At predetermined time intervals, the sample vial was centrifuged at
14 000 rpm for 5 min, and the precipitate was washed twice with distilled
water and lyophilized. The dried sample was then dissolved in 100 μL of
methylene chloride and analyzed by HPLC using the previously
described procedure. Every 30 min, all sample vials were centrifuged,
the pellet was washed once with water, and the supernatant was replaced
with fresh medium for the next release data collection. The percentage of
EGCG release at a specific timing was calculated on the basis of the total
amount measured from sample NPs. The dissolution of EGCG as raw
material wasmade in the same conditions as comparison. Each samplewas
assayed in triplicate. To study NP-EGCG interaction, 30 μL of PLGA-
PEG-COOH-based unloaded NPs (1.34 mg) and 8 μL (1 mg/mL) of
EGCG in 142 μL of water were mixed and stirred at room temperature.
Samples were analyzed byHPLC(after 0.5, 1, 2, 5, 10 h)with a diode array
detector using the same procedure previously described.
In Vitro Cytotoxicity Assays to PSMA Expressing PCa Cells

(LNCaP) and Human Umbilical Veins Endothelial Cells
(HUVEC). LNCaP cell lines (ECACC, Salisbury, U.K.) were grown
in 24-well plates with RPMI 1640 medium containing 100 units/mL
penicillin G, 100 μg/mL streptomycin, and 10% FBS (Invitrogen,
Carlsbad, CA) at a concentration that allows 70% confluence in 48 h.
HUVECs (Cell Applications, San Diego, CA) were cultured in en-
dothelial cell basal medium (Cell Applications) supplemented with
endothelial cell growth supplement (Cell Applications). When conflu-
ent, HUVECs were subcultured at a split ratio of 1:2 and used within
three passages. For proliferation experiments, cells were transferred to
24-well plates at a concentration that allows 70% confluence in 48 h.
On the day of the experiments, similar treatment was applied for both
cell types. Cells were washed with PBS and then exposed for 1 or 3 h with

100μL of a suspension of EGCG loadedNPs (NP-1 orNPs-2) in serum-
free culturemedium to a final concentration of 30μMEGCG.Cells were
washed three times with PBS (100 μL), and fresh growth medium was
replaced in the plates. Cells were then incubated in medium at 37 �C,
and at the end of 48 and 72 h, effects on cell growth were determined by
automatic cell counting (Countess Invitrogen) and expressed as percent
of the number of cells per mL.
Statistical Analysis. The data for preparation and characteriza-

tion of NPs as well as drug release studies were processed and analyzed
by Origin software (version 7.0 SR0, OriginLab Corporation, U.S.).
The statistical analysis was evaluated by a Student’s t-test, and p < 0.05
was considered statistically significant. The data obtained from cyto-
toxicity assays were processed by one-way analysis of variance
(ANOVA) followed by a post hoc “Newman-Keuls multiple compar-
ison test” to detect differences of mean values among treatments with
significance defined as p < 0.05.
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DCL, N-[N-[(S)-1,3-dicarboxypropyl]carbamoyl]-(S)-lysine;
GTCs, green tea catechin; EGCG, (-)-epigallocatechin 3-gallate;
PSMA, prostate-specific membrane antigen; PCa, prostate cancer;
HG-PIN, high-grade prostatic intraepithelial neoplasia; GCPII,
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