








further with increased peptide functionalization of the liposomes.
PR_b concentrations greater than 6.4 mol % were not examined.

The next step was the incorporation of PEG2000, since
balancing the concentrations of the peptide and PEG is critical
for the efficient targeted delivery of liposomes to prostate cancer
cells. It is important to mention that both the PEG2000 and
peptide concentrations reported here were accurately determined
via 1H NMR and the BCA assay, respectively, for the purified
liposomes, and show the actual amounts incorporated in the
formulations. As discussed earlier, the reported values for both
the PEG and peptide were slightly different from the ones initially
mixed in solution during preparation.

PEG2000 and PR_b were studied at low (2-2.3 mol % for
PEG2000, and 1-2.5 mol % for PR_b) and high (5.8-6 mol %
PEG2000 and 5.3 mol % PR_b) concentrations. Figure 4 shows
flow cytometry results for PEGylated liposomes functionalized
with PR_b and targeted to LNCaPs for 3 h at 37 °C. PEGylated

liposomes with low or high PEG2000 concentrations and without
peptide showed no binding. Small concentrations of PR_b (1,
1.3 mol %) had no significant effect on binding in the presence
of low (2.3 mol %) or high (5.9 mol %) PEG2000. We speculate
that about 1 mol % PR_b functionalized PEGylated liposomes
lack the required surface density of targeting peptides needed for
significant improvements in targeted delivery. However, increased
liposomal binding was observed for higher amounts of peptide
(2.5 mol % and 5.3 mol %) in the presence of low or high
PEG2000. As a result, functionalization of PEGylated liposomes
with the PR_b peptide, designed to specifically target the integrin
R5�1, at a level of 2 mol % or higher is desired to help achieve
increased binding efficiencies.

PR_b-functionalized stealth liposomes were compared to
GRGDSP-functionalized stealth liposomes. Figure 5 shows that
PR_b-functionalized stealth liposomes outperform the GRGDSP-
functionalized stealth liposomes, since PR_b liposomes gave
higher levels of binding compared to the GRGDSP formulations.
For example, liposomes with 1 mol % PR_b/2.3 mol % PEG2000
gave the same adhesion as a system that has the same PEG2000
concentration (2.1 mol %) and 6 times more GRGDSP.

Figure 4. Binding of PR_b-targeted stealth liposomes to LNCaP cells.
Different liposomal formulations (concentrations shown in mol %) with
just PEG2000 or PEG2000 and PR_b were incubated with the LNCaP
cells at 37 °C for 3 h. Cell binding was increased for PEGylated liposomes
functionalized with PR_b.

Figure 5. Binding of liposomes functionalized with PEG2000 (mol %)
and either PR_b or GRGDSP (mol %). LNCaP cells were incubated
with different liposomal formulations for 3 h at 37 °C. Results show that
PEGylated liposomes functionalized with PR_b demonstrate increased
binding compared to the GRGDSP-functionalized stealth liposomes.

Figure 6. Intracellular uptake of different liposomes to LNCaP cells
characterized with confocal microscopy. First row shows liposomes
functionalized with 2 mol % PEG2000, second row shows 6.1 mol %
GRGDSP and 2.1 mol % PEG2000, and third row shows formulations
functionalized with 6.5 mol % PR_b and 2.2 mol % PEG2000. Liposomes
(shown with green) were incubated with LNCaP at 37 °C for 3 and 24 h.
Fifteen scans were taken (0.25 µm step) across the body of the cell.
Images shown are approximately 1-1.25 µm above the coverslip and
2 µm below the surface of the cells, and they were merged with the
nucleus (shown in blue) and cell membrane (shown in red). The scale
bar is 50 µm for all images. Internalization of liposomes into endosomes
can be identified by the green liposome signal in between the red cell
membrane and blue nucleus. These images illustrate that PR_b-targeted
stealth liposomes can be internalized by the LNCaP cells after binding
to the integrin R5�1. GRGDSP-targeted stealth liposomes also show
internalization but to a lesser extent compared to the PR_b-targeted
liposomes.
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Internalization of PEGylated liposomes and PEGylated lip-
osomes functionalized with GRGDSP or PR_b was investigated
with a confocal laser scanning microscope. Figure 6 shows
confocal images for a horizontal cell section about 1 µm above
the coverslip and 2 µm below the cell surface. Internalization is
identified by localization of green fluorescent dots (liposomes)
between the blue nuclear region and the red cell membrane.
After internalization, nanoparticles are initially confined inside
endosomes, which are submicrometric vesicles of the endocytotic
pathway.51-53 Therefore, the green dots in Figure 6 show
liposomes that have internalized into endosomal compartments.
Figure 6 demonstrates that at the times examined there is no
internalization of stealth liposomes with 2 mol % PEG2000.
GRGDSP stealth liposomes show evidence of internalization at
37 °C after 3 h, and at 24 h internalization is greater. One possible
explanation for this is that 24 h of incubation allows more time
for the recycling of integrins and thereby increasing the amount
of internalized liposomes. Similar trends were observed for the
PR_b-targeted stealth liposomes (with similar peptide and
PEG2000 concentrations), except there are significantly higher
levels of internalization. At 3 h of incubation, the amount of
green fluorescence inside the red cell membrane is higher, and
at 24 h this effect is even more pronounced. Thus, Figure 6
demonstrates that when PEGylated liposomes are functionalized
with the PR_b peptide, more liposomes are internalized compared
to GRGDSP formulations. These results also support the binding
studies from the flow cytometry experiments (Figure 5), and
show that PR_b targeting can significantly improve the perfor-
mance of stealth liposomes as compared to conventional RGD
targeting techniques.

In this study, we have also examined the cytotoxicity of different
formulations that encapsulated TNFR. Figure 7 clearly shows
that, compared to GRGDSP-targeted stealth liposomes or to
nontargeted stealth liposomes, PR_b-targeted stealth liposomes
show improved cytotoxicity as shown by the total higher
fluorescent intensity for LNCaP cells at the early and late stages
of apoptosis.

Recent studies reported that RGD-targeted stealth liposomes
show increased cytotoxicity over nontargeted liposomes. For
example, RGD-targeted liposomes containing the anticancer drug
doxorubicin showed a 30-40% increase in efficacy over
nontargeted stealth liposomes delivered to murine B16 and human
A375 melanoma cells after incubation for 8 h.27,54 Our studies,
however, showed that GRGDSP-functionalized stealth liposomes
did not show any clear advantage over the nontargeted TNFR-
encapsulated formulations, since, for example, after 24 h of
incubation, stealth liposomes with 2.8 mol % PEG2000 and
GRGDSP-functionalized stealth liposomes with 2.2 mol %
GRGDSP/2.6 mol % PEG2000 or 3.2 mol % GRGDSP/2.7 mol
% PEG 2000 all gave similar levels of fluorescent intensity for
apoptotic LNCaP cells. On the other hand, TNFR-encapsulated
liposomes with 1.8 mol % PR_b/2.6 mol % PEG 2000 and 3.8
mol % PR_b/2.9 mol % PEG 2000 gave a 37% and 72% increase
in efficacy, respectively (as measured by the total fluorescence
for early and late apoptotic cells), over the nontargeted stealth
liposomes.

Conclusions

Liposomes with varying PEG2000 and peptide concentra-
tions were targeted to LNCaP human prostate cancer cells
that express the integrin R5�1. The nanoparticles were first
characterized with 1H NMR for the evaluation of PEG2000
and other components in the liposomes. Conventional lipo-
somes (without PEG2000 and PR_b) and stealth liposomes
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Figure 7. Results for LNCaP cells that were early apoptotic or late apoptotic (dead) after incubation with equal volumes of different TNFR-
encapsulated liposomes for 3 and 24 h at 37 °C. The amount of TNFR encapsulated is shown for each formulation. The signal from early and late
apoptotic cells is stacked to give an overall picture of cytotoxicity.
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without any peptide showed minimal binding to LNCaP cells.
On the other hand, liposomes functionalized with only PR_b
showed cell adhesion that was peptide concentration dependent.
When both PEG2000 and PR_b were present at the interface,
cell binding was observed for peptide concentrations of 2 mol
% and higher. PR_b targeting of PEGylated liposomes is
superior to that of GRGDSP stealth liposomes, as shown by
improved cell binding, internalization, and cytotoxicity
associated with the delivery of encapsulated TNFR. More
importantly, PR_b isR5�1-specific,40,42 whereas many integrins
bind to simple RGD peptides. This work demonstrated that PR_b
targeting can significantly improve the performance of PEGylated
liposomes as compared to nontargeted formulations or conven-
tional RGD targeting techniques.
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