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Abstract: Targeted gene delivery offers immense potential for clinical applications. Liposomes
decorated with targeting ligands have been extensively used for both in vitro and in vivo gene
delivery. Lipoplexes with high cholesterol content that result in cholesterol domain formation
within the complexes have been shown to exhibit enhanced transfection in vitro and resistance
to serum-induced aggregation. In the present study, folate was employed as a targeting ligand
that was conjugated with either cholesterol or a diacyl lipid (DSPE), and these conjugates were
incorporated into lipoplexes formulated with DOTAP/cholesterol (wt/wt: 31/69) that are known
to possess cholesterol nanodomains. Cellular uptake and transfection of these lipoplexes in
the presence of 50% serum were examined when the ligand was located within or excluded
from the cholesterol nanodomain. Lipoplexes with folate—cholesterol exhibited a 50-fold increase
in transfection compared to those with folate—DSPE, while the cellular uptake level is only 40%
of that with folate—DSPE. These results indicate that the presence of the ligand within the
cholesterol domain promotes more productive transfection in cultured cells, and intracellular
trafficking of the lipoplexes after entry into cells plays a crucial role in gene delivery.
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Introduction

Cationic liposomes have been widely used for in vitro and
in vivo gene delivery. However, serum has been reported to
exert its inhibitory effect by binding serum proteins to
cationic lipid/DNA complexes, which leads to structural
reorganization, aggregation and/or dissociation of the
complexes.'™* Thus, it is of interest to develop delivery
systﬁ?ms that can remst. serum-induced aggregation and lipidic vectors after exposure to mouse serum: implications for
efficiently transfer genes in the presence of serum. Currently intravenous lipofection. Gene Ther. 1999, 6, 585-94.
the predominant strategy is to utilize PEGylated components (4) Zhang, Y.; Anchordoquy, T. J. The role of lipid charge density
in the serum stability of cationic lipid/DNA complexes. Biochim.
Biophys. Acta 2004, 1663, 143-57.
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to sterically shield the delivery vehicles from blood
components.”~’ This strategy has been utilized for decades
in the development of liposome-based formulations and has
been shown to increase circulation lifetimes and allow the
accumulation of liposomes containing small molecule drugs
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in tumors.® It is thought that PEGylated liposomes mediate
steric stabilization, ultimately reducing surface—surface
interaction including the aggregation of liposomes. Although
the enhanced circulation time of PEGylated liposomes allows
the accumulation of lipoplexes in tumors, the influence of
PEGylation on cellular uptake and intracellular trafficking
compromises the ultimate delivery efficiency.”* !
Studies have demonstrated that enhancement of “passive
targeting” requires targeting ligands to be attached to the
distal end of the PEGylated components such that the ligand
is projected beyond the shielding of PEG, and thereby allow
binding to receptors on the cell surface.'* ' Site specific
delivery of lipoplexes requires the identification of cell
surface receptors and the appropriate ligands for receptor-
mediated endocytosis. The most popular approach is to use
liposomes or polymers with specific ligands such as antibod-
ies, transferrin, folic acid, RGD peptide, anisamide, etc.'> 2!
More specifically, folate receptors are frequently overexpressed
in solid tumor and myeloid leukemias,”*** while most normal
tissues lack expression of folate receptors. Therefore folic acid
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(9) Hyvonen, Z.; Ronkko, S.; Toppinen, M. R.; Jaaskelainen, I.;
Plotniece, A.; Urtti, A. Dioleoyl phosphatidylethanolamine and
PEG-lipid conjugates modify DNA delivery mediated by 1,4-
dihydropyridine amphiphiles. J. Controlled Release 2004, 99, 177—
90.

(10) Shi, F.; Wasungu, L.; Nomden, A.; Stuart, M. C.; Polushkin, E.;
Engberts, J. B.; Hoekstra, D. Interference of poly(ethylene glycol)-
lipid analogues with cationic-lipid-mediated delivery of oligo-
nucleotides; role of lipid exchangeability and non-lamellar
transitions. Biochem. J. 2002, 366, 333-41.

(11) Armstrong, T. K.; Girouard, L. G.; Anchordoquy, T. J. Effects
of PEGylation on the preservation of cationic lipid/DNA com-
plexes during freeze-thawing and lyophilization. J. Pharm. Sci.
2002, 91, 2549-58.

(12) Woodle, M. C.; Scaria, P.; Ganesh, S.; Subramanian, K.; Titmas,
R.; Cheng, C.; Yang, J.; Pan, Y.; Weng, K.; Gu, C.; Torkelson,
S. Sterically stabilized polyplex: ligand-mediated activity. J.
Controlled Release 2001, 74, 309-11.

(13) Ogris, M.; Walker, G.; Blessing, T.; Kircheis, R.; Wolschek, M.;
Wagner, E. Tumor-targeted gene therapy: strategies for the
preparation of ligand-polyethylene glycol-polyethylenimine/DNA
complexes. J. Controlled Release 2003, 91, 173-81.

(14) Verbaan, F. J.; Oussoren, C.; Snel, C. J.; Crommelin, D. J.;
Hennink, W. E.; Storm, G. Steric stabilization of poly(2-
(dimethylamino)ethyl methacrylate)-based polyplexes mediates
prolonged circulation and tumor targeting in mice. J Gene Med.
2004, 6, 64-75.

(15) Li, S. D.; Chono, S.; Huang, L. Efficient gene silencing in
metastatic tumor by siRNA formulated in surface-modified
nanoparticles. J. Controlled Release 2008, 126, 77-84.

(16) Xu, L.; Huang, C. C.; Huang, W.; Tang, W. H.; Rait, A.; Yin,
Y. Z.; Cruz, 1; Xiang, L. M.; Pirollo, K. F.; Chang, E. H. Systemic
tumor-targeted gene delivery by anti-transferrin receptor scFv-
immunoliposomes. Mol. Cancer Ther. 2002, 1, 337-46.

1312 MOLECULAR PHARMACEUTICS VOL. 7, NO. 4

has been used for targeting liposomal drug delivery to tumors
that overexpress the folate receptor.?*”2°

Previous studies™*’ have shown that lipoplexes with high
levels of cholesterol exhibited enhanced transfection in vitro
and resistance to serum-induced aggregation. Furthermore,
cholesterol nanodomain formation was detected in lipoplexes
with cholesterol contents above 52% (w/w). Considering that
the cholesterol domain is neutral and separated from the
positively charged lipid moiety that binds to anionic mac-
romolecules (e.g., DNA, siRNA, serum proteins) it is
potentially advantageous to utilize cholesterol domains as
anchoring sites for ligands. In fact, our previous work has
demonstrated that cholesterol domains do not bind detectable
levels of protein.”’” We hypothesized that the spatial separa-
tion of the ligand from cationic lipids may alter uptake and/
or trafficking, a phenomenon that is known to be affected
by serum protein adsorption.”® Because the ability of the
ligand to locate within the cholesterol nanodomain will
depend upon its anchor, different conjugates can be prepared
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that allow the ligand to partition within, or be excluded from,
the cholesterol domain. To assess the effects of ligand
location on gene delivery, our study utilizes folate conjugated
onto either cholesterol or a diacyl lipid (DSPE), and these
conjugates are incorporated into lipoplexes that possess
cholesterol nanodomains. More specifically, these experi-
ments assess cell uptake and transfection when the ligand is
located within or excluded from the cholesterol nanodomain.
Our results indicate that the presence of the ligand within
the cholesterol domains appears to facilitate transfection in
cultured cells, though increased cellular uptake cannot
explain our observations. These results suggest that intra-
cellular trafficking of the lipoplexes after entry into cells
plays a more crucial role in gene delivery, and that the
presence of the ligand within the cholesterol nanodomain
promotes more productive gene delivery into cells.

Materials and Methods

Materials. Luciferase plasmid DNA (5.9 kb) was gener-
ously provided by Valentis Inc. (Burlingame, CA). N-(1-
(2,3-Dioleoyloxy)propyl)-N,N,N-trimethylammonium chlo-
ride (DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(7-nitro-2—1,3-benzoxadiazol-4-yl) (NBD-DOPE), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-
(polyethylene glycol)-2000] (PEG,00o—DSPE) and 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[folate(polyeth-
ylene glycol)-2000] (DSPE—PEG, folate) were purchased
from Avanti Polar Lipids (Alabaster, AL). Synthetic cho-
lesterol was purchased from Sigma-Aldrich (St. Louis, MO).
Folate—PEG,gp-cholesterol was custom synthesized by GLS
Synthesis Inc. (Worcester, MA) as described by Zhao et al.?
The luciferase assay kit was obtained from Promega (Madi-
son, WI). Fetal bovine serum (FBS) was purchased from
Mediatech Inc. (Manassas, VA) and was filtered with 0.22
um low protein binding cellulose acetate filter from Fisher
Scientific (Pittsburgh, PA) before use. All chemicals were
of reagent grade or higher quality.

Liposome and Lipoplex Preparation. DOTAP combined
with cholesterol was mixed in chloroform. The lipid mixture
was dried under a stream of nitrogen gas and placed under
vacuum (100 mTorr) for 2 h to remove residual chloroform,
and dried lipids were subsequently resuspended in auto-
claved, distilled water and sonicated. Cationic liposomes
were prepared immediately before use as previously de-
scribed.* Lipoplexes were prepared by mixing equal volumes
of DNA (40 pg/mL) and liposomes (0.5 mM), and incubated
at room temperature for 15 min before transfection.

Differential Scanning Calorimetry (DSC). Liposomes
with different lipid conjugates were prepared for DSC

(28) Lundqvist, M.; Stigler, J.; Elia, G.; Lynch, I.; Cedervall, T.;
Dawson, K. A. Nanoparticle size and surface properties determine
the protein corona with possible implications for biological
impacts. Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 14265-70.

(29) Zhao, X. B.; Muthusamy, N.; Byrd, J. C.; Lee, R. J. Cholesterol
as a bilayer anchor for PEGylation and targeting ligand in folate-
receptor-targeted liposomes. J. Pharm. Sci. 2007, 96, 2424-35.

measurements using a Microcal VP-DSC (Microcal Inc.,
Northampton, MA). Samples were heated from 10—90 °C
at the rate of 90 °C/h, and the resulting DSC curves were
analyzed by using the fitting program (DSC Origin 7.0)
provided by Microcal Inc.

Dynamic Light Scattering and Zeta Potential Analysis.
Lipoplexes at a charge ratio of 4:1 were diluted to a final
volume of 500 uL with 10 mM HEPES, pH 7.4. Diluted
samples were transferred to a cuvette for dynamic light
scattering analysis on a Nicomp 380 zeta potential/particle
sizer (Particle Sizing Systems, Santa Barbara, CA). Channel
width was set automatically based on the rate of fluctuation
of scattered light intensity, and triplicate preparations were
measured at room temperature for each formulation. Volume-
weighted Gaussian size distribution was fit to the autocor-
relation functions, and particle size values were obtained as
previously described.’® Samples were then subjected to an
electric field in a Nicomp 380 zeta potential/particle sizer
for zeta potential determination.

In Vitro Transfection Assay. KB cells (ATCC #CCL-
17) that overexpress the folate receptor were obtained from
American Type Culture Collection (Rockville, MD). Cells
were incubated at 37 °C in a humidified atmosphere
containing 5% CO,. Cells were maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS),
50 units/mL penicillin G and 50 ug/mL streptomycin sulfate.
For in vitro transfection, cultures were freshly seeded at 3
x 10° cells/well in 12-well plates 24 h before transfection.
Lipoplexes (40 uL) containing 0.8 ug of DNA were
incubated at room temperature for 15 min and then trans-
ferred into wells containing freshly washed cells in 50% FBS
medium. The cells were incubated with lipoplexes for 4 h
before the medium was replaced with the medium containing
10% FBS. Forty hours after transfection, the culture medium
was discarded, and the cells were washed with phosphate
buffered saline (PBS) and then lysed with 200 uL of lysis
buffer (Promega). Twenty microliters of cell lysis solution
was used to assay for luciferase expression via a luciferase
assay kit (Promega), according to the manufacturer’s pro-
tocol. The signal was quantified using a Monolight 2010
Iuminometer (BD Biosciences, San Jose, CA). Protein contents
were determined with a Bio-Rad protein assay kit (Hercules,
CA) according to the manufacturer’s instructions. The absor-
bance was measured at 550 nm using a THERMOmax
microplate reader (Molecular Devices, Sunnyvale, CA).

Flow Cytometry Analysis of Cellular Uptake of Li-
poplexes. Lipoplexes (1.6 g DNA) containing 1 mol % of
NBD-DOPE as lipid fluorescent marker were incubated with
4 x 10° KB cells at 37 °C for 4 h. After incubation, cells
were washed with ice cold PBS three times and collected
by centrifugation at 300g for 5 min. The final cell pellets
were resuspended by vortex mixing, and fixed in 1% formalin

(30) Allison, S. D.; Molina, M. C.; Anchordoquy, T. J. Stabilization
of lipid/DNA complexes during the freezing step of the lyo-
philization process: the particle isolation hypothesis. Biochim.
Biophys. Acta 2000, 1468, 127-38.
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2.50E-05 Table 1. Particle Size and Zeta Potential of DOTAP/
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Figure 1. DSC heating scan of liposomes formulated
with DOTAP and 69% cholesterol with different ligands
as indicated in the graph: scan rate = 90 °C/h, 0.25
mM DOTAP in deionized, distilled water (ddH,0).
F-DSPE: folate—DSPE. F-Chol: folate—cholesterol.

in PBS. To quench the bound lipoplexes on the outer leaflet of
the plasma membrane, 0.1% Trypan blue solution was added
into the final cell suspension. Flow cytometry analysis was
conducted on a BD FACScalibur system (BD Bioscience, San
Jose, CA) with the excitation at 488 nm and emission at 530
nm. Fifty thousand cells were analyzed for each sample, and
the mean fluorescence intensity was calculated by FlowJo
software as the cellular uptake of lipoplexes.

Statistical Analysis. A one-way analysis of variance
(ANOVA) was used to determine statistical significance (p
< 0.05) among the mean values for transfection efficiency.
A Tukey’s multiple comparison test was used to determine
statistical significance (p < 0.05) between formulations.

Results

Cholesterol Domain Formation by DSC. Our previous
study?’ of the interaction between the cationic lipid DOTAP
and cholesterol has shown that liposome preparation at high
cholesterol content (=52 wt %) results in the formation of a
cholesterol domain within the delivery vehicle. Furthermore,
we have established that domain formation is not altered by
DNA binding to the DOTAP/cholesterol liposomes at dif-
ferent charge ratios. In the current study, liposomes targeting
the folate receptor were prepared with DOTAP, cholesterol
and folate conjugate, and samples were subjected to thermal
analysis. Cholesterol domain formation was detected on
liposomes in the presence and absence of targeting ligand
(Figure 1). In all the formulations with 80% cholesterol,
transition of anhydrous cholesterol was clearly detected at
38 °C, indicating that inclusion of the lipid conjugate, i.e.
folate—cholesterol, folate—DSPE or PEG,,00—DSPE does not
significantly alter cholesterol domain formation.

Particle Size and Zeta Potential Measurement. Particle
size and zeta potential of lipoplexes containing 69% cho-
lesterol and ligand conjugates were measured at a charge
ratio (%) of 4:1 (Table 1). It should be noted that the zeta
potential of lipoplexes are comparably high at this charge
ratio (=30) and the particle sizes of all the formulations are
150—200 nm. These results indicate that the physical
properties of the lipoplexes are not dramatically altered by
the inclusion of the folate conjugates.
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Figure 2. Effect of folate—cholesterol concentration in
lipoplexes with DOTAP/cholesterol (wt/wt: 31/69) on
transfection of KB cells in 50% serum. The data
represent the mean + one standard deviation of three
replicates.

Effect of Cholesterol Domain on Ligand-Mediated
Transfection. In order to optimize ligand concentrations for
transfection experiments, folate—cholesterol was incorporated
into lipoplexes prepared with DOTAP/cholesterol (wt/wt: 31/
69). KB cells that overexpress the folate receptor on their
cell surface were then transfected by lipoplexes with various
concentrations of folate—cholesterol in a medium containing
50% FBS. The high serum concentration was utilized to
simulate conditions that the lipoplex and ligand would
experience upon intravenous administration. The optimal
transfection efficiency was observed at the concentration of
0.4 mol % folate—cholesterol, with approximately a 3-fold
increase compared to the control lacking ligand (Figure 2).
Higher ligand concentrations (>0.4 mol %) did not further
improve transfection rates in KB cells, and transfection
efficiency actually decreased slightly at higher ligand con-
centrations. Therefore, further experiments employed li-
poplexes prepared with 0.4 mol % folate ligand.

Lipoplexes with 36% cholesterol were then prepared to
investigate the effect of cholesterol domain formation on
ligand-mediated transfection. In the formulation with 36%
cholesterol, inclusion of 0.4% folate—cholesterol does not
show enhanced transfection compared to the no ligand
control (Figure 3), in contrast to the result with lipoplexes
formulated with 69% cholesterol. Considering that the
cholesterol domain is formed at cholesterol concentrations
of 52 wt % or above,?’ it appears that the enhancement of
transfection by the ligand is achieved only in formulations
possessing a cholesterol nanodomain. Consistent with our
hypothesis that nanodomains offer an improved anchoring
site for ligands, these results demonstrate that the ability of
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Figure 3. In vitro transfection of DOTAP/cholesterol
lipoplexes prepared with 36 and 69 wt % cholesterol.
KB cells were transfected by lipoplexes with or without
0.4 mol % folate—cholesterol in 50% serum. The data
represent the mean + one standard deviation of three
replicates. The asterisk indicates a significant difference
(p < 0.05) between formulations with and without ligand
in formulations possessing 80% cholesterol.
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Figure 4. In vitro transfection of DOTAP/cholesterol (wt/
wt: 31/69) lipoplexes prepared with different ligand
conjugates at the concentration of 0.4 mol %. Lipo-
plexes with no ligand or PEG—DSPE were used as
controls. The data represent the mean + one standard
deviation of three replicates. F-cholesterol: folate—
cholesterol. F-DSPE: folate—DSPE. The asterisk
indicates a significant difference (p < 0.05) between
formulations lacking a ligand and those incorporating
folate—cholesterol.

folate—cholesterol to facilitate gene delivery is augmented
by the presence of a cholesterol nanodomain.

Effect of Ligand Anchor on Transfection. To further
test the effect of the cholesterol nanodomain on folate-
mediated targeting, lipoplexes were prepared with DOTAP/
cholesterol (wt/wt: 31/69) and two different folate conjugates,
i.e. folate—cholesterol and folate—DSPE. The latter conjugate
will be excluded from the cholesterol nanodomain, whereas
the former will partition into the nanodomain. Lipoplexes
with PEG—DSPE or no ligand were included as controls. In
Figure 4, the PEGylated lipoplexes (i.e., with PEG—DSPE)
showed the lowest transfection, and attachment of the
targeting ligand (folate) at the distal end of PEG—DSPE
resulted in only a slight improvement. In comparison,
transfection efficiency increased dramatically (over 50-fold)
when the folate ligand was conjugated to cholesterol instead

é‘é& &s‘f Qséz f

s Y &

Figure 5. Cellular uptake of DOTAP/cholesterol (wt/wt:
31/69) lipoplexes with different ligand conjugates. The
mean fluorescence intensity measured by FACS was
interpreted as a direct measure of cellular uptake of
lipoplexes. The data represent the mean £+ one
standard deviation of three replicates. F-cholesterol:
folate—cholesterol. F-DSPE: folate—DSPE. The asterisk
indicates a significant difference (p < 0.05) between
lipoplexes incorporating folate—DSPE and other formu-
lations.

of DSPE (Figure 4). It is important to note that much of this
enhancement was due to the absence of the DSPE conjugates
that decreased the transfection rate dramatically. However,
the use of the folate—cholesterol conjugate still resulted in
significantly higher expression (3-fold) compared to the
untargeted formulation.

Uptake of Lipoplexes in KB Cells. Lipoplexes containing
0.4 mol % lipid conjugate were fluorescently labeled with 1
mol % of NBD-DOPE to quantify the cellular uptake of
lipoplexes by KB cells. Cellular uptake of lipoplexes was
measured by flow cytometry after a 4 h incubation in media
containing 50% FBS. As shown in Figure 5, lipoplexes
formulated with folate—DSPE showed the highest cellular
uptake, and formulations incorporating PEG—DSPE showed
the lowest level of uptake. Interestingly, cellular uptake of
lipoplexes was not greatly enhanced by the folate—cholesterol,
which is only approximately 40% of that with folate—DSPE.
This finding is contradictory to the transfection results,
suggesting that the enhanced transfection cannot be explained
by increased cellular uptake. Furthermore, cellular uptake
level is relatively the same in formulations with folate—
cholesterol or no ligand even though these formulations
exhibit significantly different transfection rates. Parallel
experiments using confocal microscopy to assess changes
in intracellular trafficking did not reveal consistent differ-
ences among the formulations with regard to accumulation
in endosomes or nuclei (data not shown).

Discussion

It has been shown that anhydrous cholesterol domains form
in DOTAP/cholesterol liposomes and lipoplexes when
formulated at 69% cholesterol.>’ In the present study,
conjugates including folate—cholesterol, folate—DSPE and
PEG—DSPE were incorporated into lipoplexes containing
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high cholesterol content to determine the effect of ligand
location (inside vs outside the nanodomain) on folate-
mediated gene delivery in vitro. As shown in Figure 1,
cholesterol domain formation is not affected by the presence
of the targeting ligand, which is still detectable by a transition
of anhydrous cholesterol at 38—40 °C on a DSC heating
scan. Furthermore, the area under the transition curve remains
virtually constant in all the samples with or without targeting
ligands, consistent with the very low level of lipid conjugate
used in our experiments (i.e., 0.4 mol %).

Figure 3 shows that lipoplexes formulated at cholesterol
contents that support the formation of a cholesterol domain
exhibit much higher transfection activity under our condi-
tions (50% serum) than lipoplexes lacking a domain,
consistent with our previous work.?” When folate—cholesterol
was incorporated into each of these formulations, dramati-
cally different effects were observed suggesting that the
presence of a domain affects the ability of the ligand to
facilitate transfection. More specifically, the ligand did
not enhance transfection in formulations lacking a domain,
but increased transfection rates 3-fold (relative to that
formulation lacking a ligand) when incorporated in a
formulation possessing a cholesterol nanodomain. While
the effect of the cholesterol nanodomain (in and of itself) is
significant (15-fold), these results also demonstrate that
additional enhancement can be achieved if ligands are present
within the domain. Overall, the effect of utilizing formula-
tions with both the cholesterol nanodomain and the
folate—cholesterol ligand was to increase transfection in KB
cells by approximately 50-fold in comparison to the formula-
tion lacking a cholesterol domain.

To further test the effect of locating ligands in the
cholesterol nanodomain, we compared the effects of different
folate conjugates (folate—cholesterol and folate—DSPE) on
transfection and uptake. In this regard, it is important to note
that folate—cholesterol is able to partition into the cholesterol
domain while folate—DSPE is not able to do so because the
diacyl phospholipid anchor (DSPE) would be excluded from
the pure cholesterol domain. Surprisingly, the results indicate
that incorporation of folate—DSPE significantly reduces
transfection despite enhancing cell uptake (Figures 4 and 5).
Considering that PEG 2000 was used to link folate to DSPE,
it is possible that the decreased transfection was due to the
well-established inhibitory effect of PEG on transfection rates
in cell culture.” Our results employing PEG—DSPE are
consistent with this hypothesis and demonstrate that even
this relatively low level of PEGylation (0.4 mol %) reduces
both transfection and uptake. But, the fact that transfection
rates were not improved even though uptake was enhanced
by the folate—DSPE conjugate suggests that the detrimental
effects of PEGylation on transfection are not due to reduc-
tions in cell uptake. Although it is possible that higher
concentrations of folate—DSPE would be able to overcome
the inhibitory effects of PEGylation, the fact that transfection
rates remained low in spite of increased uptake is consistent
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with studies suggesting that PEGylation reduces transfection
by altering intracellular trafficking.”~'"-31-3

In contrast to our results with folate—DSPE, conjugation
of the ligand to cholesterol increased transfection rates
approximately 3-fold (Figure 4), consistent with the results
in Figure 3. Surprisingly, location of the ligand within the
cholesterol domain did not dramatically improve uptake
(Figure 5), suggesting that the domain promotes more
productive intracellular trafficking that enhances transfection
rates. It is important to point out that lipoplexes formulated
with a cholesterol nanodomain exhibited significantly lower
transfection rates if the ligand was not incorporated into the
formulation. This suggests that location of the ligand within
the cholesterol nanodomain induces productive trafficking
above and beyond that endowed by the domain itself.
Although we did not observe consistent differences in
trafficking by confocal microscopy, it is clear that differences
in uptake cannot explain the enhanced transfection observed
when lipoplexes were formulated with folate—cholesterol.

It has been shown that particle size appears to be an
important factor that determines the mechanism of particle
internalization into cells.?* There is a general agreement that
endocytosis is the major pathway of lipoplex entry into
eukaryotic cells, although distinctive pathways exist with
clathrin-dependent and caveolae-mediated internalization
being the two major ones. Particles with a size of 200 nm
or less have been shown to enter cells exclusively by clathrin-
mediated endocytosis, while caveolae-mediated internaliza-
tion was seen for particles with a larger diameter.*> More
importantly, caveolae-mediated trafficking appears to go
through a nonacidic and nondigestive pathway, which avoids
lysosomal degradation of lipoplexes.*® A study by Rejman
et al. has even stated that only caveolae-mediated internaliza-
tion caused productive transfection.> In our present study,
particle sizes of all the formulations are within 150 to 200
nm, and therefore uptake of all these particles should occur
via clathrin-mediated endocytosis. Similarly, the zeta poten-
tial of our lipoplexes is relatively comparable with different
ligands, suggesting that differences in surface charge are not
likely to explain our observations. A recent study by
Caracciolo et al. showed that surface adsorption of the protein

(31) Monck, M. A.; Mori, A.; Lee, D.; Tam, P.; Wheeler, J. J.; Cullis,
P. R.; Scherrer, P. Stabilized plasmid-lipid particles: pharmaco-
kinetics and plasmid delivery to distal tumors following intrave-
nous injection. J. Drug Targeting 2000, 7, 439-52.

(32) Tam, P.; Monck, M.; Lee, D.; Ludkovski, O.; Leng, E. C.; Clow,
K.; Stark, H.; Scherrer, P.; Graham, R. W.; Cullis, P. R. Stabilized
plasmid-lipid particles for systemic gene therapy. Gene Ther. 2000,
7, 1867-74.

(33) Rejman, J.; Oberle, V.; Zuhorn, I. S.; Hoekstra, D. Size-dependent
internalization of particles via the pathways of clathrin- and
caveolae-mediated endocytosis. Biochem. J. 2004, 377, 159-69.

(34) Hoekstra, D.; Rejman, J.; Wasungu, L.; Shi, F.; Zuhorn, I. Gene
delivery by cationic lipids: in and out of an endosome. Biochem.
Soc. Trans. 2007, 35, 68-71.

(35) Rejman, J.; Bragonzi, A.; Conese, M. Role of clathrin- and
caveolae-mediated endocytosis in gene transfer mediated by lipo-
and polyplexes. Mol. Ther. 2005, 12, 468-74.
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corona on DC-Chol-DOPE/DNA complexes could control
the cell internalization pathway in serum.*® Considering this
intriguing possibility, cholesterol domains may either inhibit
the adsorption of proteins that trigger nonproductive uptake
or, conversely, attract serum proteins that promote productive
uptake. A mechanism invoking differential protein adsorption
could potentially explain the enhanced transfection observed
with formulations possessing a cholesterol nanodomain
(Figure 327). However, it is more difficult to explain the
enhanced transfection with folate—cholesterol, in spite of
minimal increases in uptake, by this mechanism. While it is
possible that the ligand itself might be involved in recruiting
proteins to the surface, the fact that the identical ligand did
not enhance transfection when excluded from the domain
renders such an explanation less likely.

(36) Caracciolo, G.; Callipo, L.; De Sanctis, S. C.; Cavaliere, C.; Pozzi,
D.; Lagana, A. Surface adsorption of protein corona controls the
cell internalization mechanism of DC-Chol-DOPE/DNA lipoplex-
es in serum. Biochim. Biophys. Acta 2010, 1798, 536-43.

We conclude that both the presence of a cholesterol
nanodomain and the location of ligands within the nan-
odomain enhance transfection without increasing cellular
uptake. We suggest that this effect must involve differences
in cellular trafficking such that lipoplexes that are internalized
by the cells are shuttled to different pathways within the
cytoplasm. Our results indicate that both the cholesterol
nanodomain and the presence of ligand within the domain
contribute to more productive uptake pathways that have yet
to be elucidated. Based on recent studies showing that the
adsorption of protein can affect intracellular trafficking, we
suggest that differential protein adsorption may play a role
in our observations.
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