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’ INTRODUCTION

Ultrasonography is a widely used noninvasive diagnostic
medical imaging technique, which is cost-effective and easy to
use and provides real-time imaging avoiding the use of hazardous
ionizing radiation.1,2 Ultrasound (US) contrast agents, such as
microbubbles (MBs), are providing new opportunities to en-
hance the diagnostic capabilities of US imaging, because specia-
lized contrast-specific US techniques are able to reveal their
nonlinear responses while the linear static ultrasound signals
coming from tissues are suppressed. This allows clinicians to
obtain information regarding the perfusion behavior of the
organs and their diffuse or focal diseases.3,4

MBs consist of a specific gas surrounded by a stabilizing shell,
with a typical diameter of 1�8 μm, which, intravenously injected
in the bloodstream, have the capability to function as blood pool-
enhancing agents and to assess tissue blood flow at a micro-
vascular level.5 With the gas content, shell composition is a key
determinant for MBs' physical properties as well as for their
acoustic behavior and imaging time.6 Proposed shell materials,
used to prevent gas escaping from the core and to avoid the

microbubbles’ coalescence,7 include proteins,8 lipids,9 biocom-
patible polymers10 and surfactants.11 The generation of targeted
MBs to a specific pathological tissue (for example, neoangiogen-
esis or tumor antigens) constitutes an emerging field of US
contrast agents, as it allows increase of their overall diagnostic
potential and, if MBs are loaded with a drug, delivery locally.12,13

Active targeting usually requires a proper modification of theMB
shell to enable selective binding to cellular epitopes or receptors
of interest. Ligands belong to various classes of molecules
including monoclonal antibodies, polysaccharides and specific
peptide sequences that recognize disease antigens.14�16

Targeting ligands can be either coincorporated in the shell
during MB preparation (i.e., albumin),15 or attached to the
surface of preformulated MBs by covalent or noncovalent
methods.17 In the covalent coupling, the ligand is attached to
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ABSTRACT:Ultrasound-targeted microbubbles (MBs) offer new opportunities
to enhance the capabilities of diagnostic ultrasound (US) imaging to specific
pathological tissue. Herein, we report on the design and development of a novel
prototype of US contrast agent based on polymeric MBs targeted to prostate-
specific membrane antigen (PSMA) for use in the diagnosis of prostate cancer
(PCa). First, a set of air-filled MBs by a variety of biocompatible polymers were
prepared and characterized in terms of morphology and echogenic properties
after exposure to US.MBs derived from poly(D,L-lactic-co-glycolic acid) (PLGA)-
poly(ethylene glycol) (PEG) copolymer resulted as the most effective in terms of
reflectivity. Such polymer was therefore preconjugated with a urea-based PSMA
inhibitor molecular probe (DCL), and the obtained MBs were investigated in
vitro for their targeting efficacy toward PSMA positive PCa (LNCaP) cells. Fluorescence microscopy proved a specific and efficient
adhesion of targeted MBs to LNCaP cells. To our knowledge, this work reports the first model of polymeric MBs appropriately
engineered to target PSMA, which might be further optimized and used for PCa diagnosis and potential carriers for selective
drug delivery.
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the headgroup of the material (for example phospholipids)
composing the MB shell either directly or via a molecular
spacer.18 For noncovalent conjugation, avidin�biotin bridging
is a commonly used technique, due to the wide array of available
biotinylated ligands and excellent affinity of avidin for biotin.19,20

By using site labeling to target MBs to specific biomarkers, it
has recently been shown that contrast material enhanced US
allows detection of specific intravascular molecular markers
of tumor angiogenesis,21,22 thrombosis,23 inflammation,24 and
breast cancer.25,26

In this scenario, we chose prostate cancer (PCa), the second
most common cancer in men in the Western countries,27 as a
model disease. Since metastatic PCa is difficult to treat, preven-
tion and/or early detection of premalignant lesions constitute the
most effective strategies for minimizing disease related morbidity
and mortality. In particular, early diagnosis of PCa is most
commonly achieved by digital rectal exam, blood test for prostate
specific antigen (PSA), or a prostate biopsy.28 Despite the
successful adoption of these diagnostic modalities for detecting
PCa, these are still limited, leaving most early malignancies
undiagnosed and sites of metastasis in advanced disease unde-
tected, for which complementary or alternative diagnostic op-
tions are needed.

Prostate-specific membrane antigen (PSMA) is a type-II
integral membrane protein, predominantly localized in the
epithelial cells of the prostate gland and endowed with folate-
hydrolase and carboxypeptidase activity.29 Its low expression in
normal prostate epithelial cells increases several fold in high-
grade prostate cancers, in metastatic and in androgen-insensitive
prostate carcinoma. PSMA is also expressed in the neovascula-
ture of most other solid tumors but not in the vasculature of
healthy tissues.30,31 These features have made it emerge as one of
the most attractive biomarkers in the diagnosis, detection, and
treatment of PCa.32,33 The first clinical agent targeting PSMA in
PCa was the radionuclide ProstaScint (capromab pendetide,
EUSAPharma),34 which consists of an intact murinemonoclonal
antibody, mAb 7E11, labeled with 111In via a linker chelator.35

The antibody recognizes and binds a cytoplasmatic PSMA
epitope, thus only cells with damaged cell membranes can bind
mAb 7E11, and this greatly limits the sensitivity of this agent.36

The most recently developed anti-PSMA mAbs bind to the
extracellular domain of PSMA and can be internalized by PSMA-
expressing cells.37,38 However, these radiolabeled monoclonal
antibodies tend to produce images that are not easy to interpret.
A variety of efforts have been made to develop PSMA-targeted
ligands for use in the diagnosis and monitoring of PCa.39 Above
all, a new series of low-molecular-weight, urea-based inhibitors
with high affinity and specificity to PSMA, analogous to anti-
bodies and aptamers, have been developed.40�42

In this study, we report on the design and development of a
novel prototype US contrast agent based on polymeric MBs
targeted to PSMA for the use in the diagnosis and, possibly, in the
therapy of PCa. In particular, we preliminarily wanted to test
whether this specific targeting approach can be successfully
applied to MBs, evaluating their interaction in in vitro cell assays.
This experimental plan can be then used (a) on developing novel
prototype with minimal (i.e., optimal) size, in order to cross the
vascular compartment and to reach the target tissue, (b) to
investigate ultrasonic sonoporation properties of title MBs, and
(c) to explore their potential use in enhancing high-intensity
focused ultrasound treatment for PCa. Thus, a variety of air-filled
biocompatible polymeric MBs, using poly lactic acid (PLA),

poly(lactic-co-glycolic acid) (PLGA), and PLGA conjugated with
poly(ethylene glycol) (PLGA�PEG) were prepared by a double
emulsion-solvent evaporation process. Morphology of MBs was
studied by scanning electron microscopy (SEM), and the effect
of polymers on the reflectivity properties of MBs after exposure
to US was explored. With respect to echogenic characteristics,
the most responsive MB formulation was then selected as
a suitable platform to develop molecularly targeted MBs. The
urea-based PSMA inhibitor 2-{[(5-amino-1-carboxypentyl)-
carbamoyl]amino}pentanedioic acid,40,42 hereafter named DCL,
was used as amolecular probe, and conjugated with PLGA�PEG
polymer beforeMB preparation. Therefore, using this copolymer
(PLGA�PEG�DCL) as starting material,43 the designed tar-
geted MBs were obtained and characterized (Figure 1). Finally,
the adhesion of MBs ligand-functionalized to PSMA positive
PCa (LNCaP) cells, as well as a quantitative confirmation of their
selective binding, was evaluated in vitro by means of fluorescence
microscopy and fluorimetric analysis.

’MATERIALS AND METHODS

Chemicals and Reagents. For the preparation of MBs, poly-
(D,L-lactide-co-glycolide) (PLGA) (lactide:glycolide ratio 50:50,
inherent viscosity 0.55�0.75 dL/g in hexafluoroisopropanol)
and PLGA (lactide:glycolide ratio 50:50, inherent viscosity 0.20
dL/g in hexafluoroisopropanol) with acid end groups were
purchased from Lactel Absorbable Polymers (Pelham, AL, USA).
Poly(D,L-lactide) (PLA) (average MW 75,000�120,000; inher-
ent viscosity 0.55�0.75 dL/g in hexafluoroisopropanol), poly-
(vinyl alcohol) (PVA), 98% hydrolyzed (MW 13000�23000),
and fluorescein-5-isothiocyanate (FITC) were obtained from
Sigma-Aldrich (Steinheim,Germany). The heterofunctional
PEG polymer with a terminal amine and carboxylic acid func-
tional group, NH2-PEG-COOH (MW 3400), was purchased
from JenKemTechnology 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 purification.
Instruments. Nuclear magnetic resonance (1H NMR, 13C

NMR,HMBC, HSQC, and TOCSY) spectra were determined in
CDCl3, DMSO-d6 or CDCl3/DMSO-d6 (in 3/1 ratio) and were
recorded at 200 MHz, 500 MHz 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) down-
field 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

Figure 1. Schematic representation of the designed targeted MBs. The
prototype consists of a gas core (air) encapsulated by a shell of
PLGA�PEG polymer conjugated to the anti-PSMA ligand DCL.
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and NH) was confirmed by the addition of D2O. Electron
ionization andMALDI TOFmass spectra (70 eV) were recorded
on a Hewlett-Packard 5989 mass 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 (20mg/mL inEtOH/H2O(90:10, v/v),
applied to the metallic sample plate and air-dried. Mass
calibration was done using as standard the antocyan mixture
provided by the manufacturer. Analytical thin-layer chromatog-
raphy (TLC) was carried out on Merck silica gel F-254 plates.
Flash chromatography purifications were performed on Merck
Silica gel 60 (230�400 mesh ASTM) as the stationary phase.
The purity of copolymers was determined by high performance
liquid chromatography (HPLC) using an HP 1200 (Agilent
Technologies, USA) system, equipped with a Hypersil BDS C18
column (Alltech Italy, 250 � 4.6 mm i.d., 5 μm particle size);
these materials were found to be >95% pure. Elemental analyses
for DCL were performed on a Perkin-Elmer 2400 spectrometer
at Laboratorio di Microanalisi, Dipartimento di Chimica, Uni-
versit�a di Sassari (Italy), and were within (0.4% of the theore-
tical values.
Synthesis of PLGA�PEG-COOH.PLGA-COOH (1.5 g, 0.083

mmol) in anhydrous methylene chloride (6 mL) was converted
to PLGA�NHS with excess N-hydroxysuccinimide (NHS, 38
mg, 0.33 mmol, 4 equiv) in the presence of 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC, 70 mg, 0.36 mmol,
4.3 equiv) by magneting stirring at room temperature for 12 h
under nitrogen atmosphere. PLGA�NHS was precipitated with
cold diethyl ether (5 mL), filtered, repeatedly washed in a cold
mixture of diethyl ether and methanol (few drops), and dried
with nitrogen and under vacuum to remove solvent (yield: 97%).
PLGA�NHS (1.5 g, 0.085 mmol) was dissolved in anhydrous
chloroform (5 mL) followed by addition of 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), and the reaction
mixture was magnetically stirred at room temperature for 24 h.
The 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
1H NMR (200 and 600 MHz), and used for MB 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).43

Preparation ofMBs. Polymer coatedMBs were fabricated by
a modified double water/oil/water (W/O/W) emulsion-sol-
vent evaporation procedure.44 To generate the first W/O
emulsion, 0.2 mL of 1% (w/v) PVA aqueous solution were
dispersed in a methylene chloride solution (15 mL) containing
50 mg of polymer (PLA/PLGA/PLGA�PEG) and emulsified
(Ultra-Turrax T-25) at 24000 rpm for 5 min. The primary
emulsion was then poured into an aqueous 1% (w/v) PVA
solution (15.0 mL) and homogenized at 14000 rpm for 5 min in
an ice bath, to form the final W/O/W emulsion. The mixture
was magnetically stirred in order to evaporate the residual
methylene chloride from the generated MBs, and to harden
the polymeric shell. The obtained milk-white MB suspension
was centrifuged at 1500 rpm for 5 min, washed three times with
water, concentrated and stored in glass vials at 4 �C until
needed.

Scanning ElectronMicroscopy.Themorphology (shape and
surface characteristics) of MBs was investigated using a scanning
electron microscopy (SEM, model ESEM-FEI Quanta 200, FEI
Company, Hillsboro, OR, USA). Samples were sputter-coated
with gold using a vacuum evaporator (Edwards, Milano, Italy)
and examined at 25 kV accelerating voltage.
In VitroUS Imaging.To evaluate the inherent echogenicity of

different polymeric MBs, in vitro preliminary US imaging experi-
ments were performed, similarly to the model reported by Yang
et al.45 Acoustic analysis was carried out by exposing the samples
by a self-made acoustic setup. A latex balloon (10 cm diameter)
filled with deionized and degassed water was fixed on an anechoic
water tank (20 cm long, 15 cm wide, 20 cm deep). Each MB
sample, reconstituted in 2.5 mL of saline solution (containing
approximately 2.5 � 108 bubbles/mL), was then injected with a
syringe into the system and insonated using a 512 Sequoia US
equipment (Siemens-Acuson, Mountainview, CA, USA) with
Cadence contrast pulse sequencing (CPS) software. Technical
scanning parameters were as follows: frequency 1.5 MHz,
dynamic range 80 dB, temporal resolution between frames 75
and 100 ms (10�13 frames for second), echo-signal gain below
noise visibility, signal persistence turned off, and focuses at the
level of the middle of self-made acoustic setup. Quantitative
analysis of echo-signal intensity was performed on a manually
selected region of interest (ROI) by a proprietary software
package (Qontrast; e-AMID-Advanced Medical Imaging Devel-
opment, distributed from Bracco, Milan, Italy).
Synthesis of 2-{[(5-Amino-1-carboxypentyl)carbamoyl]-

amino}pentanedioic Acid (DCL). The intermediate (S)-
2-[3-(5-amino-1-tert-butoxycarbonylpentyl)ureido]pentanedioic
acid di-tert-butyl ester 3 (130 mg, 0.17 mmol, see Supporting
Information for 1H-1D NMR, 1H�1H COSY, 1H�13C HMBC,
1H�13C HSQC, and 1H�1H TOCSY spectra, Figures S1�S5 in
the Supporting Information) was dissolved in 5 mL of 1:1 (v/v)
trifluoroacetic acid (TFA):methylene chloride solution and
stirred at room temperature for 3 h. Then, the resulting solution
was 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 (yield: 70%) as
an off beige solid. The 1H NMR spectra was in accordance with
that reported in literature.43 MS (MALDI-TOF): [Mþ 319];
[Mþ 319 þ Na, 342]. EI: [Mþ 319]. Anal. (C12H21N3O7 3
1.15CF3COOH) C, H, N.
Preparation of DCL-Conjugate Copolymer (PLGA�

PEG�DCL). To PLGA�PEG-COOH diblock copolymer (1.4 g,
0.065 mmol) in anhydrous methylene chloride under nitrogen
(5 mL), NHS (30 mg, 0.26 mmol, 4 equiv) and EDC (53 mg,
0.26 mmol, 4.3 equiv) were added, and the solution was stirred at
room temperature for 12 h. The activated PLGA�PEG-NHS
copolymer was recovered by precipitation in ice-cold diethyl
ether, and methanol (few drops), filtered and dried with nitrogen
and then under vacuum to remove residual solvents (yield: 92%).
The PLGA�PEG-NHS (0.45 g, 0.022 mmol) in dimethylfor-
mamide (DMF, 2.5 mL) was reacted with a solution of DCL
salt (38 mg, 0.088 mmol, 4 equiv) in DMF (1 mL) in the
presence of DIPEA (0.72 mL, 0.0041 mol) for 24 h at room
temperature under nitrogen. The obtained PLGA�PEG�DCL
was analyzed by high performance liquid chromatography
(HPLC) on a Hypersil BDS C18 column (Alltech Italy), (250
� 4.6mm i.d., 5μmparticle 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 1 mL/min, temperature at
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25 �C and a detector wavelength of 280 nm). The equipment
consisted of an HP 1200 (Agilent Technologies, USA) system,
controlled by the HP ChemStation software, including an
autosampler and a diode array detector. After purification,
characterization of the obtained white solid (yield: 65%) was
assessed by 1H NMR, and the spectrum was in accordance with
that reported in the literature.43 The polymer was then freeze-
dried and stored at �20 �C.
Preparation and Characterization of Nontargeted and

Targeted FITC-LoadedMBs.Dye-encapsulatedMBs containing
fluorescein-5-isothiocyanate (FITC) were prepared using the
PLGA�PEG and PLGA�PEG�DCL conjugated polymers.
Nontargeted and targeted FITC-loaded MBs were obtained
using the W/O/W method as described above, by addition
of a 1% (w/v) PVA solution (0.2 mL) containing FITC
(7.5 mg/mL) to the organic polymer solution. Before use, the
MBs were characterized by SEM analysis.
Cell Culture and in Vitro Adhesion of MBs. The prostate

LNCaP cell lines (ECACC, Salisbury, U.K.) were grown in
glass chamber slides (Nunc, Rochester, NY) with RPMI 1640
medium, containing 100 units/mL penicillin G, 100 μg/mL
streptomycin and 10% FBS (Invitrogen, Carlsbad, CA), at
concentrations allowing 70% confluence in 24 h. On the day of
experiments, cells were washed with PBS and then exposed for
30 min to both targeted and nontargeted FITC-loaded MBs
(1.5 mg/mL) in 1 mL of serum-free culture medium. After MB
incubation, cells were washed three times with PBS, fixed with
4% paraformaldehyde, counterstained withHoechst (10 μg/mL)
(Invitrogen, Carlsbad, CA), mounted and visualized by fluores-
cence microscopy (Olympus IX70) in order to evaluate the
interaction of MBs with LNCaP cells. For each sample, the FITC
positive population was assessed by enumeration of green labeled
cells in each sample for a minimum of six random fields per
sample viewed at 100�magnification. Results were expressed as
number of cells per field (mean ( SD) in groups.
Fluorimetric Quantitative Analysis of FITC-Positive Cells.

Quantitative analysis of green-positive cells exposed to both
targeted and nontargetd FITC-loaded MBs was assessed as
previously described46 with minor modification by using
FITC/Hoechst double fluorescent staining. Hoechst is a dye
that is able to stain the nuclei of all cells, whether they have or
have not interacted with the employed MBs. Thus all nuclei
could be recognized by the blue fluorescence of Hoechst, while
only cells that have interacted with FITC-loaded MBs fluoresced

green due to the cell-associated FITC. LNCaP cells were grown
in 24-well plates (BD Falcon, Franklin Lakes, NJ), at concentra-
tions allowing 70% confluence in 24 h. On the day of experi-
ments, cells were washed with PBS and then exposed for 30 min
to both targeted and nontargeted FITC-loaded MBs (1.5 mg/
mL) in 1 mL of serum-free culture medium. After MB incuba-
tion, cells were washed three times with PBS, and then stained
with Hoechst (10 μg/mL) (Invitrogen), washed with PBS again
and fluorescence measured by using a GENios plus microplate
reader (Tecan). Excitation and emission wavelengths used for
fluorescence quantification were, respectively, 340 and 485 nm
for Hoechst and 485 and 535 nm for FITC. Results were
expressed as percent of the ratio (FITC/Hoechst) concerning
the relative fluorescence units (RFU) of two dyes reads.
Statistical Analysis.The data were processed and analyzed by

Origin software (version 7.0 SR0, OriginLab Corporation, USA).
The statistical analysis was evaluated by a Student’s t-test, and p-
values <0.05 were considered statistically significant. All data
reported are means( standard deviation (SD), unless otherwise
specified.

’RESULTS AND DISCUSSION

Preparation of PLGA�PEG-COOH Copolymer. In addition
to the other materials (PLA and PLGA), we chose PLGA�
PEG-COOH as a polymer system because of its well-
established safety in clinical use, and by considering its already
discussed biocompatible properties.47 In our case, pegylation
served not only to preserve the antibiofouling properties48 of MB
construct but also as a spacer in order to maintain sufficient
distance between the PSMA inhibitor and theMB surface. In fact,
according to the solved 3.5 Å crystal structure of the PSMA
ectodomain,49,50 the active site, which contains a binuclear zinc
site and the catalytic residues, was located by a funnel-shaped
tunnel with a depth of approximately 20 Å and a width of 8�9 Å.
To enable high-affinity binding of our prototypes to PSMA, we
planned to attach a functionalized >20 Å polymethylene linker
(PEG) to the amino functionality of the lysine moiety of the
DLC. Therefore, part of the linker portion of the polymeric
fragment should remain outside of the 20 Å tunnel as long as the
glutamate moiety is maintained within the binding pocket, thus
permitting a putative strong interaction between the inhibitor
and PSMA. The starting carboxylate-functionalized diblock
copolymer PLGA�PEG-COOH (Figure 2) was synthesized

Figure 2. Synthesis of PLGA�PEG-COOH.
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by conjugating NH2-PEG-COOH to PLGA-COOH, following a
modified described procedure.51,52,43 The basic chemical struc-
ture of the copolymer was confirmed by 1H NMR spectroscopy.
Interestingly, a large peak 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.52 We confirmed that the optimal combina-
tion of parameters resulted when final coupling reaction was
carried out using CHCl3 as a solvent, and stirred for 24 h. As far as
the full characterization is concerned, overlapping doublets

detected at 1.56 ppm are attributed to the lactide methyl repeat
units. Themultiplets (quartets) at 5.23 and 4.78 ppm correspond
to the lactide methine (CH) and the glycolide protons (CH2),
respectively, with a high complexity of the peaks resulting from
different D-lactic, L-lactic, glycolic acid sequences in the polymer
backbone.
Characterization of MBs. In this study, air-filled MBs with a

polymeric shell (PLA, PLGA and PLGA�PEG) were formulated
by W/O/W emulsion-solvent evaporation process. These poly-
mers have been chosen because they offer several advantages,
such as high biocompatibility and long circulation time, and
enable the formation of a rigid shell that still allows for resonance
and harmonic imaging.10,53 We predicted that the inherent
surface properties of the MB shell are strongly related to
physicochemical parameters of the polymer used (molecular
weight, crystallinity, and the terminal groups), and this can play a
fundamental role for the US echo contrast (see below). The
morphology and particle size for each batch of MBs were
evaluated by SEM analysis. As reported in Figure 3, SEM
photomicrographs showed that double emulsion formula-
tion produces constructs with a spherical shape but different
morphologies.
In particular, PLA-based MBs were characterized by the

presence of some vesicular structures entrapped in the outer
polymeric shell. On the other hand, PLGA-based MBs presented
a smooth and regular surface. A distinctive closed honeycomb
structure was detected for the PLGA�PEG-based construct,
which showed an irregular surface. This is probably due to
polymer precipitation around the numerous inner emulsion
microdroplets, which were present on the entire particle struc-
ture. The origin of MBs having different morphology is attribu-
table to the emulsion droplets with different content of inner
aqueous phase that, in our case, can be related to the different
hydrophilicity of the polymers used. For example, PLA polymer
bearing carboxylic acid function terminal groups is more hydro-
philic with respect to the PLGA with ester end groups, whereas
the addition of poly(ethylene glycol) (PEG) chains markedly
improves the hydrophilic properties of the block copolymers.
Thus, using hydrophilic polymers, the diameter of the inner
microdroplets resulted much smaller than that of the emulsion
droplets, and as such the formation of honeycomb structures is
favored.54

The size of MBs is an important parameter to control, because
they should have a diameter ranging from 2 to 8 μm, to be able to
transit via normal pulmonary and systemic capillary beds.17 As
reported in Figure 3C, the double emulsion�evaporation pre-
paration method used ensures an appropriate size distribution of
MBs, with an average diameter of about 3�4 μm.
In Vitro US Imaging of MBs. A preliminary evaluation of

different polymeric MBs as US contrast agents was performed by
measuring the enhancement of the US image in terms of
reflectivity. The MBs represent strong reflectors of sound and
thus generate brightness on the US image.55 The US imaging of
deionized water (used as a control), PLA-, PLGA-, and
PLGA�PEG-based MBs is shown in Figure 4. Compared with
water (Figure 4A), the brighter area can be distinctly seen in the
tested MBs (Figures 4B�D). Each prototype displayed a differ-
ent brightness depending on the polymeric shell composition.
To determine the change in signal for each MB formulation,

US signal intensity was quantified, and the corresponding mean
percentage values within the ROIs are shown in Figure 4E.
Results confirmed that all polymeric MBs contributed to

Figure 3. Scanning electron microscopy images of PLA- (1), PLGA-
(2) and PLGA�PEG- (3) based MBs samples at (a) low and (b) high
magnification; (c) mean diameter ( standard deviation (SD) of PLA-,
PLGA-, and PLGA�PEG-COOH-based MBs.
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ultrasound reflected echo intensity with respect to water. The
signal intensity increased significantly (p < 0.05) in the order
PLA < PLGA < PLGA�PEG and resulted as 15( 0.08, 18( 0.9
and 34 ( 1.8%, respectively. Furthermore, among the investi-
gated formulations, the PLGA�PEG-based MBs gave better
contribution to ultrasound echo effect. Therefore, such proto-
type was selected for the next step of this work, focused on
targeting studies.
Preparation of DCL. We strategically selected an inhibitor

containing lysine, DCL (Figure 5), which is ideally suited for this

purpose, due to the presence of a primary amine that allows for
amide bond formation with carboxyl groups present on PEG
monomers. As above-mentioned, this probe derives from a series
of PSMA inhibitors, also developed as low-molecular-weight
radiopharmaceutical-based imaging agents. We sought to obtain
DCL from the urea-based intermediate 3 (Figure 5), previously
reported by Pomper’s group.42,56 It is worth nothing that the
preparation of this key compound has also been revisited by
us, and has been presented elsewhere.43 Briefly, 3 was synthe-
sized by treating bis-4-methoxybenzyl-L-glutamate 3HCl (2) with

Figure 5. Synthesis of DCL.

Figure 4. The in vitro ultrasound imaging in the different samples: (A) degassed and deionized water, (B) PLA-, (C) PLGA-, and (D) PLGA�PEG-
based MBs. (E) Quantitative analysis of echo-signal intensity ( SD within ROI corresponding to US images.
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triphosgene and TEA at 0 �C, followed by addition of 2-amino-6-
tert-butoxycarbonylamino-hexanoic acid 4-methoxybenzyl ester
(1). Both synthones 1 and 2 were prepared according to
previously described procedures.56,57 Focusing on the final step
reaction, both the tert-butyloxycarbonyl (Boc) and the p-meth-
oxybenzyl (PMB) groups of 3 were conveniently removed at
room temperature by using a TFA/CH2Cl2 solution.
Synthesis and Characterization of PLGA�PEG�DCL. To

address the device to the targeted organ, a suitable functionaliza-
tion of theMB polymeric shell should be envisioned.We propose
to develop targeted MBs by the self-assembly of an amphiphilic
pseudo-triblock copolymer composed of end-to-end linkage of
PLGA, PEG and the DCL as targeting moiety, which would bind
to the PSMA on the surface of PCa cells. The strategy of block

copolymers has been previously proposed for targeted nanopar-
ticle�aptamer bioconjugates for cancer therapy by Farokhzad’s
group.51 As above-mentioned, the presence of PEG chains is
especially desirable because pegylated polymeric particles have
significantly reduced systemic clearance and minimizes the
particle uptake by nontargeted cells.58 Moreover, we chose to
develop new prefunctionalized biomaterials that have all of the
desired MB components to avoid post-particle modifications.
This synthetic approach results in precisely engineered MBs,
which can be able to reduce the batch-to-batch variations in their
biophysicochemical properties.51 The PLGA�PEG�DCL co-
polymer was synthesized by using the already described two-step
reaction. The carboxy-terminal PLGA�PEG-COOH was acti-
vated with NHS, to form the intermediate PLGA�PEG-NHS,
and then conjugated to the amine functional group of the DCL,
thus providing PLGA�PEG�DCL as a pseudo-triblock copo-
lymer (Figure 6, stage 1). In addition to the resonance shifts
(a�d, Figure S6, Supporting Information) of the PLGA�PEG
framework, the corresponding 1H NMR spectra recorded for
PLGA�PEG�DCL exhibited a series of partially overlapped
multiple peaks, attributable to the pattern signals of DCL.43 In
particular, multiplets in the range of 2.78�2.72 and 2.00�1.85
ppm resonance, characteristic of the aliphatic backbone of DCL,
were clearly observed.
Characterization of Nontargeted and Targeted FITC-

Loaded MBs. To obtain a set of nontargeted and targeted air-
filled FITC-loadedMBs, theW/O/W emulsion-solvent evapora-
tion process was used (Figure 6, stage 2), according with the
above-described procedure. The use of PLGA�PEG copolymer
conjugated with DCL as well as the loading with FITC into MBs
did not determine significant change in the morphology and size
(Figure 7), which resulted to be similar to those observed (within
a diameter range of 3�4 μm) for PLGA�PEG-based MBs.
In Vitro Studies of MBs on Tumor Cells.The PSMA is highly

expressed on virtually all PCa cells and is currently the focus of
several diagnostic and therapeutic strategies.28 LNCaP human
prostate epithelial cells express a high level of PSMA protein on
their surface and represent a good model for in vitro and in vivo
PCa studies.59 In this context, the potential selective adhesion of
targeted MBs to LNCaP cells was investigated by fluorescence
microscopy. Untreated control cell and cells exposed to both
targeted and nontargeted FITC-encapsulated MBs were ex-
plored as comparison. Fluorescence images taken after 30 min
of LNCaP cells exposed to MBs samples are shown in Figure 8.

Figure 6. Stage 1: preparation of PLGA�PEG�DCL polymer. Stage 2:
preparation of targeted MBs.

Figure 7. Scanning electron microscopy images of nontargeted (A) and targeted (B) FITC-loaded MBs.



755 dx.doi.org/10.1021/mp100360g |Mol. Pharmaceutics 2011, 8, 748–757

Molecular Pharmaceutics ARTICLE

No noticeable variation of fluorescence intensity between the
control (Figure 8A) and with nontargeted MBs treated cells
(Figure 8B) was revealed. Conversely, a large amount of cell-
associated green fluorescence was observed after the exposure of
LNCaP cells to targeted MBs (Figure 8C), thus indicating their
significant cellular adhesion (Figure 8D). Further quantitative
confirmation of the selective binding exerted by targeted FITC-
encapsulated MBs toward PSMA-positive LNCaP cells is de-
picted in Figure 8E. These results indicate that functionalization
of theMB surface with the selective PSMA ligandDCL efficiently
promotes their adhesion with LNCaP cells in comparison to the
unfunctionalized ones.

’CONCLUSIONS

In this work, we have shown that the W/O/W emulsion
technique can be successfully applied for the formulation of air-
filled MBs based on different biodegradable polymers as US
contrast agents. Such a method resulted to be able to generate
particles with a controlled diameter on the desired sub-micro-
meter range. We also found that polymer composition dramati-
cally influenced the morphological characteristics of MBs as well
as their echogenicity during insonation. Moreover, to formulate
targeted MBs, a novel approach based on PLGA�PEG precon-
jugation with an anti-PSMA probe has been well performed. We
demonstrated that, with respect to the corresponding nontar-
geted prototype, the targeted MBs bind specifically and effi-
ciently to PSMA positive PCa (LNCaP) cells, thus offering a
potential improvement in terms of selectivity. In summary, this

study provides novel insights that might be useful to improve the
efficiency of US contrast agents, and to allow simultaneous PCa
imaging and targeted drug delivery. We hope these results might
constitute a suitable platform for development of powerful
diagnostic and therapeutic tools addressed toward several other
target diseases.

’ASSOCIATED CONTENT

bS Supporting Information. Figures S1�S6: 1H-1D NMR
(S1), 1H�1H COSY (S2), 1H�13C HMBC (S3), 1H�13C
HSQC (S4), and 1H�1H TOCSY (S5) spectra of intermediate
3 recorded in CDCl3 at 600 MHz; 1H NMR with pattern signals
of PLGA�PEG and of DCL (S6). This material is available free
of charge via the Internet at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
*V.S.: Porto Conte Ricerche, Localit�a Tramariglio, 07041,
Alghero, Sassari, Italy; tel, þ39 079-998-619; fax, þ39 079-
228-720; e-mail, sannav@portocontericerche.it. G.P.: Depart-
ment of Biomedical Sciences, University of Sassari, Centre of
Excellence for Biotechnology Development and Biodiversity
Research, Viale San Pietro 43/B, 07100 Sassari, Italy; tel, þ39
079-228-121; fax, þ39 079-228-120; e-mail, gpintus@uniss.it.
M.S.: Dipartimento di Scienze del Farmaco, University of Sassari,
ViaMuroni 23/A, 07100 Sassari, Italy; tel,þ39 079-228-753; fax,
þ39 079-228-720; e-mail: mario.sechi@uniss.it.

Figure 8. Representative fluorescence images (100� magnification) of LNCaP (PSMAþ) PCa cells. Untreated control (A), after 30 min of
exposure to nontargeted FITC-loaded (B), and targeted FITC-loaded (C) MBs. The cell nuclei were stained with Hoechst (blue). Number of
green-positive cells per field (mean ( SD) in the three different groups (D). *Significantly different from nontargeted MBs. (E) Fluorimetric
quantitative analysis of FITC-positive cells. Fluorimetric quantification of green positive cells by FITC�Hoechst double staining. Data are
expressed as percent of the ratio (FITC/Hoechst) concerning the relative fluorescence units (RFU) of two dyes reads. *Significantly different from
nontargeted MBs (P < 0.05, n = 3).
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