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There has been progressively heightened interest in the develop-
ment of targeted nanoparticles (NPs) for differential delivery and
controlled release of drugs. Despite nearly three decades of re-
search, approaches to reproducibly formulate targeted NPs with
the optimal biophysicochemical properties have remained elusive.
A central challenge has been defining the optimal interplay of
parameters that confer molecular targeting, immune evasion, and
drug release to overcome the physiological barriers in vivo. Here,
we report a strategy for narrowly changing the biophysicochemical
properties of NPs in a reproducible manner, thereby enabling
systematic screening of optimally formulated drug-encapsulated
targeted NPs. NPs were formulated by the self-assembly of an
amphiphilic triblock copolymer composed of end-to-end linkage of
poly(lactic-co-glycolic-acid) (PLGA), polyethyleneglycol (PEG), and
the A10 aptamer (Apt), which binds to the prostate-specific mem-
brane antigen (PSMA) on the surface of prostate cancer (PCa) cells,
enabling, respectively, controlled drug release, ‘‘stealth’’ proper-
ties for immune evasion, and cell-specific targeting. Fine-tuning of
NP size and drug release kinetics was further accomplished by
controlling the copolymer composition. By using distinct ratios of
PLGA-b-PEG-b-Apt triblock copolymer with PLGA-b-PEG diblock
copolymer lacking the A10 Apt, we developed a series of targeted
NPs with increasing Apt densities that inversely affected the
amount of PEG exposure on NP surface and identified the narrow
range of Apt density when the NPs were maximally targeted and
maximally stealth, resulting in most efficient PCa cell uptake in
vitro and in vivo. This approach may contribute to further devel-
opment of targeted NPs as highly selective and effective thera-
peutic modalities.
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The development of polymeric nanoparticles (NPs) for tar-
geted delivery and controlled drug release may improve the

therapeutic index of drugs. Such improvement is particularly
important when administering chemotherapeutics that have
toxicities that often limit their dose, resulting in suboptimal
efficacy (1–4). The potential of drug targeting was first suggested
by the visionary Paul Ehrlich in 1906 and despite significant work
over many years (1, 3, 5–8), targeted NPs have yet to make an
impact on human health. A central challenge has been defining
the optimal interplay of biophysicochemical parameters that
confer molecular targeting, immune evasion, and drug release to
overcome the physiological barriers in vivo. The challenge is
confounded by the fact that the parameters are interrelated and
improving one may adversely impact another, and thus the
narrow window where each of these are in the optimal range and
working in concert has been difficult to achieve. The conven-
tional methods of synthesizing targeted NPs involves serial
chemical processing of particles during the formulation process,
whereby drug-encapsulated NPs are first formed, followed by
surface functionalization, which may include the conjugation of
biomaterials to render the NPs ‘‘stealth’’ by decreasing their
nonspecific immune clearance and biofouling by plasma pro-

teins, and the attachments of targeting ligands to direct the cell-
or tissue-specific delivery of NPs. In some cases the chemical
processing of NPs has been done with functionalized biomate-
rials that simultaneously render the NPs both stealth and tar-
geted (9–11), or alternatively self-assembled stealth NPs have
been conjugated with a targeting ligands to achieve targeted NPs
(12, 13). Regardless of the strategies taken, the methods for
postsynthesis NP surface modification often require the addition
of an excess amount of reactants to drive the chemical reaction
(14), thus making it difficult to adjust the properties of NP
surface in a meaningfully reproducible manner. Consequently,
the postsynthesis particle-processing methods offer limited abil-
ity to precisely engineer the NP surface properties, and the
targeted NPs produced by such methods may have significant
batch-to-batch variations in their biophysicochemical properties
(2, 4, 14). The development of prefunctionalized biomaterials
that have all of the desired NP components present, and
engineering these biomaterials to self-assemble into a targeted
NP would eliminate the need of postparticle modification.
Furthermore, the use of prefunctionalized biomaterials for the
self-assembly of NPs could result in precisely engineered NPs,
whereas simpler conjugation and purification procedures are
amenable to scale-up with little batch-to-batch variability (15–
17). In addition, the ability to precisely engineer targeted NPs
may enable the formulation of distinct NPs that narrowly vary
from each other, making it possible to optimize their biophysi-
cochemical properties.

In this study, we used the A10 2�-f luoropyrimidine RNA
aptamer (Apt) (18), which binds to the prostate-specific mem-
brane antigen (PSMA) on the surface of prostate cancer (PCa)
cells as a model hydrophilic targeting molecule; the poly(D,L-
lactide-co-glycolide) (PLGA) as a model controlled-release
polymer system; and polyethylene glycol (PEG) as a model
hydrophilic polymer with antibiofouling properties, to develop a
proof-of-concept biointegrated amphiphilic triblock copolymer
(TCP) composed of PLGA-b-PEG-b-Apt that forms targeted
NPs by macromolecular self-assembly in one single step. Using
distinct ratios of PLGA-b-PEG-b-Apt TCP with PLGA-b-PEG
diblock copolymer (DCP) lacking the A10 PSMA Apt, we
developed NPs with varying Apt surface density and identified
the narrow range of Apt density for maximum PCa cell uptake
in vitro and in vivo. This narrow range was determined experi-
mentally to be the minimum amount of Apt on the NP surface
that conferred the maximal targeted cellular uptake. By avoiding
the unnecessary masking of PEG on NP surface by excess Apt,
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